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Claims




What is claimed is:

1. An off road vehicle, comprising: (a) at least one motor operable to displace the off road vehicle and generate electrical energy when the vehicle is decelerating; (b) an energy storage system operable to store electrical energy and provide electrical energy to the at least one motor; (c) a prime power source operable to provide electrical energy to at least one of the energy storage system and at least one motor; (d) a direct current (DC) bus interconnecting the at least one motor, energy storage system, and prime power source; and (e) a pulse sequencer operable to provide, to the energy storage system, pulsed electrical energy generated by a selected motor; wherein the at least one motor is configured, in a braking mode, to alternately store electrical energy in and discharge energy from a winding of the at least one motor, wherein electrical energy generated by first and second motors is pulsed to provide first and second sets of pulses, respectively, and wherein the first and second sets of pulses are temporally offset from one another. 

2. The off road vehicle of claim 1, wherein the winding comprises a field coil and an armature coil, the field and armature coils being connected in series, and wherein the at least one motor comprises a switchable contact reverser operable to switch electrical energy in opposite directions of flow through the one of the armature and field coils while maintaining a same flow direction in the other of the armature and field coils. 

3. The off road vehicle of claim 2, further comprising a power control apparatus, the power control apparatus controlling electrical energy in the at least one motor, wherein, in a motoring mode, electrical energy flows in a first direction through at least one of the armature and field coils, wherein, in a braking mode, electrical energy flows in a second opposite direction through the at least one of the armature and field coils, and wherein, in a first braking mode configuration, electrical energy flows through a free wheeling path and is substantially blocked from flowing to the energy storage system and, in a second braking mode configuration, electrical energy flows is permitted to flow to the energy storage system. 

4. The off road vehicle of claim 2, wherein, in the motoring mode, a voltage of the at least one motor is provided by the equation: V.sub.motor=V.sub.emf+IR.sub.m+L.sub.mdi/dt where: V.sub.emf is a back emf across the reverser; I is the electrical energy flowing through the at least one motor; R.sub.m is the total internal resistance of the at least one motor; and L.sub.m is the total inductance of the at least one motor. 

5. The off road vehicle of claim 4, wherein, in the braking mode, a voltage of the at least one motor is provided by the equation: V.sub.motor=V.sub.emf-IR.sub.m-L.sub.mdi/dt. 

6. The off road vehicle of claim 1, wherein the winding comprises a field coil and an armature coil and further comprising: an auxiliary power supply providing, in the braking mode, a field current to the field coil of the at least one motor, wherein, in a motoring mode, electrical energy flows through the armature and field coils in a common direction, wherein, in the braking mode, electrical energy generated by the at least one motor flows through the armature and field coils in different directions, and wherein the field current is opposite to the direction of flow of the electrical energy generated by the at least one motor. 

7. An off road vehicle, comprising: (a) a plurality of motors to displace the off road vehicle and generate electrical energy when the vehicle is decelerating, each of the plurality of motors having an armature and a field coil; (b) an energy storage system operable to store electrical energy and provide electrical energy to the at least one motor; (c) a prime power source operable to provide electrical energy to at least one of the energy storage system and at least one motor; (d) a direct current (DC) bus interconnecting the at least one motor, energy storage system, and prime power source; and (e) a plurality of power control apparatuses, (1) wherein the field coils of the motors are connected in series, (2) wherein the armature coils are connected in parallel to the field coils, (3) wherein a field coil power control apparatus varies a field current passing through series-connected field coils to control an armature current passing through the armature coils during vehicular deceleration and (4) wherein each of the armature coils are connected in series and each has a corresponding armature power control apparatus and the armature power control apparatuses are different from the field coil power control apparatus; and wherein at least one of the following is true: (I) in a motoring mode, the plurality of traction motors are connected in parallel relative to the DC bus and are at a lower voltage than the energy storage system and, in a braking mode, at least two of the traction motors are connected in series relative to the DC bus, whereby the motors have a higher voltage than a voltage of the energy storage system so that electrical energy provided by the series-connected motors is provided to the energy storage system; (ii) in a motoring mode, the traction motors are at a lower voltage than the energy storage system, and, in a braking mode, a traction motor boost circuit steps up an output voltage of at least one of the traction motors, whereby the stepped up output voltage is higher than the voltage of the energy storage system so that electrical energy provided by the motors is provided to the energy storage system; (iii) the energy storage system comprises a plurality of battery modules, wherein, in a motoring mode, the plurality of battery modules are connected in series and are at a higher voltage than the at least one motor, and, in a braking mode, at least two of the plurality of battery modules are connected in parallel, whereby the voltage of the parallel-connected battery modules is lower than an output voltage of the at least one motor; and (iv) an energy storage system boost circuit, positioned between the DC bus and the energy storage system, wherein, in a braking mode, the energy storage system boost circuit steps up an input voltage to the energy storage system, whereby the stepped up input voltage is higher than the voltage of the DC bus and the voltage of the energy storage system so that electrical energy provided by the motors is provided to the energy storage system. 

8. The off road vehicle of claim 7, wherein (I) is true. 

9. The off road vehicle of claim 8, wherein electrical energy flows through the field coils is in the same direction in both the motoring and braking modes, wherein at least one power control apparatus is interposed between the motors and the DC bus, and wherein the interposed power control apparatus maintains a charging current flow to the energy storage system below a first predetermined level, a voltage of the energy storage system below a second predetermined level, and a state of charge of the energy storage system below a third predetermined level. 

10. The off road vehicle of claim 8, wherein a first pair of motors is connected in series, a second pair of motors is connected in series, and the first and second pairs of motors are connected in parallel. 

11. The off road vehicle of claim 7, wherein (ii) is true. 

12. The off road vehicle of claim 11, wherein the boost circuit comprises an energy storage inductor, an energy storage capacitor, a diode, and a switch, wherein the switch is connected in parallel with the energy storage inductor, and diode, and wherein the energy storage capacitor is connected in series with the energy storage inductor, diode, and switch. 

13. The off road vehicle of claim 12, wherein, in a motoring mode, the switch is closed to bypass the diode and energy storage inductor and, in a braking mode, the switch is opened to direct electrical energy through the diode and energy storage inductor. 

14. The off road vehicle of claim 7, wherein the field coil power control apparatus, in the braking mode, varies the flow of electrical energy through the field coils to vary a voltage associated with the motors and an amount of energy provided by the motors to the energy storage system. 

15. The off road vehicle of claim 7, wherein (iii) is true. 

16. The off road vehicle of claim 15, wherein, in the braking mode, a first set of battery modules are series connected and a second set of battery modules are parallel connected. 

17. The off road vehicle of claim 16, wherein the first set of battery modules comprises first and second series connected battery modules and third and fourth series connected battery modules and wherein the second set of battery modules comprises the first and second series connected battery modules connected in parallel with the third and fourth series connected battery modules. 

18. The off road vehicle of claim 7, wherein (iv) is true. 

19. A method for operating an off road vehicle, the off road vehicle including a plurality of traction motors to displace the off road vehicle and generate electrical energy when the vehicle is decelerating, an energy storage system to store electrical energy and provide electrical energy to the motors, a prime power source to provide electrical energy to at least one of the energy storage system and at least one motor, and a direct current (DC) bus interconnecting the at least one motor, energy storage system, and prime power source, the method comprising: (a) decelerating the vehicle; and (b) while the vehicle is decelerating, the energy storage system receiving, in discrete time intervals, electrical energy generated by a selected motor; wherein at least one motor is configured, in a braking mode, to alternately store electrical energy in and discharge energy from a winding of the at least one motor, whereby electrical energy provided by the motor is provided discontinuously to the energy storage system by the at least one motor. 

20. The method of claim 19, wherein the winding comprises a field coil and an armature coil, the field and armature coils being connected in series, and wherein the at least one motor comprises a switchable contact reverser operable to switch electrical energy in opposite directions of flow through the one of the armature and field coils while maintaining a same flow direction in the other of the armature and field coils. 

21. The method of claim 19, wherein electrical energy generated by first and second motors is pulsed to provide first and second sets of pulses, respectively, and wherein the first and second sets of pulses are temporally offset from one another. 

22. The method of claim 19, further comprising a power control apparatus, the power control apparatus controlling electrical energy in the at least one motor, wherein, in a motoring mode, electrical energy flows in a first direction through at least one of the armature and field coils, wherein, in a braking mode, electrical energy flows in a second opposite direction through the at least one of the armature and field coils, and wherein, in a first braking mode configuration, electrical energy flows through a free wheeling path and is substantially blocked from flowing to the energy storage system and, in a second braking mode configuration, electrical energy flows is permitted to flow to the energy storage system. 

23. The method of claim 22, further comprising: when in the first braking configuration, determining a magnitude of the electrical energy flowing through the free wheeling path; when the determined magnitude is at least a second predetermined level but is less than a first predetermined level, switching to the second decelerating configuration; when the determined magnitude is no more than a third predetermined level, switching to the first braking configuration, wherein the first predetermined level is more than the second predetermined level and the second predetermined level is more than the third predetermined level. 

24. The method of claim 23, wherein the at least one motor comprises a plurality of traction motors and further comprising: determining a power capacity of the energy storage system at each of a number of successive time intervals; determining an effective pulse width to achieve a desired energy flow from each motor to control the energy flow to the energy storage system; and sequentially pulsing power from each motor to the energy storage system for a duration necessary to achieve a selected energy flow to the energy storage system during each of the successive time intervals. 

25. The method of claim 24, wherein power pulses from each motor are increased by increasing pulse width while maintaining a pulse frequency substantially constant. 

26. The method of claim 24, wherein first and second motors provide energy to the energy storage system at different times by starting a first power pulse from the first motor at an offset from a second temporally adjacent power pulse from the second motor. 

27. The method of claim 26, wherein the first and second power pulses are nonoverlapping, whereby the first and second power pulses are not additive when inputted into the energy storage system. 

28. The method of claim 23, wherein the at least one motor comprises a plurality of traction motors and further comprising: determining a power capacity of the power dissipating circuit at each of a number of successive time intervals; determining an effective pulse width to achieve a desired energy flow from each motor to control the energy flow to the power dissipating circuit; and sequentially pulsing power from each motor to the power dissipating circuit for a duration necessary to achieve a selected energy flow to the power dissipating circuit during each of the successive time intervals. 

29. The method of claim 19, wherein, in the motoring mode, a voltage of at least one motor is provided by the equation: V.sub.motor=V.sub.emf+iR.sub.m+L.sub.mdi/dt where: V.sub.emf is a back emf across the reverser; i is the electrical energy flowing through the at least one motor; R.sub.m is the total internal resistance of the at least one motor; and L.sub.m is the total inductance of the at least one motor. 

30. The method of claim 29, wherein, in the braking mode, a voltage of the at least one motor is provided by the equation: V.sub.motor=V.sub.emf-IR.sub.m-L.sub.mdi/dt. 

31. A method, comprising: (a) providing an off road vehicle comprising: (i) a plurality of motors to displace the off road vehicle and generate electrical energy when the vehicle is decelerating, each of the plurality of motors having an armature and a field coil, the field coils of at least first and second motors being connected in series; (ii) an energy storage system operable to store electrical energy and provide electrical energy to the at least one motor; (iii) a prime power source operable to provide electrical energy to at least one of the energy storage system and at least one motor; (iv) a direct current (DC) bus interconnecting the at least one motor, energy storage system, and prime power source; and (v) a plurality of power control apparatuses; and (b) when the vehicle is decelerating, varying a field current passing through series-connected field coils to control an armature current passing through the armature coils during vehicular deceleration; wherein the field coils of the motors are connected in series, wherein the armature coils are connected in parallel to one another and to the field coils, and wherein a field coil power control apparatus varies the field current; and wherein, in step (b), one or more the following steps is performed: (i) switching at least two of the traction motors from parallel to series connection relative to the DC bus, whereby the series-connected motors have a higher voltage than a voltage of the energy storage system so that electrical energy provided by the series-connected motors is provided to the energy storage system; (ii) stepping up an output voltage of at least one of the traction motors, whereby the stepped up output voltage is higher than the voltage of the energy storage system so that electrical energy provided by the series-connected motors is provided to the energy storage system; (iii) switching at least two battery modules of the energy storage system from series to parallel connection, whereby the series connected battery modules are at a higher voltage than one or more of the motors and the parallel connected battery modules are at a lower voltage than one or more of the motors; and (iv) stepping up an input voltage from the DC bus to the energy storage system, whereby the stepped up input voltage is higher than the voltage of the DC bus and the voltage of the energy storage system so that electrical energy provided by the motors is provided to the energy storage system. 

32. The method of claim 31, wherein step (1) is performed. 

33. The method of claim 32, wherein each of the motors comprises a field coil and an armature coil, wherein the field coil of the series-connected motors are connected in series and armature coils are connected in parallel to one another and the series-connected field coils. 

34. The method of claim 33, wherein the series-connected motors are controlled by a common excitation chopper circuit, wherein electrical energy flow through the field coils is in the same direction when the vehicle is both accelerating and decelerating, wherein at least one power control apparatus is interposed between the motors and the DC bus, and wherein the chopper circuit maintains a charging energy flow to the energy storage system below a first predetermined level, a voltage of the energy storage system below a second predetermined level, and a state of charge of the energy storage system below a third predetermined level. 

35. The method of claim 32, wherein a first pair of motors is connected in series, a second pair of motors is connected in series, and the first and second pairs of motors are connected in parallel. 

36. The method of claim 31, wherein step (ii) is performed. 

37. The method of claim 36, wherein the output voltage is stepped up by a boost circuit, the boost circuit comprising an energy storage inductor, an energy storage capacitor, a diode, and a switch, wherein the switch is connected in parallel with the energy storage inductor and diode, and wherein the energy storage capacitor is connected in series with the energy storage inductor, diode, and switch. 

38. The method of claim 37, wherein, when the vehicle is accelerating, the switch is closed to bypass the diode and energy storage inductor and, when decelerating, the switch is opened to direct electrical energy through the diode and energy storage inductor. 

39. The method of claim 38, wherein each traction motor has a corresponding field coil and armature coil, wherein the field coils are connected in series with one another, wherein the series-connected field coils are connected in parallel with one another and with the armature coils, wherein the armature coils are connected in parallel with one another, and wherein the vehicle further includes a chopper circuit and further comprising when the vehicle is decelerating: varying the flow of electrical energy through the field coils to vary a voltage associated with the motors and an amount of energy provided by the motors to the energy storage system. 

40. The method of claim 31, wherein step (iii) is performed. 

41. The method of claim 40, wherein, when the vehicle is decelerating, a first set of battery modules are series connected and a second set of battery modules are parallel connected. 

42. The method of claim 41, wherein the first set of battery modules comprises first and second series connected battery modules and third and fourth series connected battery modules and wherein the second set of battery modules comprises the first and second series connected battery modules connected in parallel with the third and fourth series connected battery modules. 

43. The method of claim 31, wherein step (iv) is performed. 

44. A method, comprising: (a) providing an off road vehicle comprising: (i) a plurality of motors to displace the off road vehicle and generate electrical energy when the vehicle is decelerating, each of the plurality of motors having an armature coil and a field coil, the field coils of at least first and second motors being connected in series; (ii) an energy storage system operable to store electrical energy and provide electrical energy to the at least one motor; (iii) a prime power source operable to provide electrical energy to at least of the energy storage system and at least one motor; (iv) a direct current (DC) bus interconnecting the at least one motor, energy storage system, and prime power source; and (v) a plurality of power control apparatuses; (b) when the vehicle is decelerating, allowing at least a portion of the electrical energy generated by the motors to flow back to an alternator of the prime power source, wherein, in response to the flow of electrical energy, the alternator turns a crank shaft of the prime power source, thereby dissipating electrical energy; (c) when step (b) is not performed, directing the electrical energy generated by the motors to the energy storage system; (d) when at least one of a state of charge of the energy storage system, a rate of charge of the energy storage system, and an electrical energy level flowing into the energy storage system exceeds a selected threshold, thereafter performing step (b). 

45. The method of claim 44, further comprising: (c) when step (b) is not performed, directing at least some of the electrical energy generated by the motors to a dissipating resistive grid; (d) when the dissipating resistive grid has a temperature above a selected threshold, thereafter performing step (b). 

46. A method for controlling an off road vehicle, comprising: (a) when the vehicle is decelerating, determining a current level in each of a plurality of armature windings when each of a plurality of traction motors is in a freewheeling mode, the current being generated by the traction motors; (b) when each of the measured current levels does not exceed a first predetermined level and when each of the measured current levels exceeds a second predetermined level less than the first predetermined level, switching from the freewheeling mode to a regeneration mode in which electrical energy is provided by the traction motors to an energy storage system; and (c) when the current level is less than a third predetermined level less than the second predetermined level, switching back to the free-wheeling mode. 

47. The method of claim 46, further comprising: (d) determining a power capacity of the energy storage system at each of a number of successive time intervals; (e) determining a necessary effective power pulse width to achieve a desired flow of electrical energy from each motor so as to apportion an energy flow between the energy storage system and a dissipating device; and (f) sequentially pulsing power from each motor to at least one of the energy storage system and dissipating device to achieve the determined effective power pulse width over each of the successive time intervals. 

48. The method of claim 47, wherein power pulses from each motor are increased by increasing pulse width while maintaining pulse frequency substantially constant. 

49. The method of claim 47, wherein electrical energy provided to the energy storage system is input at different times from different motors by starting power pulses from each motor at an offset relative to temporally adjacent power pulses from other motors. 

50. The method of claim 49, wherein the offsets are substantially maximized. 

51. The method of claim 46, further comprising: (d) determining a speed of the vehicle; (e) determining a Direct Current (DC) bus voltage of a bus interconnecting the energy storage system and motors; (f) determining a voltage of the energy storage system and a State-Of-Charge (SOC) of the energy storage system; (g) determining whether at least one of the energy storage system voltage and SOC is below a fourth predetermined level; (h) when the at least one of the energy storage system voltage and SOC is not below the fourth predetermined level, not performing step (b) and decreasing an excitation current to each of the traction motors; and (i) when the at least one of the energy storage system voltage and SOC is not below the fourth predetermined level, performing step (b). 



Description




FIELD 

The present invention relates generally to regenerative braking methods for a hybrid vehicle such as a hybrid locomotive, which are compatible with proper use of traction motors during braking and with good management of a large battery pack energy storage system. Some of these methods may also be used with battery operated vehicles. 

BACKGROUND 

Railroads are under increasing pressure to reduce emissions and fuel consumption. In the search for efficient engine and fuel strategies, many different power plant and power delivery strategies have been investigated. Some of these strategies have involved locomotives using multiple engines. For application to locomotives with two or more engines to reduce emissions and fuel consumption, Donnelly et al have disclosed a versatile multiple engine control strategy in U.S. Provisional Application 60/674,837 and a high-power density engine packaging method in U.S. Provisional Application entitled "Multiple Engine Locomotive Configuration" filed Jun. 20, 2005. These applications are also incorporated herein by reference. 

Another response in the search for efficient engine and fuel strategies has been the development of hybrid locomotives. Donnelly has disclosed the use of a battery-dominant hybrid locomotive in U.S. Pat. No. 6,308,639 which is incorporated herein by reference. Other strategies to reduce emissions and fuel consumption involve combinations of conventional and hybrid locomotives in a consist 

A key component of the strategy to use hybrid locomotives to reduce fuel consumption and emissions is the use of regenerative braking systems which can recover a significant portion of the kinetic energy of a train during braking. Especially in a hybrid locomotive, a successful regenerative braking system requires proper management of a large energy storage system and a specific control strategy for utilizing traction motors as generators during braking. 

U.S. Pat. No. 6,615,118 entitled "Hybrid Energy Power Management System and Method" discloses a tender car containing an energy storage apparatus used to capture and store energy that is otherwise not used. The energy storage unit may be charged by the adjacent conventional locomotive when it is not being fully utilized or by a regenerative braking system. The energy stored in the tender car may be used to augment or boost the power supplied by the locomotive to the traction motors on the locomotive or on the tender car itself. U.S. Pat. No. 6,615,118 does not, however, describe specific methods of efficiently recovering regenerative braking energy and managing its transfer to an energy storage system. 

U.S. Pat. No. 6,737,822 discloses a power system for an electric motor drive that incorporates a combination of high power density and high energy density batteries to provide a hybrid battery system which prevents electrical recharge energy from being applied to the high energy density battery while capturing regenerative energy in the high power density battery so as to increase an electric vehicle's range for a given amount of stored energy. U.S. Pat. No. 6,737,822 does not, however, describe specific methods of efficiently recovering regenerative braking energy and managing its transfer to an energy storage system. 

U.S. Pat. No. 6,441,581 describes an energy management and storage system comprising flywheels and batteries and an energy storage system controller adapted to store energy during load-supplying periods and to supply energy during load-receiving periods. U.S. Pat. No. 6,441,581 does not, however, describe specific methods of efficiently recovering regenerative braking energy and managing its transfer to an energy storage system. 

Donnelly et al. have disclosed a method of allocating energy amongst members of a consist in copending U.S. patent application Ser. No. 11/070,848, filed Mar. 1, 2005; and have disclosed a method for monitoring, controlling and/or optimizing the emission profile for a hybrid locomotive or consist of hybrid locomotives in copending U.S. patent application Ser. No. 11/095,036, filed Mar. 28, 2005, all of which are also incorporated herein by reference. 

In U.S. Provisional Applications 60/607,194 and 60/618,632, Donnelly et al. have further disclosed a general electrical architecture for locomotives based on plurality of power sources, fuel and drive train combinations. The power sources may be any combination of engines, energy storage and regenerative braking. These provisional applications are also incorporated herein by reference. 

Large energy storage battery systems are known, for example, from diesel submarines. Submarine battery packs are designed to provide high energy storage capacity for extended underwater operations during which the battery pack cannot be recharged. Battery pack cost and lifetime are generally not major concerns. 

In the late 1990s, a large stationary lead acid battery system was installed at the island village of Metlakatla, Ala. The 1.4 MW-hr, 756 volt battery system was designed to stabilize the island's power grid providing instantaneous power into the grid when demand was high and absorbing excess power from the grid to allow its hydroelectric generating units to operate under steady-state conditions. Because the battery is required to randomly accept and deliver power on demand to the utility grid, it is continuously operated at between 70 and 90% state-of-charge. 

It has long been thought that to achieve optimum life and performance from a lead-acid battery, it is necessary to float the battery under rigid voltage conditions to overcome self-discharge reactions while minimizing overcharge and corrosion of the cell's positive grid. This has resulted in batteries being used primarily in a standby mode. As used in hybrid vehicles including hybrid locomotives, however, the battery is rapidly and continuously cycled between discharge and charge over a relatively broad range of total charge. 

Systems involving prime movers such as for example internal combustion engines, energy storage systems such as for example battery packs and regenerative braking systems under the control of a computer or controller are well-known. The Prius automobile is such an example. Such a system applied to locomotives is described in U.S. Pat. No. 6,615,118. The latter does not describe how a regenerative braking system can be managed for a hybrid locomotive that includes multiple engines or large energy storage systems connected to propulsion motors by a DC bus nor does it describe how a regenerative braking system can be utilized to optimize battery lifetime in a large battery pack. 

There therefore remains a need for specific operating and control strategies to recover energy from regenerative braking, compatible with the use of traction motors and with proper management of large battery pack energy storage systems, so as to provide a system that is economically competitive with or superior to conventional locomotives. 

SUMMARY 

These and other needs are addressed by the various embodiments and configurations of the present invention which are directed generally to incorporating regenerative braking methods for a hybrid vehicle such as a hybrid locomotive while remaining compatible with controlled management of a large battery pack energy storage system. The inventions disclosed herein are also applicable to a battery-only powered vehicles. 

The present invention can be applied to a battery-only locomotive, a parallel hybrid locomotive and/or a series hybrid locomotive. In its most preferable embodiments, the present invention is preferably directed at dual mode hybrid locomotives and a subset of dual-mode locomotives referred to as battery-dominant hybrid locomotives. 

An objective of the present invention is to show how a dual-mode hybrid locomotive can be configured with multiple traction motors with independent control of the field windings that can be used in control of motoring power and regenerative braking energy recovery. In another more preferred embodiment of the present invention, a method is disclosed that utilizes the temporary inductive storage of braking energy in the traction motor windings. In addition, this preferred method is compatible with a locomotive that has a separate power control apparatus for each traction motor during motoring which allows the time sequenced release of braking energy from individual motors. During regenerative braking, the various embodiments of the present invention disclose how the motoring circuit can be readily converted principally by voltage regulation and minimal switching to provide an energy storage charging current that can be controlled in accordance with the most desirable charging practices. 

In various embodiments of the present invention, at least one of five methods is used for controlling voltage levels while charging an energy storage and/or dissipating energy in an energy dissipating system during regenerative braking over different locomotive speed ranges. These are: 1. Switching traction motors between parallel and series configurations to maintain sufficiently high voltage to increase the voltage on a DC bus to charge an energy storage system and/or dissipate energy in an energy dissipating system; 2. Boosting the output voltage of the motor circuit when the motors are acting as generators to maintain sufficiently high voltage on a DC bus to charge an energy storage system and/or dissipate energy in an energy dissipating system; 3. Switching battery modules between series and parallel configurations to maintain an energy storage and/or energy dissipating system at a lower voltage level than the voltage on a DC bus; 4. Boosting the input voltage from a DC bus to an energy storage system and/or energy dissipating system to provide a sufficiently high voltage to charge the energy storage system and/or dissipate energy in the energy dissipating system; and 5. Temporarily storing inductive energy in the traction motors until voltage levels are sufficiently high enough to charge an energy storage system and/or dissipate energy in an energy dissipating system. 

The latter method is the preferred embodiment. 

In the various embodiments described below, several traction motors are shown connected in parallel across a large battery pack. The battery pack may serve as a power source for an electric locomotive or as an energy storage system on a hybrid locomotive. The battery pack may be replaced by a capacitor bank or another type of energy storage system such as a flywheel system, or by a combination of energy storage systems. As can be appreciated, the traction motor circuits and energy storage system can be connected to a DC bus on which other apparatuses such as engines, auxiliary power supplies, energy dissipating systems and the like can also be connected electrically in parallel as shown for example in FIG. 2. 

Switching Traction Motors Between Parallel and Series Configurations 

In a first embodiment of the present invention, each traction motor is shown having its own power control apparatus for Pulse Width Modulation ("PWM") control during motoring. Motors are normally deemed connected in series when the voltages across their armatures are additive. Motors are normally deemed connected in parallel when the currents developed by their armatures are additive. In this embodiment, the field windings for each motor are controlled independently of their armatures by yet another power control apparatus circuit. During regenerative braking, the traction motors are connected in parallel or in series or in combinations of parallel and series depending on locomotive speed range so as to cause the motors, now acting as generators, to have a higher voltage than the energy storage system. When the output voltage(s) of the motors is higher than that of the energy storage system, the traction motors, acting as generators will charge the energy storage system via a DC bus. Control of the charge level, charging voltage and charging current of the energy storage system is effected by varying the field current to the traction motors as controlled by the field power control circuit and/or by switching motors or groups of motors from parallel to series configurations. 

Boosting Voltage from the Traction Motor Circuit 

In a second embodiment, each traction motor is shown having its own power control apparatus for PWM control during motoring. The field windings for each motor are all controlled independently of their armatures by yet another power control apparatus circuit. During regenerative braking, the traction motors remain connected in parallel but a boost or step-up circuit is engaged so that the motor circuit has a higher output voltage, thereby increasing the voltage on the DC bus above that of the energy storage system, thereby causing the traction motor circuit to charge the energy storage system. Control of the charge level, charging voltage and charging current of the energy storage system is effected by varying the field current to the traction motors as controlled by the field power control circuit and/or by controlling the motor boost circuit. 

Switching Battery Modules Between Series and Parallel Configurations 

In a third embodiment, each traction motor is shown having its own power control apparatus for PWM control during motoring. The field windings for each motor are all controlled independently of their armatures by yet another power control apparatus circuit. During regenerative braking, the traction motors remain connected in parallel but some groups of batteries in the battery pack are switched from series to parallel so that the motor circuit has a higher output voltage than the energy storage system, thereby causing the motor circuit to charge the energy storage system. Control of the charge level, charging voltage and charging current of the energy storage system is effected by varying the field current to the traction motors as controlled by the field power control apparatus circuit and/or by switching energy storage modules from series to parallel configurations. 

Boosting Voltage to the Energy Storage System 

In a fourth embodiment, each traction motor is shown having its own power control apparatus for PWM control during motoring. The field windings for each motor are all controlled independently of their armatures by yet another power control apparatus circuit. During regenerative braking, the traction motors remain connected in parallel but a boost or step-up circuit across the energy storage system is engaged so that the energy storage system sees a higher charging voltage than produced on the DC bus by the output of the traction motor circuit. Control of the charge level, charging voltage and charging current of the energy storage system is effected by varying the field current to the traction motors as controlled by the field power control circuit and/or by controlling the energy storage boost circuit. 

Inductively Storing Energy in the Traction Motors 

In a fifth and preferred embodiment, each traction motor is shown having its own power control apparatus for PWM control during motoring. In this embodiment, the field windings and armatures of each motor are connected electrically in series. During regenerative braking, a switch is opened, another is closed and a reverser is activated across the motor armature or field winding. In this mode, the power control apparatus for each traction motor causes energy to be alternately stored in the motor windings and discharged back into the energy storage system. Control of the charge level, charging voltage and charging current of the energy storage system is effected by varying the field current to the traction motors. If the motors have individual power flow control apparatuses, the flow of regenerative energy returned to the energy storage system will be more evenly distributed by time sequencing the various motors, further optimizing the control of braking energy returned to the energy storage system. In a variant of this embodiment, switches are replaced by IGBTs. 

In another aspect of the present invention, the field windings described in the first three embodiments are shown as electrically isolated from the other field windings as well as from the motor armatures. 

In another aspect of the present invention, the field windings associated with each motor armature are shown in series with the armature windings but controlled independently by utilizing an electrically isolated auxiliary power supply to provide a controlling excitation current. 

In another embodiment related to the present invention, the rectifying circuit associated with the alternators on the locomotive engines can be replaced by an inverter circuit that can be controlled to allow power flow back to the engines when desired in certain circumstances. In motoring mode, when at least one other electrical power source is in operation supplying power to the DC bus, this would allow power from the DC bus to be used to start or restart an engine that is turned off. In braking mode, the inverter circuit can be controlled to allow power to flow back to the alternator so that the alternator will turn the crankshaft of the engine and dissipate energy. Thus, during braking, the engines can be used as additional means of energy dissipation for example when the energy storage system can no longer absorb regenerative energy or when the dissipating resistive grid becomes overheated. Alternately, the engines can be used to dissipate excess braking energy in place of a dissipating resistive grid. As can be appreciated, the use of the engine or engines to dissipate braking energy can be used for dynamic braking in a conventional locomotive, replacing the dissipating resistive grid apparatus. 

The present invention is directed principally at providing means of properly charging a large energy storage battery pack in which the current in the field windings of the traction motors are independently controlled for implementing various regenerative braking strategies. This independently controlled motor field excitation has an additional advantage for motoring mode in that it eliminates the need for a field shunt resistance for increasing motor output power at high speeds. The benefit formerly provided by the shunt resistance can be gained by appropriately varying the field current to overcome the motor back emf at high locomotive speeds. 

The use of well-known control methods ensures that the battery pack is: maintained within a desired range of state-of-charge ("SOC") typically between about 20% and 100% of full charge; charged at or below the maximum desired rate of charge for the batteries; charged by the optimized charging algorithms; and not overcharged beyond the maximum desired charge voltage and charge capacity of the batteries in the battery pack. 

An objective of the various embodiments of the present invention is to utilize the energy available from braking during train deceleration and/or descending grade, to charge the energy storage batteries while operating the battery pack so as to maximize its lifetime as commonly measured by its total useful ampere-hour throughput. Since the cost of energy delivered by a battery system is essentially the capital cost of the battery system divided by its lifetime expressed in total ampere-hour throughput, optimizing battery lifetime by applying proper battery design and management practices is an important objective when utilizing energy recovered by a regenerative braking system. 

These and other advantages will be apparent from the disclosure of the invention(s) contained herein. 

The above-described embodiments and configurations are neither complete nor exhaustive. As will be appreciated, other embodiments of the invention are possible utilizing, alone or in combination, one or more of the features set forth above or described in detail below. 

The following definitions are used herein: 

A locomotive is generally a self-propelled railroad prime mover which is powered either by a steam engine, diesel engine or externally such as from an overhead electrical catenary or an electrical third rail. 

A diesel-electric locomotive is commonly a diesel powered railroad prime mover which includes an engine, generator, and traction motors on each propulsion axle. 

A diesel-hydraulic locomotive is commonly a diesel powered railroad prime mover which includes an engine, a transmission and a drive system connecting one or more propelling axles. Less commonly, a diesel-hydraulic locomotive includes an engine, an electric motor and pumps which operate hydraulic motors on one or more propelling axles. 

A cabless locomotive is a locomotive not having a functional operator's enclosure or cab. In a functional operator's cab, the locomotive may be operated with protection from outside weather, noise and fumes. In a functional operator's cab, the operator has available at least throttle controls, braking controls and locomotive status displays. A cabless locomotive may not have an operator's cab or it may have the cab windows blacked out and the door locked to render the cab unuseable. 

A motor refers to a device that produces or imparts motion. 

A traction motor is a motor used primarily for propulsion such as commonly used in a locomotive. Examples are an AC or DC induction motor, a permanent magnet motor and a switched reluctance motor. 

An engine refers to any device that uses energy to develop mechanical power, such as motion in some other machine. Examples are diesel engines, gas turbine engines, microturbines, Stirling engines and spark ignition engines 

A prime power source refers to any device that uses energy to develop mechanical or electrical power, such as motion in some other machine. Examples are diesel engines, gas turbine engines, microturbines, Stirling engines, spark ignition engines and fuel cells. 

An energy storage system refers to any apparatus that acquires, stores and distributes mechanical or electrical energy which is produced from another energy source such as a prime energy source, a regenerative braking system, a third rail and a catenary and any external source of electrical energy. Examples are a battery pack, a bank of capacitors, a compressed air storage system and a bank of flywheels or a combination of storage systems. 

Dynamic braking is implemented when the electric propulsion motors are switched to generator mode during braking to augment the braking force. The electrical energy generated is typically dissipated in a resistance grid system. 

Regenerative braking is the same as dynamic braking except the electrical energy generated is recaptured and stored in an energy storage system for future use. 

An electrical energy converter refers to an apparatus that converts mechanical energy to electrical energy. Examples include an alternator, an alternator-rectifier and a generator. The alternators may be synchronous or non-synchronous. 

A power control apparatus refers to an electrical apparatus that regulates, modulates or modifies AC or DC electrical power. Examples are an inverter, a chopper circuit, a boost circuit, a buck circuit or a buck/boost circuit. 

Power density as used herein is power per unit volume (watts per cubic meter). 

Specific power as used herein is power per unit mass (watts per kilogram). 

A hybrid vehicle combines an energy storage system, a prime power unit, and a vehicle propulsion system. A parallel hybrid vehicle is configured so that propulsive power can be provided by the prime power source only, the energy storage source only, or both. In a series hybrid vehicle, propulsive power is provided by the energy storage unit only and the prime power source is used to supply energy to the energy storage unit. 

When the energy storage capacity is small and the prime power source is large, the hybrid may be referred to as a power-assist hybrid. For example, an electric drive may be used primarily for starting and power assist while an internal combustion engine used primarily for propulsion. These vehicles are typically parallel hybrids. 

In a dual-mode hybrid, the energy storage and prime power are approximately balanced. For example, a dual-mode hybrid can operate on electric drive only, on engine power only, or on a combination of both. These vehicles are typically parallel hybrids. 

A range-extended hybrid has a large energy storage capacity and a small prime power source. An example would be an electric drive vehicle with a small engine used for charging an electrical energy storage unit. These vehicles are typically series hybrids. 

A battery-dominant hybrid locomotive is a dual-mode hybrid locomotive where the energy storage apparatus is a battery pack and the battery pack is capable of supplying approximately as much or more instantaneous power than the prime power source when both are engaged with the propulsion system. 

As used herein, "at least one", "one or more", and "and/or" are open-ended expressions that are both conjunctive and disjunctive in operation. For example, each of the expressions "at least one of A, B and C", "at least one of A, B, or C", "one or more of A, B, and C", "one or more of A, B, or C" and "A, B, and/or C" means A alone, B alone, C alone, A and B together, A and C together, B and C together, or A, B and C together. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic side view of the principal components of a hybrid locomotive configuration with a regenerative braking capability. 

FIG. 2 is a schematic diagram of a general electrical architecture for a typical hybrid locomotive with regenerative braking. 

FIG. 3 is a circuit diagram of an inverter for forward or reverse power flow. This is prior art. 

FIG. 4 is schematic circuit diagram showing 4 traction motors in motoring mode. 

FIG. 5 is a graph of voltage across a DC traction motor as a function of locomotive speed. 

FIGS. 6a and b are schematic circuit diagrams showing current flow in motoring and braking mode. 

FIG. 7 is schematic circuit diagram showing 4 traction motors in low speed braking mode. 

FIG. 8 is schematic circuit diagram showing 4 traction motors in moderate speed braking mode. 

FIG. 9 is schematic circuit diagram showing 4 traction motors in high speed braking mode. 

FIG. 10 is schematic circuit diagram showing 4 traction motors with a boost circuit for braking mode. 

FIGS. 11a, b and c are schematic circuit diagrams showing 4 traction motors with a switching battery pack. 

FIGS. 12a and b are schematic circuits diagram showing a boost circuit for maintaining voltage on an auxiliary motor. 

FIG. 13 is a schematic diagram of a method of isolating motor field coils. 

FIGS. 14a and b are schematic diagrams showing independently controlled field windings in series with their armature windings. 

FIGS. 15a and b shows how the polarity of field windings may be reversed to allow traction motors to reverse rotation. 

FIG. 16 illustrates the principal circuit elements of an alternate regenerative braking system using traction motor energy storage. 

FIG. 17 illustrates the four modes of operation of the circuit shown in FIG. 16. 

FIG. 18 illustrates 4 traction motors utilizing the circuit shown in FIG. 16 where the 4 circuits are connected in parallel. 

FIG. 19 illustrates a preferred embodiment of the principal power circuit elements of a hybrid locomotive using a regenerative braking circuit in motoring mode. 

FIG. 20 illustrates a preferred embodiment of the principal power circuit elements of a hybrid locomotive using a regenerative braking circuit in braking mode. 

FIG. 21 illustrates 4 traction motors utilizing an alternate circuit for the field coils. 

FIG. 22 illustrates an alternate embodiment of the principal power circuit elements of a hybrid locomotive using a regenerative braking circuit in motoring mode. 

FIG. 23 illustrates the four modes of operation of the an alternate configuration of circuit shown in FIG. 16. 

FIG. 24 is a flow chart illustrating a general control strategy for regenerative braking. 

FIG. 25 is a flow chart illustrating control procedures for traction motors. 

FIG. 26 is a flow chart illustrating control procedures for an energy storage system. 

FIG. 27 is a flow chart illustrating control procedures for an energy dissipating system. 

DETAILED DESCRIPTION 

The basis of the present invention is the use of a DC bus which allows power to flow from one or more power sources to the traction and other motors when the voltage level of any of the power sources is higher than the operating voltage of the traction and other motors. The power sources in a hybrid locomotive may be one or more engines and one or more energy storage systems. The traction and other motors may be AC or DC motors or both. When braking, the traction motors can be operated as generators and will supply power to the DC bus if the output voltage of the traction motors operated as generators is higher than the voltage across all the power sources. Typically, engines will not accept power because of blocking diodes in their alternator/rectifier apparatuses. The regenerative braking power however, can flow to a resistive grid to be dissipated (this is the main sink for braking energy in dynamic braking). In a hybrid locomotive, regenerative braking power can also flow into the energy storage system as long as the voltage across the energy storage system is less than the voltage on the DC bus which is established by the output voltage of the traction motors operating as generators. If the traction motors are AC traction motors, the inverter or inverters act as rectifiers when the traction motors are operated as generators. The various embodiments of the present invention will be described primarily with reference to DC traction motors. However it will be obvious that each of the embodiments can also be applied to locomotives with AC traction motors in the same way as applied to locomotives with DC traction motors. 

FIG. 1 is a schematic side view of a hybrid locomotive configuration 100 with a control cab 101. Prime power is provided by an engine 104 which is used to supply power to a DC bus 107 through an electrical energy converter 105. Mechanical energy generated by the engine 104 is supplied to the electrical energy converter 105 typically via a connection 108. For a diesel engine and alternator combination the connection 108 is mechanical. For a fuel cell and power conditioning unit the connection is electrical. Electrical energy is stored in an energy storage system 106 which is also connected to the DC bus 107. The wheels 103 of the locomotive 100 are driven by traction motors 102 which are powered by the electrical output of the energy storage unit 106 or the electrical energy converter 105 of engine 104 or both, by means of a DC bus 107 which is connected to the traction motors 102 through one or more chopper circuits or inverter circuits (not shown). Fuel for the engine(s) 104 is obtained from a large fuel tank 111. This embodiment includes a dynamic and regenerative braking system. During braking, the traction motors 102 of the locomotive 100 can be switched to function as electrical generators to convert kinetic energy of braking to electric energy which is then transferred via the DC bus 107 for storage in the energy storage unit 106. Any excess energy that cannot be stored is transferred via the DC bus 107 to be dissipated by resistance grids 109. In this embodiment, energy may be delivered to the energy storage unit 106 either by the engine 104 or by the regenerative braking system. Power may be delivered to the traction motors 102 from the energy storage unit 106 or the engine 104 or both. The power rating of the engine 104 is preferably in the range of about 100 to about 2,000 kW. The storage capacity of the energy storage unit 106 is preferably in the range of about 500 to about 2,000 kW-hrs. The capacity of the fuel tank 111 is preferably in the range of about 500 to about 6,000 gallons. 

FIG. 2 is a schematic diagram of a general electrical architecture and typical components for a typical hybrid locomotive with regenerative braking. In this figure, the power sources are two engines 205 with their individual alternators 206 and rectifier systems 207. The engines 205 are mechanically coupled to their alternators which are supply an AC input to their rectifier systems 207. An energy storage system 208 is shown connected to the DC bus through a power conditioning circuit 209. The power conditioning circuit may be a buck/boost circuit or it may be a simple switch. During motoring, power can be provided to a DC bus (represented by a positive 203 bus bar 201 and a negative 204 bus bar 202) by any combination of engines and storage system as will be discussed in subsequent figures. In motoring mode, the DC bus can provide power to one of more traction motors shown for example by a circuit 210 illustrating four parallel traction motors. The DC bus can also provide power to auxiliary power circuits 210. In braking mode, power can be returned to the DC bus when the traction motors 210 are operated as generators. In this latter case, energy can be stored in the energy storage system 208; or dissipated a resistive grid 212; or dissipated in the engines 205 (as discussed below); or a combination of all of these methods. As can be seen, all the power sources, motors, power supplies and power consumers are connected electrically in parallel to a common DC bus. For simplicity, switches and power regulating devices are not shown but will be discussed in subsequent specific examples. As will be discussed below, there are five basic methods by which this locomotive system can operate in braking mode to provide controlled power for charging an energy storage system. As can be appreciated, there can be one or more engines, the energy storage system can be a battery pack, a capacitor bank, a flywheel system or a combination of these. In general, the rectifier systems 207 include blocking diodes to prevent power from flowing back to the engines. However, if the rectifier systems 207 are replaced by inverters such as illustrated below in FIG. 3, then, when desired, power can be allowed to flow back to the engines for (1) starting engines that are turned off or (2) using the engines to dissipate braking energy in certain circumstances. 

FIG. 3 is a circuit diagram of an induction alternator/rectifier for forward or reverse power flow. The circuit described in FIG. 3 is prior art and is a generalization of the rectifying circuit described for example in FIG. 2. In generating mode, a stator 302 generates an alternating current which is rectified by six power diodes 304 which are the internal diodes of IGBTs 303. In generating mode, the six IGBTs 303 are turned off and their internal diodes 304 form a rectifying circuit. Power flows from the stator 301 to the output terminals 311 and 312. The output terminals are for example the positive and negative bus bars of a DC bus such as described previously. In motoring mode, DC power from the terminals 311 and 312 flows to the stator 301 which in turn provides shaft power to the rotor (not shown). In motoring mode, the six IGBTs 303 provide pulse width modulation and form an inverter circuit, providing AC power to the stator. The amount of excitation for an induction generator is controlled by the frequency of the inverter. When the frequency of the inverter is higher than the motor/generator synchronous speed frequency, the motor/generator will produce a positive torque (motoring). When the inverter frequency is lower than the synchronous speed-frequency, the motor/generator will produce a negative torque (generating). Typically, a difference of 3% to 5% between the power frequency being fed the motor/generator and the machine's synchronous speed-frequency will produce full loading for both motoring and generating modes. The use of an induction alternator in motoring mode, when at least one electrical power source (for example, a diesel and its alternator, a turbine and its high-speed alternator, or an energy storage apparatus and its buck/boost circuit) is in operation supplying power to the DC bus, would allow power from the DC bus to be used to start or restart an engine that is turned off. This method of starting engines is known and is used to provide high starting power without the need of a separate starter motor. A pre-lubrication pump can also be operated directly from the DC bus or from an auxiliary power supply to lubricate a diesel engine just prior to starting it so as to extend its operational lifetime. While the above diesel engine start-up procedures are well-known, they can be applied more readily utilizing the voltage control and DC bus architecture of the present invention. In braking mode, the inverter circuit can be controlled to allow power to flow back to the alternator in asynchronous mode so that the alternator will turn the crankshaft of the engine and dissipate energy. Thus, during braking, the engines can be used as additional means of energy dissipation for example when the energy storage system can no longer absorb regenerative energy and/or when the dissipating resistive grid becomes overheated. Alternately, the engines can be used to dissipate excess braking energy in place of a dissipating resistive grid. As can be appreciated, the use of the engine or engines to dissipate braking energy can be used for dynamic braking in a conventional locomotive, replacing the dissipating resistive grid apparatus. 

FIG. 4 is schematic circuit diagram showing an embodiment of the present invention with four DC traction motors 402 operating in motoring mode. As can be appreciated, the invention could also be illustrated by four AC motors with power control by inverters in place of choppers. The number of traction motors can be typically from two to about eight in a large locomotive. A battery pack 401 provides power as indicated by current flow 406 to all four motor circuits 402 with the current level controlled in part by individual IGBTs 403 for each motor 402. The IGBTs 403 and free-wheeling diodes 404 comprise a well known chopper circuit with the free wheeling current path shown by 407. Switches 405 are open during motoring. A separate chopper circuit comprised of IGBT 413 and free wheeling diode 414 is shown controlling the current to field windings 412. Four field coils 412 are shown corresponding to the field coils for each motor 402. The current path to the field coil circuit is shown by 416 and the free wheeling current path for the field coils is shown by 417. In motoring mode, current flows out of the positive terminal of the battery pack 401 and returns to the negative terminal of the battery pack 401 as shown by current path 421. It is noted that, while the current flow convention of positive current flowing from the positive battery terminal to negative terminal is used, the flow of electrons is from the negative terminal of the battery to the positive terminal. An important feature of the present invention is the use of a separate chopper circuit to simultaneously control the current to the field windings of all the DC traction motors. The power output of each traction motor 402 can still be controlled independently by its own armature chopper circuit. The circuit shown in FIG. 4 shows only a battery pack 401 driving the motors 402 and field coils 412. As can be appreciated, a prime mover such as for example a diesel engine and alternator/rectifier can also be connected in parallel with the battery pack to provide additional DC power to the circuit. 

FIG. 5 is an idealized graph of voltage 501 measured across a DC traction motor as a function of locomotive speed 502. The curve 503, 504 and 505 shows the voltage across the DC traction motor as measured across the output of the power supply system which may be comprised of a prime power source, an energy storage unit or both. The curve 506 and 507 shows the voltage associated with a energy storage battery pack as measured across its terminals. As an example, consider a locomotive that accelerates from rest to a high speed 508 and then brakes from the high speed 508 to a lower speed. As the locomotive accelerates from rest to a low speed, the motor volts typically increase monotonically with increasing locomotive speed as shown by the portion 503 of the motor voltage curve. This is because the RPMs of the armature shaft increase with locomotive speed which in turn increases the back emf on the motor armature by the motor field windings. The voltage across the motor is, to a first order, the sum of the back emf and the resistive voltage drop across the coils. In the present invention, the field current for the motor is controlled by an independent chopper circuit and, using computer control, the field current are generated so as to cause the motor volts to approximate a series wound DC traction motor. This is preferable at low speeds in order to maximize low speed tractive effort. At higher locomotive speeds, the motor voltage increases and approaches the level of the battery output volts. As this occurs, the field current is reduced so as to maintain the battery driving voltage at a higher value than the motor volts as shown by portion 504 of the motor voltage curve and the portion 506 of the battery voltage curve. This allows the motor current to be maintained in the motoring direction and therefore the motor continues to provide a positive torque. Thus the locomotive can be operated at a high velocity 508 or continue to accelerate to a higher velocity. When braking is implemented and it is desirable to activate regenerative braking, the field current is increased so as to raise the motor voltage to a higher value than the battery voltage as shown by portion 505 of the motor voltage curve and the portion 507 of the battery voltage curve. Over this portion 505 of the motor voltage curve, the motor acts as a generator and the direction of the motor current reverses and acts to charge the battery pack along path 507 of the battery voltage curve. The field current is used to control the level of the motor voltage so as to maintain battery charging as dictated by appropriate battery charging algorithms. A example of such an battery charging algorithm is given in Reference 1 entitled "Examination of VRLA Battery Cells Sampled From The Metlakatla Battery Energy Storage System" which is incorporated herein by reference. As locomotive speed decreases during braking, the locomotive speed can reach a value where the control of motor voltage to continue charging the battery pack is no longer possible using the field current control method by itself. It is the objective of the present invention to disclose several different methods by which the motor and/or power circuits can be reconfigured by appropriate switching so that the field current control method can be continued to be used to maintain the level of the motor voltage so as to continue charging the battery down to very low locomotive speeds. As can be appreciated, if the battery becomes charged to a predetermined maximum desirable state of charge ("SOC"), then the charging process can be terminated either by diverting the motor currents to well-known resistance grids (thereby continuing dynamic braking) or by using the field current control to reduce motor voltage below the voltage of the battery pack or by disengaging the power driving circuit from the traction motors. It is the objective of the present invention to disclose several methods for achieving regenerative braking at all locomotive speeds while maintaining independent control of each traction motor and optimal management of the battery pack recharging process. As can be appreciated, the principle is to maintain driving voltage of the power sources higher than motor volts during motoring and to maintain motor voltage (when the motor is acting as a generator) higher than energy storage voltage during braking. The DC motors can be AC motors. A single motor in the above figure can be several motors connected electrically in series or in parallel or in a combination of series and parallel. 

FIG. 6, which is prior art, is a schematic circuit diagram showing current flow in motoring as in FIG. 6a and braking mode as in FIG. 6b. FIG. 6a illustrates a battery pack 601 driving a DC traction motor 602 and its separately excited field winding 611. The current 605 through the motor armature circuit is controlled by a chopper circuit comprised of an IGBT 603 and a free wheeling diode 604. The current 615 through the motor field winding circuit is controlled by a separate chopper circuit comprised of an IGBT 612 and a free wheeling diode 613. In motoring mode, the current flows out of the positive terminal of battery pack 601 and into the negative terminal of the battery pack 601, discharging the battery pack 601 while providing power to the motor 602. FIG. 6b illustrates the same battery pack 601 being charged by a DC traction motor 602 in braking mode and acting as a generator. The current 622 through the motor armature is reversed during braking as compared to its direction shown in FIG. 6a and bypasses the IGBT 603 by passing through its internal diode 621. The current level in motor 602 is now controlled by varying the current in the field winding 611. The current 623 through the motor field winding circuit is in the same direction as shown in FIG. 6a and continues to be controlled by its separate chopper circuit. In braking mode, the current flows into the positive terminal of battery pack 601 and out of the negative terminal of the battery pack 601, charging the battery pack 601 by absorbing energy from the motor 602 now acting as a generator. This figure illustrates how current flows through a motor armature in motoring (FIG. 6a) and braking (FIG. 6b) utilizing a motor armature chopper circuit and a separate field chopper circuit wherein the direction of the field current is always the same. 

In a first embodiment, a motor switching method is illustrated for three locomotive velocity regimes utilizing a locomotive driving system of four DC traction motors. In the motor switching embodiment of regenerative braking, the traction motors may be switched at appropriate times between parallel and series configurations to maintain sufficiently high voltage to charge the energy storage system. As will be appreciated, the number of motors and velocity regimes can vary but the circuit example represented in the following three figures is representative for a large locomotive (typically about 2,000 to about 6,000 HP depending on the combined power capability of the diesel generator and battery pack). FIG. 7 is schematic circuit diagram showing four traction motors all operating in generator mode appropriate for braking during a low locomotive speed regime. All four motors are connected in series to provide a generating voltage sufficiently high enough to cause a charging current to be delivered to a large battery pack 701. When making a transition from motoring to braking, four motor armatures 711, 712, 713 and 714 are connected in series by leaving switch 751 closed; opening switches 752, 753 and 754; and closing switches 761, 762 and 763. In addition, IGBTs 721, 722, 723 and 724 are turned off. The field windings of all the motors are connected in series and controlled by an excitation chopper circuit comprised of IGBT 725 and free wheeling diode 726. The current 732 through the field coils 715 remains in the same direction whether motoring or braking and is controlled by the chopper circuit comprised of IGBT 725 and free wheeling diode 726. The free wheeling current path 733 for the field chopper circuit remains the same for motoring and braking. The control of current level through the motor armatures during braking is accomplished by varying the current in the field windings. Current flows out of the negative terminal of the battery pack 701 and through the internal diode of IGBT 724, through motor armature 714, motor armature 713, motor armature 712, motor armature 711 and back to the positive terminal of the battery pack 701 as shown by current path 730. As an example, the voltage across the battery pack 701 may be about 700 volts. At low locomotive speeds below for example about 10 mph, each motor may be generating about 275 volts so that the generating voltage capacity across four motor armatures would be substantially higher than the battery voltage and the motors acting as generators in series would cause the battery pack 701 to be charged. In order to properly charge the battery, it is necessary to maintain the charging current of the battery below a first predetermined level, to maintain the battery pack voltage below a second predetermined level, to employ an appropriate charging algorithm and to maintain the SOC of the battery pack below a third predetermined level. These and other conditions can be met by varying the field circuit current 732 so that the battery is charged in a manner consistent with good charging practice, especially practices that tend to maximize battery pack lifetime. The system would continue to provide regenerative energy to the battery pack 701 until the locomotive speed drops to less than about 3 to about 6 mph and the generating voltage drops below the voltage of the battery pack 701. When the motor generating voltage drops below the battery voltage, the internal diode 734 of IGBT 724 prevents the current 731 from reversing. In the event that the third predetermined level for battery pack SOC is exceeded, the motors can be switched out of generating mode or the regenerative current 730 can be switched to a dissipating resistance grid (not shown). 

FIG. 8 is schematic circuit diagram showing four traction motors all operating in generator mode appropriate for braking during a moderate locomotive speed regime. In this example, two of the four motors are connected in series with each other. The other two of the four motors are connected in series with each other and then the two pairs of series connected motors are connected in parallel with each other. This arrangement can provide a generating voltage sufficiently high enough to cause a charging current to be delivered to a large battery pack 801. When making a transition from motoring to braking, the two motor armatures 811 and 812 are connected in series by leaving switch 851 closed; closing switch 861; and opening switch 852. Simultaneously, the two motor armatures 813 and 814 are connected in series by leaving switch 853 closed; closing switch 863; and opening switch 854. In addition, IGBTs 821, 822, 823 and 824 are turned off. The field windings of all the motors are connected in series and controlled by an excitation chopper circuit comprised of IGBT 825 and free wheeling diode 826. The current 832 through the field coils remains in the same direction whether motoring or braking and is controlled by the chopper circuit comprised of IGBT 825 and free wheeling diode 826. The free wheeling current path 833 for the field chopper circuit remains the same for motoring and braking. The control of current level through the motor armatures during braking is by varying the current in the field windings. Current flows out of the negative terminal of the battery pack 801 and through the internal diode of IGBT 822, through motor armature 812, motor armature 811 and back to the positive terminal of the battery pack 801 as shown by current paths 831 and 830. Simultaneously, current flows out of the negative terminal of the battery pack 801 and through the internal diode of IGBT 824, through motor armature 814, motor armature 813 and back to the positive terminal of the battery pack 801 as shown by current paths 836 and 835. As an example, the voltage across the battery pack 801 may be about 600 volts. At low locomotive speeds below for example about 20 to about 25 mph, each motor may be capable of generating about 550 volts so that the generating voltage across each pair of two motor armatures could be about 1,100 volts and the motors acting as generators in series would cause the battery pack 801 to be charged. In order to properly charge the battery, it is necessary to meet several battery charging conditions such as described in FIG. 7 by varying the field circuit current 832 so that the battery is charged in a manner consistent with good charging practice, especially practices that tend to maximize battery pack lifetime. In the event that a predetermined level for battery pack SOC is exceeded, the motors can be switched out of generating mode or the regenerative current 830 can be switched to a dissipating resistance grid (not shown). Otherwise, the system would continue to provide regenerative energy to the battery pack 801 until the locomotive speed drops to less than about 12 mph and the generating voltage drops below the voltage of the battery pack 801. Once this condition is sensed, a controller would reconfigure the circuit to that depicted in FIG. 7. 

FIG. 9 is schematic circuit diagram showing four traction motors all operating in generator mode appropriate for braking during a high locomotive speed regime. In this example, all four motors are connected in parallel as is in the case of FIG. 4 which depicts all four motors in motoring mode. This arrangement can provide a generating voltage sufficiently high enough to cause a charging current to be delivered to a large battery pack 901. When making a transition from motoring to braking, the switches are not changed with switches 951, 952, 953 and 954 all remaining closed. Switches 961, 962 and 963 remain open. IGBTs 921, 922, 923 and 924 are turned off. The field windings of all the motors are connected in series and controlled by an excitation chopper circuit comprised of IGBT 925 and free wheeling diode 926. The current 932 through the field coils remains in the same direction whether motoring or braking and is controlled by the chopper circuit comprised of IGBT 925 and free wheeling diode 926. The free wheeling current path 933 for the field chopper circuit remains the same for motoring and braking. The control of current level through the motor armatures during braking is by varying the current in the field windings. Current flows out of the negative terminal of the battery pack 901 and is divided approximately equally through the internal diodes of IGBTs 921, 922, 923 and 924. Approximately equal levels of currents therefore also flow through motor armatures 911, 912, 913 and 914 and then are added in the return leg back to the positive terminal of the battery pack 901 as shown by current paths 930, 935, 936 and 937. No current flows through any of the motor armature free wheeling diodes such as diode 934. As an example, the voltage across the battery pack 901 may be 600 volts. At high locomotive speeds above for example about 40 mph, each motor may be capable of generating about 700 volts so that the generating voltage across each of the motor armatures would be enough to cause the battery pack 901 to be charged. In order to properly charge the battery, it is necessary to meet several battery charging conditions such as described in FIG. 7 by varying the field circuit current 932 so that the battery is charged in a manner consistent with good charging practice, especially practices that tend to maximize battery pack lifetime. In the event that a predetermined level for battery pack SOC is exceeded, the motors can be switched out of generating mode or the regenerative current 930 can be switched to a dissipating resistance grid (not shown). Otherwise, the system would continue to provide regenerative energy to the battery pack 901 until the locomotive speed drops to below about 40 to about 45 mph and the generating voltage drops below the voltage of the battery pack 901. Once this condition is sensed, a controller would reconfigure the circuit to that depicted in FIG. 8. 

As will be appreciated, the above embodiment can include a separate engine and power conversion apparatus in parallel with the battery pack as shown for example in FIG. 2. During motoring, the engine may provide additional power to the traction motors. During braking, the power conversion apparatus associated with the engine (typically an alternator/rectifier) commonly contains circuitry to prevent power flow back to the engine and the availability of a engine will not influence the operation of the above circuits as described. 

In a second embodiment, a boost circuit (also known as a step-up circuit) can be used to maintain a desired charging voltage across a battery pack as the source voltage decreases below a predetermined level. Examples of boost circuits may be found on pages 78 and 79 of "Linear/Switchmode Voltage Regulator Handbook" 

Motorola, Inc. 1982, which is incorporated herein by reference. FIG. 10 is schematic circuit diagram showing four traction motors in a parallel configuration with a boost circuit used only in braking mode. The main circuit, comprised of a battery pack, DC traction motors, their individual chopper circuits and a separate field chopper circuit, is identical to that shown, for example, in FIG. 4 (motoring mode) when switch 1006 is closed to bypass the boost circuit. FIG. 10 also includes a boost circuit comprised of an energy storage inductor 1003, an energy storage capacitor 1005, a diode 1004 and a switch 1002. The switch 1002 may be an IGBT for example that can be regulated to open and close so as to control the amount of voltage boost. When the locomotive goes from motoring to braking mode, the motors change to generating mode and switch 1006 is immediately opened and left open during braking mode. The voltage as measured between points 1010 developed by the motors now acting as generators will be higher than the battery voltage above some locomotive speed. When this is the case, the voltage as measured between points 1010 will be controlled by varying the field circuit current 1020 so that the battery is charged in a manner consistent with good charging practice. Additionally, IGBT 1002 will be completely off (not conducting) so that the boost circuit will not provide any voltage boost. As locomotive speed is reduced, the voltage as measured between points 1010 will drop below that of the battery pack voltage as measured between points 1011. When this condition is sensed, a controller will operate IGBT 1002 so as to control the amount of boost to the voltage as measured between points 1011 so that the battery pack will continue to be charged in a manner consistent with good charging practice. Thus when braking from most locomotive speeds, the motors now acting as generators will act to charge the battery pack 1001. As noted previously, IGBT 1002 may be regulated to open and close so as to maintain a predetermined current and/or charging voltage across battery pack 1001 as the speed of the locomotive, and hence the voltage as measured between points 1010, continues to decrease. In order to properly charge the battery, it is necessary to maintain the charging current of the battery below a first predetermined level, to maintain the battery pack voltage below a second predetermined level, to employ an appropriate charging algorithm and to maintain the SOC of the battery pack below a third predetermined level. These and other conditions can be met by varying the field circuit current 1020 and/or the amount of boost so that the battery is charged in a manner consistent with good charging practice, especially practices that tend to maximize battery pack lifetime. The system would continue to provide regenerative energy to the battery pack 1001 until the locomotive speed drops to less than about 3 to about 6 mph and the voltage as measured between points 1011 drops below the voltage of the battery pack 1001 (when the fully boosted generating voltage cannot be maintained above the battery voltage). In the event that a predetermined level for battery pack SOC is exceeded, the motors can be switched out of generating mode or the regenerative current can be switched to a dissipating resistance grid (not shown). To return to motoring mode, switch 1006 is closed. As will be appreciated, the above embodiment can include a separate engine and power conversion apparatus in parallel with the battery pack as shown for example in FIG. 2. During motoring the engine may provide additional power to the traction motors. During braking, the conversion apparatus associated with the engine typically contains circuitry to prevent power flow back to the engine and the availability of a engine will not influence the operation of the above circuit as described. 

In yet another embodiment, the battery pack volt-ampere characteristics can be reconfigured by switching battery pack modules to various series and parallel configurations to maintain the energy storage system at a lower voltage level than the DC bus. For example, a battery pack can be comprised of two modules which can be connected in series or in parallel. As another example, a battery pack can be comprised of four modules which can be connected all in series, all in parallel or two pairs of modules connected in series with the two pairs connected in parallel. The following example shown in FIG. 11 illustrates the principle with a battery pack comprised of two modules. FIG. 11a shows a locomotive drive circuit in motoring mode where a battery pack is comprised of two modules 1101 and 1102 which are shown connected in series using switches 1111 and 1112. As can be appreciated, a rectified engine voltage can also be applied in parallel with that of the battery pack to augment voltage input to the motor circuit. The motor circuit shows four DC traction motors connected in parallel with independently controlled field coils similar to the arrangement shown in FIGS. 4 and 9. In motoring mode, the voltage output of the battery pack is higher than the voltage across the motors and field coils and current 1142 flows from the positive terminal of the battery pack to drive the motors as shown by the example of current 1141 and to drive the field coils as shown by current 1151. The free wheeling path for the chopper circuit controlling the field coils is shown as 1152. FIG. 11b shows a locomotive drive circuit in braking mode where the battery pack, comprised of two modules 1101 and 1102, is shown with the modules remaining connected in series and switches 1111 and 1112 remaining in the positions used for motoring. If an engine is being used to augment the battery pack as described in FIG. 11a, it would typically be disconnected from the motor circuit during braking. In high speed braking mode, the motors now acting as generators would have a voltage greater than the voltage across a battery pack and would act to charge the battery pack. This is indicated by the reversal of currents 1141 and 1142. The current 1151 through the field coils remains in the same direction whether motoring or braking and is controlled by a chopper circuit as described previously. The control of current level through the motor armatures during braking is by varying the current in the field windings, also as described previously. As the locomotive speed drops to lower levels, the voltage developed by the motors now acting as generators will drop below the voltage across a battery pack. When this condition is detected (for example by current measurement indicating that the battery current is approximately zero), switches 1111 and 1112 are changed as shown in FIG. 11c to cause battery module 1101 and 1102 to be connected in parallel. Once the modules are in parallel, the voltage across the motors now functioning as generators is greater than the voltage across a battery pack and the motors will continue to charge the battery pack as indicated by current direction 1141 which is shown charging module 1101 by current 1143 and module 1102 by current 1144. As can be appreciated, increasing the number of battery pack modules will increase the ability to charge the battery pack during braking as the locomotive speed drops to lower values. For example, a battery pack comprised of four equal modules that can be switched to any combination of series and parallel configurations will have the same control over the battery charging process as the embodiment described in FIGS. 7, 8 and 9. In order to properly charge the battery, it is necessary to maintain the charging current of the battery below a first predetermined level, to maintain the battery pack voltage below a second predetermined level, to employ an appropriate charging algorithm and to maintain the SOC of the battery pack below a third predetermined level. These and other conditions can be met by varying the field circuit current 1151 so that the battery is charged in a manner consistent with good charging practice, especially practices that tend to maximize battery pack lifetime. The system would continue to provide regenerative energy to the battery pack 1101 until the locomotive speed drops to less than about 3 to about 6 mph and the voltage output of the regeneration system drops below the voltage of the battery pack 1101. In the event that a predetermined level for battery pack SOC is exceeded, the motors can be switched out of generating mode or the regenerative current can be switched to a dissipating resistance grid (not shown). As will be appreciated, the above embodiment can include a separate engine and power and conversion apparatus in parallel with the battery pack as shown for example in FIG. 2. During motoring the engine may provide additional power to the traction motors. During braking, the power conversion apparatus associated with the engine typically contains circuitry to prevent power flow back to the generator and the availability of an engine will not influence the operation of the above circuit as described. As can be further appreciated, a combination of some battery module switching with a boost circuit such as described in FIG. 11 can also be used to control regenerative charging of a battery pack during braking. 

In the third embodiment described above in FIG. 11, the battery pack may be used to drive auxiliary motors that provide auxiliary power for the locomotive and/or other cars in the train. It may be possible to utilize auxiliary motors that can operate while tolerating wide variations in the volt-ampere characteristics of the battery pack such as caused for example by switching battery pack modules from series to parallel configurations as described above in FIG. 11. If this tolerance is not available, then the battery pack output voltage driving the auxiliary power can be maintained by utilizing a boost circuit such as shown for example in FIG. 12. The boost circuit shown in FIG. 12 is the same configuration as that described in FIG. 10. 

FIG. 12a shows an auxiliary motor 1205 connected across a battery pack. The battery pack is shown as two modules connected in series. The traction motor circuit is shown in braking mode so that it is charging the battery pack by a voltage as measured between points 1202. IGBT 1226 is completely off (not conducting) so that the boost circuit will not provide any voltage boost so that the voltage driving the auxiliary motor 1205 is essentially that of the battery pack. The voltage as measured between points 1201 is about the same as the voltage measured between points 1202. The current in the auxiliary motor 1205 is shown by 1231. A switch 1222 is shown closed to engage the auxiliary motor with the battery pack. Diode 1221 allows the battery pack to continue to provide power to the auxiliary motor 1205 while in motoring mode. FIG. 12b shows an auxiliary motor 1205 connected across a battery pack where the battery pack is shown as two modules now connected in parallel. The traction motor circuit is shown in braking mode so that it is charging the battery pack by a voltage as measured between points 1202. When this battery configuration is sensed, a controller will operate IGBT 1226 to control the amount of boost to the voltage as measured between points 1201 so that the voltage across the auxiliary motor will remain within its specified range for proper operation. The current in the auxiliary motor 1205 is shown by 1231. A switch 1222 is shown closed to engage the auxiliary motor with the battery pack. 

FIG. 13 is a schematic diagram of a method of electrically isolating motor field coils. A DC power supply 1301 is shown connected to an inverter 1302 which is controlled by a Pulse Width Modulated ("PWM") apparatus (not shown). This PWM would be the means by which the field currents are controlled as described for example in FIGS. 7 through 11. The DC power source 1301 may be a the main energy storage battery pack, an auxiliary battery pack, or the DC bus from a diesel engine/rectifier apparatus. The output of the inverter 1302 is connected to a transformer 1303 which is comprised of a single primary winding and multiple secondary windings 1305. Each secondary winding is connected to a rectifier which drives a DC traction motor field coil 1307. In the configuration shown, each field coil is electrically isolated from each other field coil and electrically isolated from the motor armatures (not shown). In an alternative configuration (also not shown), the transformer can have a single secondary connected to a single rectifier which would, in turn, be connected to all the field coils connected in series. Although this alternative configuration would not have electrical isolation of the field coils from one another, it still retains electrical isolation from the motor armatures and its single rectifier would generate less heat than the configuration with the multiple separate rectifiers and field coil circuits shown in FIG. 13. 

FIG. 14 is a schematic diagram showing independently controlled field windings which are in series with their armature windings. FIG. 14a shows a single DC chopper controlled traction motor circuit. As can be appreciated their can be two or more traction motor circuits in parallel as, for example, shown in FIG. 4. A battery pack 1401 is shown connected across a traction motor 1402 and its field coil 1403. The field coil is also connected to a variable voltage DC power source 1405. This can be a separate auxiliary power source with a DC output or the DC power can be derived from the main battery pack 1401 using a well-known buck/boost chopper control circuit. The power source 1405 for the field coil 1403 is preferably electrically isolated from the field coil 1403 by a means such as for example a transformer such as transformer 1303 in FIG. 13. FIG. 14a illustrates motoring mode in which a current 1410 flows from the battery 1401 and current 1420 flows through the motor armature 1402 and in the same direction as the current 1430 through the field coil 1403. FIG. 14b illustrates braking mode with regeneration in which a current 1411 flows to the battery pack 1401, in part from the current 1421 from the motor armature 1402. The output from the variable voltage DC power source 1405 must be increased so as to maintain the field current 1431 in the same direction as in motoring. Thus the DC circuit 1405 must be capable of providing enough power to supply a current 1431 to the field coil 1403 that is the sum of the required field current and the regeneration current 1421. 

FIG. 15 shows one of a number of ways in which the polarity of field windings may be reversed to allow traction motors to reverse output shaft rotation direction. This figure represents prior art and was disclosed previously for example in FIG. 9 of U.S. patent application Ser. No. 10/650,011. FIG. 15a illustrates a motoring current 1503 passing through a field coil 1501 in direction 1502 as determined by the contactor settings shown. FIG. 15b illustrates a motoring current 1503 passing through a field coil 1501 in the opposite direction 1504 from that shown in FIG. 15a. As can be seen, this is caused by breaking the contacts shown in FIG. 15a and making the contacts shown open in FIG. 15a. The purpose of FIG. 15 is to illustrate a well known method using contact switches to reverse the direction of the traction motor output torque by reversing the direction of the field current. This method can be used on the field coil circuits shown for example in FIGS. 4 and 7 through 11. This method can also be applied to the traction motor armature windings instead of the field windings to cause the motor to reverse output shaft rotation direction. It is noted that the contactors 1501 are illustrative only and in practical application would be opened in both directions for a brief time period to minimize or eliminate arcing during resetting. 

The various embodiments of the present invention can be viewed as a straightforward method of controlling the flow of power between the prime mover, the energy storage system and the regenerative braking system. The control can be quite seamless by controlling the voltage output of the prime mover through controlling the excitation of the prime mover; utilizing independent chopper control of the DC traction motor field windings; utilizing independent chopper control of the currents in the motor armature windings; and unitizing chopper control of the boost circuit (if used) activated during regenerative braking. 

As can be seen, the control of power flow from the prime mover; the flow of power to and from the energy storage apparatus; and the flow of power to the motors or from the motors acting as generators is controlled by varying the voltage output of the prime mover and/or varying the current in the motor field windings. This general mode of voltage control operation is applicable to all embodiments of the present invention including the preferred embodiment which is described below. 

FIG. 16 illustrates the principal circuit elements of a preferred configuration of an alternate regenerative braking system in which the inductance of DC traction motor is used to temporarily store energy during braking mode until motor voltage levels are sufficiently high enough to charge the energy storage system. In this embodiment, energy is stored for brief periods in the motor armature and field windings and then discharged to an energy storage system, such as for example a battery pack, as will be discussed in subsequent figures. In this circuit configuration, a field coil 1601 and an armature winding 1602 are shown connected in series. A switchable contact reverser 1603 allows the current to be switched in opposite directions through the armature 1602 while maintaining the same current flow direction in the field coil 1601. The field coil 1601 and armature winding 1602 are typically contained inside a DC traction motor. The current to the DC traction motor is controlled by a chopper circuit which is comprised of an IGBT 1604 and a free-wheeling diode 1605. Two switches 1606 and 1607 are shown along with a filter capacitor 1608. One of switches 1606 and 1607 is always open when the other is closed. As an alternate circuit configuration, it is possible to place the contact reverser 1603 across the field coil 1601 instead of across the armature 1602. 

FIG. 17 illustrates the four modes of operation of the circuit shown in FIG. 16. In motoring mode (FIG. 17a and FIG. 17b), switch 1701 is closed and switch 1702 is open. The polarity of the motor back emf across the reverser switch terminals is positive on IGBT side of the reverser switch terminals. When IGBT 1703 is on as shown in FIG. 17a, current flows from the positive terminal of the circuit through the armature and field coils and returns to the negative terminal of the circuit as indicated by the current flow arrows. When IGBT 1703 is off as shown in FIG. 17b, current flows through the armature and field coils and continues to circulate through the free wheeling path current as indicated by the arrows. In generating mode (FIG. 17c and FIG. 17d), switch 1701 is now opened while switch 1702 is closed and the reverser switch across the armature is changed over as shown. The polarity of the back emf across the reverser switch terminals is now positive on field winding side of the reverser switch terminals. When IGBT 1703 is on as shown in FIG. 17c, current flows through the armature and field coils and continues to circulate through an alternate free wheeling path as indicated by the current flow arrows. However, the current in the armature flows in the opposite direction compared to its direction during motoring mode. When IGBT 1703 is off as shown in FIG. 17d, current flows from the negative terminal of the circuit through the armature and field coils and returns to the positive terminal of the circuit as indicated by the arrows. The current in the armature continues to flow in the opposite direction compared to its direction during motoring mode. In FIG. 17a, power flows from the positive terminal of the circuit and is delivered to the armature of the traction motor to provide power to the driving axles. The average level of power to the armature is controlled by the on/off time ratio (also called the duty cycle) of IGBT 1703. In FIG. 17b, the IGBT 1703 is off, current continues to flow through the armature but no power is delivered by the circuit power source to the motor. When braking, the traction motor becomes a generator. As shown in FIG. 17c, IGBT 1703 is on, current flows through the armature and alternate free wheeling path but no power is delivered to the positive terminal of the circuit. Once the level of current increases to a predetermined level, IGBT 1703 is switched off and, as shown in FIG. 17d, power can now flow from the armature to the positive terminal of the circuit. As can be seen, if the positive and negative terminals of the circuit are connected to a storage battery, the storage battery will be charged when the voltage across the positive and negative terminals is greater than the voltage across the battery terminals. When dynamic braking is applied at any speed, IGBT 1703 in FIGS. 17c and 17d is controlled to ensure that sufficient current is developed in the motor windings before switching the stored energy in the windings to a battery, another energy storage unit or a dissipating resistance grid. Especially when dynamic braking is applied at high speeds, IGBT 1703 in FIGS. 17c and 17d is controlled to ensure that the current in the motor windings does not increase beyond a predetermined level. 

In motoring mode, the voltage from the locomotive power source drives a current through the traction motor when its chopper IGBT is on. At low motor rpms, the average motor current is high and the armature back emf is relatively low. At high motor rpms, the average motor current is reduced since the back emf increases with increasing rpms. However, the back emf remains lower than the driving voltage from the power source and power continues to flow to the motor. When the IGBT switches off, the motor current begins a relatively slow L/R decay through its free wheeling path (where L is total inductance in the free wheeling path and R is total resistance in the free wheeling path). 

The motor volts can be expressed as: V.sub.motor=V.sub.emf+IR.sub.m+L.sub.mdi/dt 

where: 

V.sub.emf is the back emf 

I is the motor current 

R.sub.m is the total motor resistance 

L.sub.m is the total motor inductance 

Typically, the inductive voltage component L.sub.mdi/dt is transient in nature, arising when the motor circuit is switched back and forth between driven and free wheeling. 

In regenerative braking mode, the motor emf becomes the driving voltage and, when the chopper IGBT is on, drives a current through the traction motor and its free-wheeling path as shown in FIG. 17c. 

The braking mode, the motor volts can be expressed as: V.sub.motor=V.sub.emf-IR.sub.m-L.sub.mdi/dt 

The impedance of the free-wheeling circuit shown in FIG. 17c is low and the current rises rapidly. When the current reaches a predetermined limit, the IGBT is switched off. Now, the current through the motor drops rapidly since the emf voltage is typically lower than the bus voltage opposing it. The motor voltage component due to the motor L.sub.mdi/dt rises rapidly (di/dt is negative) until the motor voltage exceeds the bus voltage and current flows to the positive terminal of the bus transferring the inductive energy in the motor (1/2 L.sub.m i.sup.2) to the bus and hence either into an energy storage unit or a dissipating resistance grid. When braking at high motor rpms, the emf is relatively high. When the controlling IGBT is switched off, the L.sub.mdi/dt voltage component required to cause current flow to the positive terminal of the bus is relatively modest. As motor rpms decrease, the emf is reduced, and, when the controlling IGBT is switched off, the L.sub.mdi/dt voltage component required to cause current flow to the positive terminal of the bus is increased. The importance of the motor L.sub.mdi/dt voltage component in the braking mode cycle is that it is more than a switching transient. In braking mode, it is key to boosting the motor voltage to a level sufficient to cause current to flow to the positive terminal of the driving circuit. It allows energy from braking in this embodiment to be efficiently transferred to a DC bus and hence to an energy storage system or dissipating resistance grid. This circuit is effective at all locomotive speeds where the emf is lower than the bus voltage. 

FIG. 18 illustrates 4 traction motor circuits, each the same as shown in FIG. 16. All 4 traction motor circuits are connected in parallel to a positive terminal 1801 and a negative terminal 1802. The traction motor circuits 1803, 1804, 1805 and 1806 are each comprised of a chopper circuit described in FIG. 16. Each circuit operates in the modes for motoring (FIG. 18a) and braking (FIG. 18b) as described in FIG. 17. As applied to charging an energy storage device such as a battery pack or capacitor bank, the regenerative braking method described in the above circuits is preferably implemented by prescribing time-sequenced power pulses from individual chopper/DC traction motor circuits. 

A preferred method of controlling power from each individual motor circuit while in braking mode where the motors are now acting as generators consists of the following steps: a. determining the current level in each regeneration circuit while the circuit is in free-wheeling mode; b. ensuring that the current level does not exceed a first predetermined level; c. when the current reaches a second predetermined level no greater than the first predetermined level, switching the circuit from free-wheeling mode to provide power flow from the motor/generator circuit to an energy storage device and/or power dissipating circuit; d. when the current reaches a third predetermined level which is substantially lower than the second predetermined level, switching the motor/generator circuit back to free-wheeling mode; e. determining the power capacity of the energy storage device and/or power dissipating circuit at each of a number of successive time intervals; f. determining the necessary effective power pulse width to achieve the desired power flow from each motor so as to control the power flow apportioned the energy storage device and power dissipating circuit; g. sequentially pulsing power from each motor to the energy storage device and/or power dissipating circuit for a duration necessary to achieve the above power flow to each at the above successive time intervals. 

Power pulses from each motor are increased by increasing pulse width while maintaining pulse frequency constant. Power delivered to the battery is therefore input at different times from different motors by starting the power pulses from each motor at an offset from the power pulses of neighboring motors, which are acting as generators. The offsets of power pulses from each motor are preferably the maximum possible. This spacing of the power pulses results in individual instantaneous current inputs to the energy storage device that are not additive. In the case of a battery pack, especially a lead-acid battery pack, this leveling out of recharge power pulses results in significantly better charging practice and allows more energy to be returned to the battery without exceeding a desired recharge voltage of the battery pack. This non-additive approach results in lower battery internal heating (I.sup.2R) which results in longer battery life and less frequent battery failure and maintenance. 

FIG. 19 illustrates a simplified electrical architecture of principal power train elements of a typical hybrid locomotive using the regenerative braking circuit of FIG. 16 in motoring mode. The configuration of FIG. 19 illustrates two engines and an energy storage unit but, as can be appreciated, the locomotive can be comprised of one or more engines and one or more energy storage systems. The architecture is built around a DC bus comprised of a positive conductor 1901 at a positive voltage 1903 and a negative bus conductor 1902 at a negative voltage 1904. Two alternator/rectifier apparatuses 1905 and 1906, which may be power conversion apparatuses associated with diesel and/or gas turbine engines, for example, are shown attached to the DC bus along with a battery pack 1907. The battery pack is shown connected directly to the DC (in parallel with a capacitor for surge control). In this configuration, the DC bus voltage is principally controlled by the voltage output of the battery pack. The engines and battery pack may be used to provide power to a number of DC traction motors and auxiliary power supplies. FIG. 19 shows an auxiliary power circuit 1908 and four DC traction motor circuits 1909 with dynamic and regenerative braking capability. In motoring mode, the traction motor switches 1911 are always open and switches 1910 are always closed. In motoring mode, power flows from the generators and/or the battery to the traction motors and to the auxiliary power unit. It is also possible in motoring mode for the generator to provide power for charging the battery pack. A dissipating resistance grid 1912 that is part of a dynamic braking system is also shown. 

FIG. 20 illustrates a simplified electrical architecture of principal power train elements of a hybrid locomotive using the regenerative braking circuit of FIG. 16 in braking mode. The architecture is built around a DC bus comprised of a positive conductor 2001 at a positive voltage 2003 and a negative bus conductor 2002 at a negative voltage 2004. Two alternator/rectifier apparatuses 2005 and 2006 are shown attached to the DC bus along with a battery pack 2007. The battery pack is shown connected directly to the DC and can allow power flow to the DC bus or receive charging power from the DC bus. FIG. 20 shows an auxiliary power circuit 2008 and four DC traction motor circuits 2009 with dynamic and regenerative braking capability. In braking mode, the traction motor switches 2011 are always closed and switches 2010 are always open. In braking mode, the DC motors, now acting as generators, may provide power for charging the battery pack. As shown in this example, blocking diodes in the alternator/rectifiers prevent power flow back to the engines during braking. If the DC motors now acting as generators provide braking energy at too high a power level to be accommodated by the energy storage battery pack, excess braking energy may be switched to a dissipating resistance grid 2012 so that dynamic braking may continue. 

An important feature of the architecture described in FIGS. 19 and 20 is the use of a DC electrical bus whose predetermined bus voltage level controls the amount of power flow from the various prime mover and/or energy storage power supplies to the motors and from the dynamic and/or regenerative braking circuits to the energy storage devices and/or power dissipating circuits. In addition, the power flow to or from the DC bus by the motor circuits may be controlled independently of the DC bus voltage by one or more power control units between the bus and the motors. In motoring mode, the output voltage level of the bus is controlled by the power source or power sources that generate the highest DC voltage. Each power supply has its own well-known means of regulating its output voltage so that each can be controlled by well known means to provide an output voltage that allows it to be engaged or disengaged at will from the power flow to the DC bus. In the configuration shown in FIGS. 19 and 20, the energy storage system is connected directly to the DC bus. In this case, the bus voltage is controlled primarily by the output voltage across the battery pack. For a hybrid system with a large energy storage system, this is a preferred configuration. The power flow from the DC bus to the motors driving the wheels is regulated by independent control of the voltage supplied to the motors using for example inverters or choppers. This architecture therefore does not require synchronization of power supplies nor are the power supplies used to regulate the power required by the wheel driving motors. This architecture therefore permits the use of various numbers and types of power supplies (both prime power and energy storage apparatuses) to be used in conjunction with various types of motors and drive train configurations without special modification to the power supplies, the drive motors or the control circuitry. 

By using the same voltage control principal in braking mode, the flow of power from the motor/generator circuits to the energy storage devices and/or dissipating dynamic braking resistance grids can be controlled. For example, power will only flow from the motor/generator circuits to the DC bus when the motor/generator circuit voltages exceed the bus voltage which will tend to be stable at or near the battery pack voltage when a battery pack is used as the he energy storage device. When the amount of power from the motor/generator circuit is too large to be absorbed by the energy storage device (such as determined by the SOC level, current flow or voltage level of a battery pack), the switch to the dissipating resistance grid can be opened (for example when a predetermined DC bus voltage is exceeded or when a predetermined battery pack SOC and/or current level is exceeded) and the excess power will be dissipated in the resistance grid. 

In U.S. Pat. No. 6,812,656 "Sequenced Pulse Width Modulation Method and Apparatus for Controlling and Powering a Plurality of Direct Current Motors", the time sequencing of power pulses to individual traction motors during motoring is disclosed. This time sequencing minimizes the current draw on the energy storage system over a significant portion of the operating range since instantaneous current requirements from individual motors are not additive. This independence of individual current requirements can have the positive effect of reducing the internal resistive losses sustained in the energy storage unit and reducing the size of the filtering apparatus associated with the energy storage system. In braking mode as shown for example in FIG. 20, this same time sequencing principle can be applied in reverse to provide the same benefits. A pulse sequencer is provided to pulse electrical energy generated by one or more traction motors during braking to the energy storage system. Providing generated electrical energy discontinuously, rather than continuously, to the energy storage system can provide substantial benefits, including more optimal battery charging, longer battery life, and smaller filtering apparatuses. The pulse sequencer typically includes an intelligent or unintelligent control architecture to control the delivery of pulses from one traction motor or sets of traction motors to the DC bus. Pulse sequencing may be performed by pulsing generated electrical energy at timed intervals from a motor or a selected set of traction motors without regard to other parameters. Pulse sequencing may also be performed in response to measurement parameters, such as the state of charge of the energy storage system, the magnitude and/or length of the pulse, the DC bus voltage, a voltage associated with the energy storage system, an output voltage of the traction motor(s) and the speed of the locomotive at a selected point in time. In a preferred mode of pulse sequencing, pulses are generated from different motors during discrete (nonoverlapping) time periods. In other words, during a selected first time period (which is a subset of a time interval) a first electrical pulse is generated from a first traction motor but not from a second (different) traction motor, and, during a selected second time period, a second electrical pulse is generated from a second traction motor and not from the first traction motor. Thus, during the selected first time period the first traction motor is in a generating mode while the second traction motor is in a free-wheeling energy accumulation mode and during the selected second time period the first traction motor is in a free-wheeling mode energy accumulation while the second traction motor is in a generating mode. 

FIG. 21 illustrates and alternate version of 4 traction motor circuits with a separate circuit for the 4 field coils of the 4 traction motors. All 4 traction motor circuits are connected in parallel to a positive terminal 2101 and a negative terminal 2102. The traction motor circuits 2103, 2104, 2105 and 2106 are each comprised of a chopper circuit described in FIG. 20 but without the field coils. Each circuit operates in the modes for motoring and braking (generating). In either case the current direction through the separate field coil circuit 2107 is the same. This alternate embodiment of the circuit shown in FIG. 21 has all the advantages as described for the circuit in FIG. 19. One advantage of separately excited field coils is that the emf can be more readily controlled during both motoring and braking modes. 

An important variant of the circuit shown in FIG. 21 is to eliminate the individual reversers on each armature in the traction motor circuits and add a single reverser switch across all the field coils in the separate field coil circuit. 

FIG. 22 illustrates an alternate electrical architecture of principal power train elements of a hybrid locomotive using the regenerative braking circuit of FIG. 16 in motoring mode. The battery pack 2007 is shown connected to the bus using a buck/boost circuit that will allow full control over power flow to the DC bus or charging power from the DC bus. While this configuration is more complex than that shown in FIG. 19, it can be utilized if it is important to maintain the DC bus voltage at a predetermined level. 

FIG. 23 illustrates the four modes of operation of an alternate configuration of circuits shown in FIG. 17. In this configuration, the switches shown in FIG. 17 are replaced by IGBTs, otherwise the operation of the circuits is the same as described for the 4 modes described in FIG. 17. FIG. 23a illustrates motoring mode with IGBT 2301 always off and IGBT 2302 intermittently on. Current flows from the positive terminal of a DC bus (which carries power to an energy storage system such as a battery pack, or a dissipating resistance grid) through the armature coil and field coil of a motor, returning to the negative terminal of the DC bus as indicated by the current flow arrows. FIG. 23b illustrates motoring mode with IGBT 2301 always off and IGBT 2302 always off. Current continues to flow through the armature coil and field coil of the motor, free wheeling through the bypass diode of IGBT 2301 as indicated by the current flow arrows. FIG. 23c illustrates braking (generating) mode with IGBT 2301 always off and IGBT 2302 intermittently on. Current flows from the negative terminal of the DC bus through the armature coil and reversed field coil, returning to the positive terminal of the DC bus as indicated by the current flow arrows. FIG. 23d illustrates braking mode with IGBT 2301 always on and IGBT 2302 always off. Current continues to flow through the armature coil and reversed field coil, free wheeling through IGBT 2301 as indicated by the current flow arrows. As can be seen, if the positive and negative terminals of the circuit are connected to an energy storage battery via a DC bus, the battery pack will be charged when the voltage across the positive and negative terminals is greater than the voltage across the battery pack terminals. When dynamic braking is applied at any speed, IGBT 2301 in FIGS. 23c and 23d is controlled to ensure that sufficient current is developed in the motor windings before switching the stored energy in the windings to a battery pack, another energy storage unit or a dissipating resistance grid. Especially when dynamic braking is applied at high speeds, IGBT 2301 in FIGS. 23c and 23d is controlled to ensure that the current in the motor windings does not increase beyond a predetermined level. 

In various embodiments of the present invention, at least one of five methods is used for controlling voltage levels while charging an energy storage system during regenerative braking over different locomotive speed ranges. These are: 1. Switching traction motors between parallel and series configurations to maintain sufficiently high voltage to increase the voltage on a DC bus to charge an energy storage system and/or dissipate energy in an energy dissipating system; 2. Boosting the output voltage of the motor circuit when the motors are acting as generators to maintain sufficiently high voltage on a DC bus to charge an energy storage system and/or dissipate energy in an energy dissipating system; 3. Switching battery modules between series and parallel configurations to maintain an energy storage and/or energy dissipating system at a lower voltage level than the voltage on a DC bus; 4. Boosting the input voltage from a DC bus to an energy storage system and/or energy dissipating system to provide a sufficiently high voltage to charge the energy storage system and/or dissipate energy in the energy dissipating system; and 5. Temporarily storing inductive energy in the traction motors until voltage levels are sufficiently high enough to charge an energy storage system and/or dissipate energy in an energy dissipating system. 

In all these methods, the voltage, current and power from the motors during braking is controlled so that the energy storage system and energy dissipation system is operated in a manner consistent with good management. In general, either the output voltage of the motor circuit can be increased to raise the voltage level of the DC bus; or the input to the energy storage or energy dissipating system can be increased over the voltage level of the DC bus so that energy from braking will flow from the motor circuit via the DC bus to the energy storage and/or energy dissipating system. 

A general control strategy for regenerative braking is illustrated in the flow chart of FIG. 24. The cycle of decisions can be executed continuously (for example every millisecond) or intermittently (for example every 1 second) or at intervals in between by a predetermined computer program or by a computer program that adapts, such as for example, a program based on neural network principles. The following is an example of an automated computer-controlled dynamic and regenerative braking cycle. As can be appreciated, many of the steps can be carried out in different sequences and some of the steps may be optional. As shown in the example of FIG. 24, an automated cycle begins 2400. The first step 2401 is to determine the locomotive speed. The second step 2402 is to determine the DC bus voltage. The third step 2403 is to determine the energy storage system parameters. In the case of a battery pack, these may include the open circuit voltage, output voltage and current as well as the state-of-charge ("SOC") of the battery pack. The fourth step 2404 is to determine the energy dissipating system parameters. In the case of a resistive grid, this may be the operating temperature of the grid network. The fifth step 2405 is to determine the individual traction motor parameters. These may include motor voltage, current, motor back emf and operating temperature. The next step 2406 is to determine from the information obtained in steps 2401 through 2405 whether the energy storage system can absorb additional energy from the braking system, typically by determining whether the SOC of the energy storage system is below a first predetermined level and/or whether the open circuit voltage of the energy storage system is above a second a predetermined level. If the energy storage system cannot absorb additional energy, then the next step 2407 is to determine from the information available whether the energy dissipating system can absorb the energy from the braking system, typically by determining whether the temperature of the grid network is below a third predetermined level. If the energy dissipating system cannot absorb additional energy, then the next step 2408 is to access the traction motor circuit control system subroutine to reduce the total power generated by the motors during braking. If the energy storage system can absorb additional energy, then the next step 2409 is to access the traction motor circuit control system subroutine to optimize the voltage generated by the motors during braking and then to the next step 2410, to access the energy storage system voltage control system subroutine to optimize the current and voltage to the energy storage system. Thereupon, the final step 2415 is to return to the beginning of the automated cycle 2400. If the energy storage system cannot absorb additional energy but the energy dissipating system can absorb additional energy, then the next step 2411 is to access the traction motor circuit control system subroutine to optimize the voltage generated by the motors during braking and then to the next step 2412 to access the energy dissipating system voltage control system subroutine to optimize the current and voltage to the energy dissipating system. Thereupon, the final step 2415 is to return to the beginning of the automated cycle 2400. As can be appreciated, the control routine can contain logic to apportion braking energy between the energy storage and energy dissipating systems. 

FIG. 25 is a flow chart illustrating a subroutine for control procedures for traction motors during braking. The subroutine starts 2500 and the first step 2501 is to determine if energy from braking can be stored or dissipated. If energy cannot be stored or dissipated, then step 2502 reduces the output voltage from the traction motor circuit by decreasing the excitation current to all of the traction motors so that less power is generated by the dynamic braking system. This may be done in predetermined increments until the power generated can be absorbed by the energy storage and/or energy dissipating systems. After this step, the subroutine returns 2507 to the main flow chart of FIG. 24. If energy can be stored or dissipated, then step 2503 checks to ensure that the motor circuit voltage controls the voltage on the DC bus. If the motor circuit output voltage is not high enough, then the motor voltage is increased, depending on the specific methods available. Typically, the voltage may be increased by increasing the excitation current to all of the traction motors. If this is not sufficient, then the output voltage may be increased by switching traction motors from parallel to series configuration, if this method is available. Alternately, the output voltage may be increased by boosting the output voltage of the motor circuit, if this method is available. Once output voltage is increased, step 2505 checks to ensure that the output voltage is not too high. If it is, then motor circuit output voltage is reduced typically by decreasing the excitation current to all of the traction motors. This may be done in predetermined increments until the voltage is within an acceptable predetermined operating range. After this step, the subroutine returns 2507 to the main flow chart of FIG. 24. 

FIG. 26 is a flow chart illustrating a subroutine for control procedures for an energy storage system during braking. The subroutine starts 2600 and the first step 2601 is to determine if energy from braking can be stored. If energy cannot be stored, then step 2602 disconnects the energy storage system from the DC bus. After this step, the subroutine returns 2607 to the main flow chart of FIG. 24. If energy can be stored, then step 2603 checks to ensure that the DC bus voltage is high enough to charge the energy storage system. If the DC bus voltage is not high enough, then the voltage input to the energy storage system is increased so that power flows into the energy storage system, depending on the specific methods available. In one method, the voltage may be increased by switching energy storage modules from series to parallel, if this method is available. Alternately, the input voltage may be increased by increasing the input voltage across the energy storage system by a boost circuit, if this method is available. Once input voltage is increased, step 2605 checks to ensure that the input voltage is not too high. If it is, then energy storage system input voltage is increased typically by increasing the amount of voltage increase by the boost circuit. After this step, the subroutine returns 2607 to the main flow chart of FIG. 24. 

FIG. 27 is a flow chart illustrating a subroutine for control procedures for an energy dissipating system during braking. The subroutine starts 2700 and the first step 2701 is to determine if energy from braking can be dissipated. If energy cannot be dissipated, then step 2702 disconnects the energy dissipating system from the DC bus. After this step, the subroutine returns 2707 to the main flow chart of FIG. 24. If energy can be dissipated, then step 2703 checks to ensure that the DC bus voltage is high enough to deliver energy to the dissipating system. If the DC bus voltage is not high enough, then the voltage input to the energy dissipating system is increased so that power flows into the energy dissipating system. Typically, the input voltage may be increased by increasing the input voltage across the energy dissipating system by a boost circuit, if this method is available. Once input voltage is increased, step 2705 checks to ensure that the input voltage is not too high. If it is, then energy dissipating system input voltage is reduced typically by decreasing the amount of voltage increase by the boost circuit. After this step, the subroutine returns 2707 to the main flow chart of FIG. 24. 

The present invention, in various embodiments, includes components, methods, processes, systems and/or apparatus substantially as depicted and described herein, including various embodiments, subcombinations, and subsets thereof. Those of skill in the art will understand how to make and use the present invention after understanding the present disclosure. The present invention, in various embodiments, includes providing devices and processes in the absence of items not depicted and/or described herein or in various embodiments hereof, including in the absence of such items as may have been used in previous devices or processes, e.g., for improving performance, achieving ease and\or reducing cost of implementation. 

The foregoing discussion of the invention has been presented for purposes of illustration and description. The foregoing is not intended to limit the invention to the form or forms disclosed herein. In the foregoing Detailed Description for example, various features of the invention are grouped together in one or more embodiments for the purpose of streamlining the disclosure. This method of disclosure is not to be interpreted as reflecting an intention that the claimed invention requires more features than are expressly recited in each claim. Rather, as the following claims reflect, inventive aspects lie in less than all features of a single foregoing disclosed embodiment. Thus, the following claims are hereby incorporated into this Detailed Description, with each claim standing on its own as a separate preferred embodiment of the invention. 

Moreover, though the description of the invention has included description of one or more embodiments and certain variations and modifications, other variations and modifications are within the scope of the invention, e.g., as may be within the skill and knowledge of those in the art, after understanding the present disclosure. It is intended to obtain rights which include alternative embodiments to the extent permitted, including alternate, interchangeable and/or equivalent structures, functions, ranges or steps to those claimed, whether or not such alternate, interchangeable and/or equivalent structures, functions, ranges or steps are disclosed herein, and without intending to publicly dedicate any patentable subject matter. 
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Abstract
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Claims




We claim:

1. A battery separator comprising: a non-woven mat of glass fibers, the glass fibers comprising from about 0.5 to about 30 weight percent bismuth oxide, from about 50 to about 75 weight percent silica, from about 1 to about 5 weight percent aluminum oxide, and from about 9 to about 20 weight percent sodium oxide. 

2. The battery separator of claim 1, wherein the glass fibers further comprise from about 0.01 to about 5 weight percent zinc oxide. 

3. The battery separator of claim 2, wherein the glass fibers have a density of from about 2.5 to about 2.85. 

4. The battery separator of claim 2, wherein the non-woven mat of glass fibers forms from about 60 to about 99 weight percent of the battery separator. 

5. The battery separator of claim 1, wherein the glass fibers comprise from about 0.5 to about 15 weight percent bismuth oxide. 

6. The battery separator of claim 5, wherein the non-woven mat of glass fibers forms from about 60 to about 99 weight percent of the battery separator. 

7. The battery separator of claim 1, wherein the glass fibers comprise from about 0.5 to about 7 weight percent bismuth oxide. 

8. The battery separator of claim 1, wherein the glass fibers have an average surface area of less than about 3 m.sup.2/g. 

9. The battery separator of claim 1, wherein the glass fibers have an average surface area of less than about 2 m.sup.2/g. 

10. The battery separator of claim 1, wherein the glass fibers have an average diameter of about 0.6 to about 8 .mu.m. 

11. The battery separator of claim 1, wherein the glass fibers comprise from about 9 to about 15 weight percent bismuth oxide. 

12. The battery separator of claim 1, wherein the glass fibers further comprise less than about 0.1 weight percent CoO or TiO.sub.2 or mixtures thereof. 

13. The battery separator of claim 1, wherein the glass fibers further comprise: TABLE-US-00024 Weight Percent (about) CaO 3-7 wt % MgO 1-5 wt % B.sub.2O.sub.3 4-9 wt %. 

14. The battery separator of claim 13, wherein the glass fibers comprise from about 54 to about 70 weight percent silica. 

15. The battery separator of claim 1, wherein the glass fibers have a softening point of less than about 703.degree. C. 

16. The battery separator of claim 1, wherein the glass fibers have a density of from about 2.5 to about 2.85. 

17. The battery separator of claim 1, wherein the glass fibers have a Kdis value of from about 50 to about 150 ng/cm.sup.2 h. 

18. The battery separator of claim 1 further comprising fibers composed of materials selected from the group consisting of polyester, polyolefin, wood pulp and mixtures thereof. 

19. The battery separator of claim 1, further comprising a binder which comprises colloidal silica particles. 

20. The battery separator of claim 1, wherein the non-woven mat of glass fibers is formed into an absorptive glass mat. 

21. The battery separator of claim 1, wherein the glass fibers leach from about 10 ng/cm.sup.2 h to about 250 ng/cm.sup.2 h bismuth ions when 1 g of the glass fibers is boiled for three hours in 100 ml of H.sub.2SO.sub.4 having a specific gravity of 1.26 g/cm.sup.3. 

22. The battery separator of claim 1, wherein the glass fibers comprise from about 0.5 to about 2 weight percent bismuth oxide. 

23. A battery separator comprising: a non-woven mat of glass fibers, the glass fibers comprising from about 0.5 to about 30 weight percent bismuth oxide, from about 50 to about 75 weight percent silica, from about 9 to about 20 weight percent sodium oxide, and from about 0.01 to about 5 weight percent zinc oxide. 

24. The battery separator of claim 23, wherein the glass fibers comprise from about 1 to about 15 weight percent bismuth oxide and about 0.01 to about 5 weight percent zinc oxide; and wherein the glass fibers leach from about 15 to about 320 ng/cm.sup.2 h bismuth ions when 1 gram of the glass fibers is boiled for three hours in 100 ml of H.sub.2SO.sub.4 having a specific gravity of 1.26 g/cm.sup.3. 

25. The battery separator of claim 23, wherein the ratio of the weight percent bismuth oxide and zinc oxide in relation to silica is from about 0.059 to about 0.29. 

26. The battery separator of claim 23, wherein the glass fibers comprise from about 0.5 to about 2 weight percent bismuth oxide. 

27. The battery separator of claim 23, wherein the glass fibers comprise from about 1 to about 15 weight percent bismuth oxide. 

28. The battery separator of claim 23, wherein the non-woven mat of glass fibers forms from about 60 to about 99 weight percent of the battery separator. 

29. The battery separator of claim 23 further comprising fibers composed of materials selected from the group consisting of polyester, polyolefin, wood pulp and mixtures thereof. 

30. The battery separator of claim 23, further comprising a binder which comprises colloidal silica particles. 

31. The battery separator of claim 23, wherein the non-woven mat of glass fibers is formed into an absorptive glass mat. 

32. The battery separator of claim 23, wherein the glass fibers leach from about 10 ng/cm.sup.2 h to about 250 ng/cm.sup.2 h bismuth ions when 1 g of the glass fibers is boiled for three hours in 100 ml of H.sub.2SO.sub.4 having a specific gravity of 1.26 g/cm.sup.3. 

33. A battery separator comprising: a non-woven mat of glass fibers, the glass fibers comprising from about 0.5 to about 30 weight percent bismuth oxide, from about 50 to about 75 weight percent silica, from about 0 to about 1 weight percent boric oxide, from about 0 to about 5 weight percent barium oxide, from about 9 to about 20 weight percent sodium oxide, and from about 1 to about 5 weight percent aluminum oxide. 

34. The battery separator of claim 33 further comprising fibers composed of materials selected from the group consisting of polyester, polyolefin, wood pulp and mixtures thereof. 

35. The battery separator of claim 33, further comprising a binder which comprises colloidal silica particles. 

36. The battery separator of claim 33, wherein the non-woven mat of glass fibers is formed into an absorptive glass mat. 

37. The battery separator of claim 33, wherein the glass fibers leach from the about 10 ng/cm.sup.2 h to about 250 ng/cm.sup.2 h bismuth ions when 1 g of the glass fibers is boiled for three hours in 100 ml of H.sub.2SO.sub.4 having a specific gravity of 1.26 g/cm.sup.3. 

38. A battery separator comprising: a non-woven mat of glass fibers, the glass fibers comprising from about 0.5 to about 30 weight percent bismuth oxide, from about 50 to about 75 weight percent silica, from about 9 to about 20 weight percent sodium oxide and a total of more than 5 weight percent of one or more metal oxides selected from the group consisting of Al.sub.2O.sub.3, CaO, MgO, and B.sub.2O.sub.3. 

39. The battery separator of claim 38, wherein the glass fibers further comprise: TABLE-US-00025 Weight Percent (about) Al.sub.2O.sub.3 1-5 wt % CaO 3-7 wt % MgO 1-5 wt % B.sub.2O.sub.3 4-9 wt %. 

40. The battery separator of claim 38, wherein the glass fibers comprise from about 0.5 to about 15 weight percent bismuth oxide. 

41. The battery separator of claim 38, wherein the glass fibers comprise from about 54 to about 70 weight percent silica. 

42. The battery separator of claim 38 further comprising fibers composed of materials selected from the group consisting of polyester, polyolefin, wood pulp and mixtures thereof. 

43. The battery separator of claim 38, further comprising a binder which comprises colloidal silica particles. 

44. The battery separator of claim 38, wherein the non-woven mat of glass fibers is formed into an absorptive glass mat. 

45. The battery separator of claim 38, wherein the glass fibers leach from about 10 ng/cm.sup.2 h to about 250 ng/cm.sup.2 h bismuth ions when 1 g of the glass fibers is boiled for three hours in 100 ml of H.sub.2SO.sub.4 having a specific gravity of 1.26 g/cm.sup.3. 

46. A battery separator comprising: a non-woven mat of glass fibers, the glass fibers comprising from about 0.5 to about 30 weight percent bismuth oxide, from about 50 to about 75 weight percent silica, from about 9 to about 20 weight percent sodium oxide, wherein if the fibers were formed with a diameter of 1.4 micrometer and 1 gram of the 1.4-micrometer-diameter glass fibers is boiled for three hours in 100 ml of H.sub.2SO.sub.4 having a specific gravity of 1.26 g/cm.sup.3, then the 1.4-micrometer-diameter glass fibers leach less than 4.5 percent of their weight and leach from the about 10 ng/cm.sup.2 h to about 250 ng/cm.sup.2 h bismuth ions. 

47. The battery separator of claim 46, wherein the glass fibers further comprise: TABLE-US-00026 Weight Percent (about) Al.sub.2O.sub.3 1-5 wt % CaO 3-7 wt % MgO 1-5 wt % B.sub.2O.sub.3 4-9 wt %. 

48. The battery separator of claim 46, wherein the glass fibers comprise from about 0.5 to about 15 weight percent bismuth oxide. 

49. The battery separator of claim 46, wherein the glass fibers comprise from about 54 to about 70 weight percent silica. 

50. The battery separator of claim 46 further comprising fibers composed of materials selected from the group consisting of polyester, polyolefin, wood pulp and mixtures thereof. 

51. The battery separator of claim 46, further comprising a binder which comprises colloidal silica particles. 

52. The battery separator of claim 46, wherein the non-woven mat of glass fibers is formed into an absorptive glass mat. 
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FIELD 

Disclosed are bismuth-containing glass compositions, glass fibers formed from the glass compositions, and applications of the same. 

BACKGROUND 

Glass can be manufactured into fibers as, e.g., continuous, semi-continuous or blown fibers. Textile fibers may be manufactured by, for example, a direct melt or a marble melt process. The melted glass may be fed to a dedicated bushing typically constructed of a platinum-rhodium alloy. A molten glass stream is passed through an orifice and is cooled to form continuous fibers. Methods of making such fibers may be found in the Engineered Materials Handbook, Vol. 4, Ceramics and Glasses by ASM International (1991), incorporated herein by reference. 

Another class of glass fibers is commonly referred to as glass wool or microglass fibers. Microglass fibers may be manufactured, for instance, by well-known manufacturing methods, known as the rotary method and the flame blown method. Another well-known and widely used method is the CAT method, which is a modification of the rotary method. Manufacturing glass by these methods requires heating glass compositions past their melting temperatures into a working temperature range. Typical glass compositions used in making glass fibers have melting temperatures of about 1260 to 1500.degree. C. and working temperatures (temperature ranges between glass viscosity 100 and 10000 poise) of about 920 to 1500.degree. C. Existing compositions have relatively narrow working ranges, making the forming of glass fibers of desirable diameters and lengths difficult because it is difficult to maintain the glass compositions in the workable range. Additionally, the relatively high melting temperatures require large amounts of energy to melt the compositions, which can be very costly. 

In addition, typical glass compositions used for making glass fibers have liquidus temperatures 800 to 1000.degree. C. The liquidus temperature of typical compositions used for making glass fibers limits the useful life of fiberization equipment due to the high temperatures at which the equipment must operate. This is especially true when a spinner disc is employed in the fiberization equipment. A glass composition having a relatively low liquidus temperature also is useful for reducing or preventing crystallization of the glass during the fiberization process. 

Glass fibers are used in a variety of applications. For such applications glass fibers may be formed into a mat structure. A glass fiber mat is a nonwoven, woven, paper, or textile, made of glass fibers bonded or interlocked together by mechanical, chemical, thermal, or solvent means. Glass fiber mats may comprise only glass fibers or may include other materials as suitable to meet the application specifications. 

For example, glass fibers are used in several manners in batteries. Glass fibers are typically used as a separator that is preferably inserted between negative and positive plates of the battery. In addition, glass fibers are used as one of the materials for the active material paste used for the negative or positive plates of a battery. The chemically reactive material (or active material paste) is positioned at the positive or negative electrode to engage in the charge and discharge reactions. Further, glass fibers may be used as a pasting paper that is applied to the surface of the plates to reduce the liberation of lead dust during manufacture and/or to keep plates from sticking together during the curing process. 

Glass fibers tend to become brittle in humid environments, leach favorable and unfavorable components, and are unstable in acidic and/or alkaline environments. These characteristics of certain glass fibers can limit their usefulness in applications such as battery separators or filters. Ion leaching, for example, is a glass fiber surface phenomenon based on the glass composition. The amount of ions lost from a glass fiber is proportional to the exposed surface area and the glass composition. Surface area considerations are typically greatest for glass fibers having diameters of less than about 5-7 .mu.m. In some glass fibers certain metal oxide impurities (e.g., platinum oxide, iron oxide) leach out of the fibers and have a detrimental effect on the life of the battery. 

SUMMARY 

Disclosed are glass compositions, glass fibers formed of certain of the glass compositions and glass fiber products formed of certain of the glass fibers and/or glass compositions. Particular embodiments of the disclosed compositions and fibers have broad working temperature ranges and relatively low melting temperatures that can prolong the useful life of fiberization equipment and decrease the costs associated with producing glass fibers. Moreover, particular embodiments of the disclosed compositions and fibers have good acid and/or alkaline resistance and include beneficial ions, such that when leaching does occur, the leached ions have a positive effect in the particular application in which the fibers are used, such as in a battery separator. In addition, certain embodiments of the glass compositions and/or glass fibers have beneficial physical properties regarding absorbing and/or blocking various wave lengths of energy, e.g., X-rays. 

Certain embodiments of the glass compositions include, among other components, bismuth oxide. Certain embodiments of the glass composition include about 0.5-30 wt % bismuth oxide of the composition by weight and silica oxide at about 54-70% of the composition by weight. Embodiments of the glass compositions may also include other components. For example zinc oxide can make up about 0.01-5% of the composition by weight. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph showing viscosity curves for various glass compositions. 

FIGS. 2A-2D are graphs illustrating bismuth ion concentrations in leachates of particular glass fiber compositions soaked in sulfuric acid baths at various concentrations and at particular temperatures. 

FIG. 3 is a graph illustrating calcium oxide ion concentration in leachates of particular glass fiber compositions soaked in sulfuric acid baths at various concentrations and at particular temperatures. 

FIG. 4 illustrates a change of float current with temperature in cells assembled utilizing various embodiments of glass fiber separators. 

FIG. 5 is a graph showing compression curves for various glass fiber mats formed of various glass compositions. 

FIG. 6 is a graph showing compression curves for various glass fiber mats formed of various glass compositions. 

FIG. 7 is a graph showing compression curves for various glass fiber mats formed of various glass compositions. 

FIG. 8 is a graph showing Bi-ion leaching for a VRLA battery separator formed of a certain embodiment of the glass fiber compositions. 

DETAILED DESCRIPTION 

Disclosed are glass compositions including, among other components, bismuth and/or bismuth compounds. The disclosed glass compositions are the compositions of the glass at the molten stage, which composition is the same as that of resulting glass fibers formed from such glass compositions. The disclosed glass compositions may vary from example "ingredient lists" for forming such glass compositions as certain ingredients may change form once melted, becoming a part of the glass composition. Example glass composition ingredient lists are set forth below with the discussion of example methods for making particular embodiments of the disclosed glass compositions. 

Embodiments of the disclosed glass compositions may comprise one or more of the following components within, e.g., ranges set forth in Table 1. 

TABLE-US-00001 TABLE 1 Glass Composition Component Weight Percent SiO.sub.2 50-75 Al.sub.2O.sub.3 1-5 Bi.sub.2O.sub.3 0.5-30 CaO 3-7 MgO 1-5 B.sub.2O.sub.3 4-9 K.sub.2O 0-3 Na.sub.2O 9-20 NiO 0-2 ZnO 0-5 BaO 0-5 ZrO.sub.2 0-3 Ag.sub.2O 0-1 Li.sub.2O 0-1 F.sub.2 0-1 

Further embodiments of the disclosed glass compositions may comprise one or more of the following components within, e.g., ranges set forth in Table 2. 

TABLE-US-00002 TABLE 2 Glass Composition Component Weight Percent SiO.sub.2 56-69 Al.sub.2O.sub.3 2-4 Bi.sub.2O.sub.3 1-15 CaO 3-6 MgO 2-4 B.sub.2O.sub.3 4-7 K.sub.2O 0.1-1.5 Na.sub.2O 12-18 NiO 0-1 ZnO 0-3 BaO 0-2 ZrO.sub.2 0-3 Ag.sub.2O 0-0.1 Li.sub.2O 0-0.3 F.sub.2 0-0.8 

Particular embodiments of the glass compositions may comprise, for example, the components as set forth in Table 3. 

TABLE-US-00003 TABLE 3 Glass Composition Component C-1 C-2 C-3 C-4 C-5 C-6 C-7 SiO.sub.2 64 63.6 59.8 59.5 56.7 68.5 68.5 Al.sub.2O.sub.3 3.4 3.3 3.2 3.2 3 3.8 3.8 CaO 5.5 5.6 5.1 4.8 4 5.7 5.7 MgO 2.7 2.6 2.4 2.0 2.4 2.8 2.8 B.sub.2O.sub.3 5.4 5.1 4.7 4.5 4.5 4.7 4.7 K.sub.2O 0.8 0.7 0.6 0.7 0.7 1.8 1.8 Na.sub.2O 16 14.7 14.3 13.4 12 11.9 11.9 ZnO 0.05 2.0 0.01 2.0 1.9 2* 0 BaO 0.05 0.02 0.01 0.01 BDL BDL BDL F.sub.2 0.6 0.6 0.6 0.6 BDL 0.8 0.8 Li.sub.2O 0.0009 0.008 0.007 BDL BDL BDL BDL Bi.sub.2O.sub.3 1.8 1.8 9.3 9.3 14.9 2* 10* Fe.sub.2O.sub.3 0.05 0.05 0.05 0.05 0.05 BDL BDL Cr.sub.2O.sub.3 BDL BDL BDL BDL BDL BDL BDL TiO.sub.2 0.025 0.021 0.024 0.025 0.019 BDL BDL ZrO.sub.2 0.004 0.002 0.003 0.003 0.002 BDL BDL Amounts in wt % over 100%; BDL indicates below detection limit. 

The disclosed glass compositions can be formulated using a variety of sources for each desired component. For example, the following glass composition components can be obtained from the sources listed in Table 4. 

TABLE-US-00004 TABLE 4 Glass Composition Component Example Source Source Composition SiO.sub.2 Sand (or Silica) Sand contains 99.4% silica, 0.25% alumina; Silica contains 99.9% silica Al.sub.2O.sub.3 Syenite SiO.sub.2, Al.sub.2O.sub.3, K.sub.2O, Na.sub.2O, CaO CaO Burnt Dolomite (or CaO*MgO, CaF.sub.2 Fluorspar) MgO Burnt Dolomite CaO*MgO B.sub.2O.sub.3 Borax Na.sub.2B.sub.4O.sub.7.cndot.5H.sub.2O K.sub.2O Syenite K.sub.2CO.sub.3.cndot.1.5H.sub.2O Na.sub.2O Soda Ash or Na.sub.2CO.sub.3 Borax Na.sub.2B.sub.4O.sub.7.cndot.5H.sub.2O ZnO Zinc oxide ZnO BaO Barium carbonate BaCO.sub.3 F.sub.2 Fluorspar Ca F.sub.2 Li.sub.2O Lithium carbonate Li.sub.2O Bi.sub.2O.sub.3 Bismuth oxide Bi.sub.2O.sub.3 Fe.sub.2O.sub.3 Impurity Typically from sand, syenite and dolomite Cr.sub.2O.sub.3 Impurity Typically from sand, syenite and dolomite TiO.sub.2 Impurity Typically from sand, syenite and dolomite 

Particular exemplary embodiments of the disclosed glass compositions and ingredients for forming the same are listed in Table 5. Different sources, amounts, and combinations of glass composition components can be used to produce the glass compositions disclosed herein, as is known to those persons of ordinary skill in the art. 

TABLE-US-00005 TABLE 5 Glass Comp Source 1 Glass Source 2 Glass Source 3 Glass Source 4 Glass Source 5 Glass Component and wt % Comp 1 wt % Comp 2 wt % Comp 3 wt % Comp 4 wt % Comp 5 SiO.sub.2 Sand (and ~64 50 63.6 46.9 59.8 47.0 59.5 45.2 56.7 syenite) 50.0 Al.sub.2O.sub.3 Syenite 3.43 12.0 3.3 11.7 3.2 11.8 3.2 11.1 3 12.3 Na.sub.2O Soda ash 16.26 16.9 14.7 16.7 14.3 15.5 13.4 13.6 12 18.0 (and borax) B.sub.2O.sub.3 See above 5.37 9.7 5.1 9.6 4.7 8.9 4.5 8.5 4.5 CaO Dolomite 5.47 6.3 5.6 5.8 5.1 4.9 4.8 6.2 4 6.5 (and fluorspar) MgO Dolomite 2.72 See 2.6 See 2.4 See 2.0 See 2.4 (see above) above above above above K.sub.2O Syenite 0.811 See 0.7 See 0.6 See 0.7 See 0.7 (see above) above above above above BaO Barium 0.0517 0 BDL 0 BDL 0 BDL 0 BDL carbonate ZnO Zinc oxide 0.0477 1.8 2.0 0 0.01 1.8 1.95 1.6 2.0 Bi.sub.2O.sub.3 Bismuth 1.8 1.6 1.8 8.4 9.3 8.5 9.3 13.8 14.9 oxide 1.6 Fe.sub.2O.sub.3 Impurity 0.05 Impurity Impurity Impurity Impurity from sand, syenite and dolomite F.sub.2 Fluorspare n/a 1.9 0.6 1.6 0.55 2.1 0.54 0 BDL 1.9 Cr.sub.2O.sub.3 Impurity BLD Impurity Impurity Impurity Impurity TiO.sub.2 Impurity 0.0246 Impurity Impurity Impurity Impurity ZrO.sub.2 Impurity 0.0043 Impurity Impurity Impurity Impurity Li.sub.2O Impurity 0.0009 Impurity Impurity Impurity Impurity BDL--below the detection limit 

Embodiments of the disclosed glass compositions may contain various combinations of the disclosed components listed above. Each of the disclosed glass compositions, however, include a certain amount of bismuth, typically in the form of an oxide, present in an amount of from about 0.5 wt % to about 30 wt % Bi.sub.2O.sub.3. Good results have been obtained with a bismuth component present in the composition at from about 1 wt % to about 15 wt % Bi.sub.2O.sub.3, from about 0.5 to about 7 wt % Bi.sub.2O.sub.3. For various applications, such as in batteries, glass composition embodiments have a bismuth component present in the composition at from about, 0.5 to about 15 wt % Bi.sub.2O.sub.3, 0.5 to about 2 wt % Bi.sub.2O.sub.3, 1 to about 2 wt % Bi.sub.2O.sub.3, 4 to about 9 wt % Bi.sub.2O.sub.3, 9 to about 15 wt % Bi.sub.2O.sub.3, or other ranges and amounts. It is possible that there would be negligible amount of reduction of Bi.sub.2O.sub.3 into metallic form. However, whatever form of bismuth is used for the glass composition, the raw bismuth material will likely convert into bismuth oxide upon melting of the composition. 

Alone, Bi.sub.2O.sub.3 will not form glass. Bismuth oxide may be used as part of a binary glass composition. For example, bismuth oxide can be added to SiO.sub.2 in a concentration up to about 50 mol %. Bi.sub.2O.sub.3 forms glass with several other oxides as well, for example K.sub.2O. Bi.sub.2O.sub.3 acts in a glass composition in a manner similar to B.sub.2O.sub.3 or PbO, in that it typically decreases the glass-melting temperature and glass viscosity of the composition, and allows fiberization of the glass at lower temperatures. Bismuth oxide structural elements are incorporated into the glass matrix and act to strengthen the resulting glass structure, e.g., glass fibers. 

In addition, bismuth oxide to an extent acts to decrease the glass softening point and melting temperatures (as discussed below and shown in Table 7). The fiberization temperature, i.e., the temperature at which the glass composition viscosity is about 1000 poise is also decreased in certain embodiments of the glass compositions. Particular glass composition embodiments exhibit a fiberization temperature of about equal to or lower than about 1093.degree. C. and certain embodiments exhibit a fiberization temperature of about equal to or lower than from about 1038.degree. C. to about 1120.degree. C., see, e.g., Table 14. Glass composition embodiments having from about 2 to about 10 wt % Bi.sub.2O.sub.3 decrease the fiberization temperatures of the glass compositions by about 10.degree. C. to about 38.degree. C. 

Glass compositions including the levels of Bi.sub.2O.sub.3 indicated also improve the performance of glass fibers formed into hand sheets. Testing of such hand sheets indicates that certain embodiments of the glass fibers disclosed will produce superior battery separators or filter media. That is, such applications of the disclosed glass fibers are relatively easy to manufacture and have the tensile, elongation, basis weight, water wicking characteristics and other basic characteristics similar to or better than what is presently available with commercial fibers such as M-glass (available from Evanite Fiber Company) illustrated in Tables 6 and 7 or JM 253 glass (available from Johns Manville Corporation) and shown in Table 6). Accordingly, certain embodiments of the disclosed glass compositions do not compromise major media physical characteristics needed of glass fibers formed thereof but instead additionally provide enhanced performance due to particular enhanced or new glass properties, e.g., Bi ion leaching that decreases off gassing in battery applications. 

Further, particular embodiments of the disclosed bismuth-containing glass compositions have increased devitrification resistance so that they do not become crystalline during the fiberization process. Glass compositions having Bi.sub.2O.sub.3 in the disclosed ranges showed higher resistance to devitrification (see Table 7). Modified borosilicate glass, i.e., labeled as M-glass in the Table 7 is a man-made vitreous fiber as published by the Nomenclature Committee of TIMA Inc. 91, 93, incorporated herein by reference. This glass composition was used as a reference to determine effects of additions of Bi.sub.2O.sub.3 and ZnO to a glass composition. The M-glass batch (mixture of all raw materials) was formed and then divided into three parts. A first glass composition labeled "M glass" as shown in Table 7 was formed. A second glass composition was formed by adding further components including about 2 wt % ZnO and about 2 wt % Bi.sub.2O.sub.3 and a third glass composition was formed by adding about 10 wt % Bi.sub.2O.sub.3, thereby forming two particular embodiments of the disclosed glass compositions. 

The addition of Bi.sub.2O.sub.3 as indicated as well as from about 1 to about 4 wt % ZnO also minimizes hydrogen gassing of VRLA batteries under float duty. Float duty is the low-rate charge used to maintain a battery in a fully charged condition in a standby application, as is known to those persons skilled in the art. ZnO in the glass compositions and resulting glass fibers formed therefrom also significantly improves water and acid durability of the glass fibers, significant for various glass fiber applications such as battery and filter uses. Other embodiments of the glass compositions include from about 0.01 to about 3 wt % ZnO, from about 0.01 to about 2 wt % ZnO, or other amounts and ranges, depending upon the desired end use of the glass compositions. 

Bismuth ions in glass fibers formed from the disclosed glass compositions will also act to improve battery performance and increase battery life (as discussed below). The amount of bismuth desirable in the glass compositions is calculated so that leaching does not compromise the structural integrity of the resulting glass fibers over time. In particular applications it is desirable to have some bismuth ions (or other ions as discussed) leach into solution but the leaching should not lead to full fiber dissolution during, for example, battery operation. The amount of leaching desired can be dependent on the duty cycle required of the battery and such amounts are known to those of ordinary skill in the art. Glass fibers formed from glass compositions having from about 0.5 to about 30% bismuth oxide provide sufficient bismuth ion leaching such that the leaching does not compromise the structural integrity of the resulting glass fibers over time but sufficient ions are leached to limit or prevent hydrogen gassing in batteries. 

Glass fibers formed from alternative embodiments of the glass compositions including from about 1 to about 15% bismuth oxide also provide sufficient bismuth ion leaching such that the leaching does not compromise the structural integrity of the resulting glass fibers over time but sufficient ions are leached to limit or prevent hydrogen gassing. This is especially true in valve regulated (sealed) lead acid batteries. Hydrogen gassing causes water loss, which shortens battery life and reduces performance. 

Some embodiments of the glass compositions and glass fibers may include NiO or other suitable Ni ion sources. For battery applications, Ni ions increase the charge acceptance of a negative plate of lead acid batteries. On the other hand Ni may increase gassing. This negative effect may be suppressed by addition of Bi, Zn and Ag ions to the glass compositions. 

Typically silica is the main glass component. Silica forms a stable, durable glass lattice and provides particular structural properties to the glass composition. In particular embodiments of the disclosed glass compositions SiO.sub.2 is present at a weight % of from about 50% to about 75% or from about 54% to about 70%. In other embodiments of the disclosed glass compositions SiO.sub.2 is present at a weight % of from about 56% to about 69% and yet in other embodiments of the disclosed glass compositions SiO.sub.2 is present at a weight % of from about 62% to about 70%. Other amounts and ranges of SiO.sub.2 may be present depending upon the desired end use of the glass compositions. Other materials can make up the balance of omitted SiO.sub.2. For example, the SiO.sub.2 may be mixed with compounds such as alumina oxide, magnesium oxide, calcium oxide, mixtures thereof and other suitable compounds, as known to those of ordinary skill in the art. Thus, in particular embodiments, the glass composition contains amounts of SiO.sub.2 at weight percents of less than about 50%. 

None of the other glass formers (P.sub.2O.sub.5, B.sub.2O.sub.3) can provide sufficiently durable (and inexpensive) glass. That is, theoretically these oxides can substitute for silica, but they are expensive and glass compositions formed thereof will likely be less durable--not sufficiently withstanding humid or acidic environments. 

Alumina in a glass composition affects the glass water and acid durability. Thus, alumina may improve an embodiment of the disclosed glass fiber's performance in a humid atmosphere when used, for example, in filter applications. On the other hand, a relatively high alumina content can significantly decrease the Kdis (biological dissolution coefficient) of the glass fiber; making the glass less biodegradable. An alumina concentration of from about 2% to about 4% has been found to be useful. 

Calcium oxide (CaO) and magnesium oxide (MgO) may be present in particular glass composition embodiments to further stabilize the glass network and provide the glass with particular advantageous structural properties. CaO acts to decrease the viscosity of the glass composition and MgO acts to further slow the crystallization rate. CaO and MgO increase glass fiber biological solubility. Particular embodiments of the disclosed glass compositions include these oxides in the advantageous ratio, CaO to MgO, of about 3:2 (i.e., a molar ratio of about 1:1). Other particular embodiments include the oxides in the following amounts: CaO at from about 3 wt % to about 6 wt % and MgO at from about 2 wt % to about 4 wt. 

Certain embodiments of the glass compositions include sodium oxide (Na.sub.2O) and/or potassium oxide (K.sub.2O). These particular oxides may be present to aid in the decrease glass melting temperature, glass viscosity, and, respectively, to allow fiberization of the glass at lower temperatures. Addition of Na.sub.2O and K.sub.2O to some extent may aid in increases the glass durability in acids. On the other hand, both oxides may act to increase glass water and biological solubility. Embodiments of the glass compositions including both oxides may provide further advantages due to the poly alkali effect (synergistic effect). Addition of K.sub.2O may also aid in the decrease of a glass composition's propensity to the crystallization. 

Certain embodiments of the glass compositions include boron oxide (B.sub.2O.sub.3) to aid in the lowering of glass melting temperature, aid in the reduction of glass viscosity, and to enhance resulting glass fiber elasticity. In addition, boron oxide may be included in the glass composition to significantly increase glass fiber biosolubility without deterioration of glass durability in water and in acid. Particular embodiments of the glass compositions include from about 4 wt % to about 7 wt % boron oxide or from about 0 to about 1 wt % boron oxide. 

Certain embodiments of the glass compositions include barium oxide (BaO) to aid in the moisture resistance of resulting glass fibers and may have a positive affect on biological degradability of the resulting glass fibers. 

Certain embodiments of the glass compositions include fluorine (F.sub.2) and lithium oxide (Li.sub.2O) in relatively small amounts (for example, less that about 1 wt %) to aid in the decrease of the glass melting temperature, to improve melt fining, and to aid in the lowering of the glass viscosity. Certain embodiments of the glass compositions include iron oxide in trace quantities since it is introduced as an impurity in the SiO.sub.2, Al.sub.2O.sub.3, CaO, and/or MgO batch materials. A typical content of iron in a glass composition is from about 0.05 wt % to about 0.1 wt %. Other typical impurities include SrO, and/or MnO. Glass composition embodiments may include such oxides in amounts less than about 0.1 wt %. In general, the disclosed glass compositions include less than about 0.05 wt % TiO2 or less than about 0.1 wt % TiO2 (from the total amount of glass) and CoO less than 0.01 wt % or less than about 0.1 wt %. Both CoO and TiO2 may have negative influence on battery operations. In general, the disclosed glass compositions may include from about 0 to about 3 weight % of ZrO.sub.2 or from about 0.1 to about 3 weight % of ZrO.sub.2. For improved biosolubility of the glass fibers, ZrO.sub.2 can partially substitute for the Al.sub.2O.sub.3 content. Also ZrO.sub.2 increases glass fiber alkali resistance. A concentration of about 0 to about 3 weight % ZrO.sub.2 has been found to be especially useful, although it is not required for all applications. 

One or more of the above-listed glass composition ingredients may have suitable substitutions as known to those of ordinary skill in the art. Alternative compounds and oxides may include for example, rubidium oxide as a substitute for K.sub.2O. Another example may be the partial substitution of CaO with SrO or partial substitution of Al.sub.2O.sub.3 with La.sub.2O.sub.3. 

The glass compositions as disclosed herein may be made by methods known to those persons of ordinary skill in the art. For example, an embodiment of the glass compositions disclosed herein may be prepared using chemical reagent-grade materials such as those listed in the tables 1-4. The ingredients to form the desired glass compositions may be, e.g., added to a clay crucible and melted at about 1350.degree. C. or lower depending upon the exact glass composition being formed, with about a one hour dwell time at maximal temperatures. The melted glass composition may then be poured into steel molds in the shape of disks. Glass discs may then be annealed at about 600.degree. C. and then cooled to room temperature. 

As discussed above, embodiments of the glass compositions disclosed have surprisingly relatively low softening points. Particular embodiments of the glass compositions have softening points of from about 666.degree. C. to about 686.degree. C. and other glass compositions for use in, e.g., battery applications have softening points of less than about 703.degree. C. The softening point is the temperature at which the viscosity of a glass composition is 10 in power 7.6 poises (.eta.=log 7.6). Particular embodiments of the glass compositions have glass softening points as shown in Table 7 and 9A. Softening points of the disclosed glass compositions are lower than the commercially available glass compositions as illustrated in Table 7 wherein examples of existing glass compositions labeled. "M-glass" and "JM 253" have typical conventional glass composition softening points, with M-glass having a softening point at about 704.degree. C. and JM 253 at about 668.degree. C. 

Because particular embodiments of the presently disclosed glass compositions have lower softening points, the disclosed glass compositions melt faster and require less energy to be melted and fiberized. Lower melting and fiberization temperatures promise savings in equipment due to lower wear of parts contacting melted glass and lower energy costs. Glass softening points were determined by the Littleton method (per ASTM C-388, incorporated herein by reference). 

Certain of the disclosed glass compositions (C-6 and C-7) have been tested for chemical durability in various solutions, such tests using powder methods. Glass powder having a particle size in the range of from about 297 to about 590 .mu.m (i.e., a particle fraction between mesh screen 30 and 50) was utilized to test certain of the glass compositions' properties. This approach was taken at least in part because the process of making and testing glass microfibers is long and expensive. Thus, for screenings, the powder technique was used. Small amounts (e.g., about 1 pound) of particular glass compositions were melted and then cooled and crushed into a powder so that there was a significant increase in the glass surface area. The testing included glass composition powders having particle sizes within a predetermined range. This method allows prediction of the fiber durability in different environments and solutions, namely acidic, neutral water, basic and in simulated lung fluid, eliminating time consuming and costly experimental glass fiberization processes. 

For glass water durability tests, about 5 grams of a particle fraction between mesh screen 30 and 50 were placed in a 250 ml flat bottom Erlenmeyer flask with 100 ml of DI water. The mixture was boiled for about seven hours using a reflux condenser. Samples of the resulting solution were subjected to inductively coupled plasma atomic emission spectrometry (ICP) (optical emission spectrometer--model Perkin Elmer Optima 4300 DV) to determine the amount of each element present in the leachate. 

For glass acid durability tests, about 5 grams of a particle fraction between mesh screen 30 and 50 were placed in a 250 ml flat bottom Erlenmeyer flask with 100 ml of 1.260 s.g. sulfuric acid. The mixture was boiled for about three hours using a reflux condenser. For glass alkali durability test, about 5 grams of a particle fraction between mesh screen 50 and 80 (177-297 .mu.m) were placed in 250 ml flat bottom Erlenmeyer flask with 100 ml of 0.5 N solution of NaOH and 0.25 N solution of Na.sub.2CO.sub.3. The mixture was boiled for about three hours using a reflux condenser (glass alkalinity resistance test DIN 12122). Samples of the resulting solutions were subjected to inductively coupled plasma atomic emission spectrometry (ICP) (optical emission spectrometer--model Perkin Elmer Optima 4300 DV) to determine the amount of each element present in the leachate (EFC Instruction QMSI-8.2. TM.165). 

The results of these tests are listed in table 9A. The initial tests proved suitability of disclosed glass compositions (C-6 and C-7) for glass fiber applications. 

TABLE-US-00006 TABLE 6 Weight of Loss in % for 1.4 .mu.m Diameter Glass Fibers in Various Solutions Solution Composition Acid Water Alkali 1 4.50 4.42 10.27 2 2.61 2.44 14.91 3 3.55 2.17 13.59 4 2.80 2.13 16.34 5 3.12 1.79 15.20 M-glass 1.57 2.99 8.43 JM 253 3.25 7.40 n/a 

Certain embodiments of the glass compositions disclosed herein provide for lower fiberization temperatures. In general, the fiberization temperatures of the disclosed glass compositions are from about 982.degree. C. to about 1120.degree. C. or about 38.degree. C. lower than commercially available glass compositions. Other particular glass fiberization temperatures and comparisons to conventional glass compositions are listed in Table 14. 

Certain embodiments of the glass compositions disclosed herein provide relatively very low crystallizations rates, an important technological property for glass fiberization. The crystallization rat is the speed of glass devitrification at specific temperatures or temperature ranges. Crystallization rates of particular embodiments of the glass compositions disclosed were evaluated by holding glass powder in a furnace at the following temperatures (in .degree. C.) for about two hour dwell periods: 1000, 950, 900, 875, 850, 825, 800, and 700. Results are shown in Table 7 and 9A. 

Certain embodiments of the glass compositions disclosed have significantly lower viscosities as compared to particular conventional glass compositions. As known to those of ordinary skill in the art, glass compositions' viscosity curves are important for glass processing. With reference to FIG. 1, viscosities of particular conventional glass compositions (i.e., M-glass, 475 and JM 253) and one embodiment of the disclosed glass compositions containing Bi.sub.2O.sub.3 (C-2 according to table 3) are illustrated. The embodiment of the disclosed glass compositions containing Bi.sub.2O.sub.3 (C-2) performed better than all others tested glass compositions. Specifically, with reference to FIG. 1, the M-glass, is a glass composition formed for battery applications (available from Evanite Fiber Corporation, Corvallis, Oreg.), the EF low boron (F) glass and the B-glass (available from Evanite Fiber Corporation, Corvallis, Oreg.), are for use in forming filters. Particular low-boron glass compositions are set forth in, e.g., U.S. Pat. No. 6,358,871, which is herein incorporated by reference. 

Glass fibers used in high efficiency particulate air (HEPA) filtration media and ultra-low penetration media typically contain significant amounts of boron, e.g., from about 8 to 11 weight percent boron. The boron can be out gassed during filter use. Out gassed boron results in formation of boric acid, which has a damaging impact on printed circuit/chip manufacturing quality when the filters are used in chip manufacturing ventilation systems. Glass compositions having boron removed completely or significantly lower amounts of boron suffer from increased viscosity and liquidus temperatures making processing the glass composition into fine-diameter fibers by conventional methods unworkable. In glass compositions having barium present to compensate for low or no boron present (forming the desired low-boron glass fiber filters) have harmful effects when such glass fibers are used in battery applications. Certain of the glass fiber compositions disclosed herein use bismuth as a substitute for the boron characteristics without the use of barium, producing a glass fiber composition that can be used in low-boron HEPA and ULPA applications while also being acceptable for use in battery applications. Table 6A shows one example composition of a low-boron/low-barium, bismuth containing glass composition. 

TABLE-US-00007 TABLE 6A Glass Composition Component Weight Percent SiO.sub.2 54-70 Al.sub.2O.sub.3 1-5 Bi.sub.2O.sub.3 3-30 CaO 3-7 MgO 1-5 K.sub.2O 0-3 Na.sub.2O 9-20 ZnO 1-5 BaO 0-5 ZrO.sub.2 0-3 Ag.sub.2O 0-1 Li.sub.2O 0-1 F.sub.2 0-1 

Further embodiments of the disclosed glass compositions may comprise one or more of the components, within, e.g., the ranges, set forth in Table 6B. 

TABLE-US-00008 TABLE 6B Glass Composition Component Weight Percent SiO.sub.2 56-69 Al.sub.2O.sub.3 2-4 Bi.sub.2O.sub.3 5-15 CaO 3-6 MgO 2-4 K.sub.2O 0.1-1.5 Na.sub.2O 12-18 NiO 0-1 ZnO 0-3 BaO 0-2 ZrO.sub.2 0-5 Ag.sub.2O 0-0.1 Li.sub.2O 0-1.0 F.sub.2 0-0.8 

The JM 475 glass composition is a filter glass composition and the JM 253 is a conventional battery glass composition (available from Johns Manville Company of Denver, Colo.). As illustrated in FIG. 1, the C-2 embodiment of the disclosed glass compositions has a glass viscosity that is significantly lower than the viscosity of currently available battery glass compositions (e.g., M-glass) and is very close to the viscosity curve for JM 253. Accordingly, when the goal is to have a glass processing temperature as low as possible while keeping the resulting glass fiber quality uncompromised, the disclosed C-2 glass composition shows significant advantage. And as discussed below, for use in battery applications, radiation shielding applications and other applications, the disclosed glass compositions show significantly superior characteristics as compared to currently available compositions. 

As shown in Table 6, particular embodiments of the disclosed glass compositions have surprisingly superior water durability as compared with commercially available glass compositions. For example, see Table 6 wherein representative commercially available glass compositions "M-glass" and "JM 253" glass have much lower durability in water as compared to disclosed compositions (C2-C5). In addition, disclosed glass composition no. 2 has surprisingly superior tensile strength for 0.8 .mu.m and 1.4 .mu.m fibers, respectively, 4.3 and 3.3 pounds/inch when formed in hand sheets. 

Also disclosed herein are glass fibers formed of the disclosed glass compositions. The glass compositions disclosed may be formed into, e.g., glass fibers using conventional methods and equipment. For example, the glass compositions may be fiberized by way of the various manufacturing processes such as the rotary, CAT, a modified rotary process (e.g., as shown in U.S. Pat. No. 5,076,826), flame blown processes, and chopped strand or continuous filament glass fiber processes. Glass fibers as disclosed herein may be formed from any of the multitude of embodiments of the disclosed glass compositions. 

Embodiments of the disclosed glass fibers have many potential applications. They may be used, for example, in various manners and locations in batteries, to form filters designed for air and/or liquid filtration, and woven into glass cloth or fabrics, reinforced composites, an additive for batteries active material or as a reinforcement and/or radiation absorber for plastics, and as insulation material, (e.g., electrical and/or thermal insulation). Additive material may be formed from glass particles formed of certain embodiments of the disclosed glass compositions. The glass particles may be formed in various sizes such as less than about 100 .mu.m or less than about 50 .mu.m or less than about 7 .mu.m average particle size, depending upon the type of battery and the type of active material used in the particular battery application. Suitable glass particle size for such applications is known to persons of ordinary skill in the art. 

The desired glass fiber composition and size is determined based on the intended use for the glass fibers, as would be known to a person of ordinary skill in the art. For example, to obtain glass fibers useful in both filter and battery applications disclosed glass composition 2 (see Table 3) may be formed into about 0.8 .mu.m and 1.4 .mu.m glass fibers. As known to those of ordinary skill in the art, average glass fiber diameters can be in the range of from about 0.6 .mu.m to about 8 .mu.m, or otherwise, depending upon the intended application of the glass fibers. 

Embodiments of the disclosed glass fibers typically exhibit a variety of advantageous properties. Such disclosed glass fibers have superior water and acid durability as indicated in Table 6 and superior tensile strength (hand sheets formed of such fibers showed tensile strength of about 4.3 and 3.3 pounds/inch, respectively). Such characteristics make these disclosed glass fibers suitable for a variety of papermaking (wet laid nonwovens), dry laid nonwoven processes, or woven manufacturing processes and products. These woven or nonwoven products would have utility in, e.g., battery, filter, textile, and specialty industrial end market applications. A nonwoven glass fiber mat is a manufactured sheet, web or bat of directionally or randomly oriented fibers, made by bonding or entangling fibers through mechanical, thermal or chemical means. Nonwovens typically exclude products that are woven, knitted, tufted or felted by wet milling. Paper products are considered to be nonwoven when glass fibers are used as at least a material part of the paper. See, Albin Turbak, Nonwovens: Theory, Process, Performance, and Testing, TAPPI Press, Chapters 1 and 2 (1993), which is incorporated herein by reference. 

Certain embodiments also have relatively low biopersistance, meaning that inhaled fibers will dissolve and be eliminated more readily in the lungs. The biopersistance factor, as known to those skilled in the art, is measured by the Kdis of the glass fibers in simulated lung fluid. A glass composition or glass fiber composition having a higher Kdis value indicates a glass composition or glass fiber composition having a more desirable biopersistance characteristic. Certain embodiments of the glass fibers achieve a Kdis of as high as about 150 ng/cm.sup.2 h and other embodiments may exhibit Kdis values in the range of from about 30 to about 150 ng/cm.sup.2 h and certain embodiments even in the range of from about 50 to about 150 ng/cm.sup.2 h. 

Glass biosolubility has been tested on crushed glass particles of size 75-106 .mu.m made from disclosed glass composition embodiments 6 and 7 in Table 3. The particles passed through sieve 140 and remained on the sieve 200 were stored in vials with simulated lung fluid (SLF) for about 96 hours at about 37.degree. C. in a shaker. The dissolution rate was again determined based on the leachate analysis performed with an optical emission spectrometer. Leaching rates were compared based on the levels of the leached ions in solution. Results are shown in Table 9A. An embodiment of the glass composition having 10 wt % Bi.sub.2O.sub.3 doubled the glass biodissolution rate in simulated lung fluid. This indicates that a glass composition having Bi.sub.2O.sub.3 provides an increase in biosolubility without compromising other desirable properties of the glass composition. Glass biosolubility was tested for certain of the glass fiber compositions by following the well-known method given (for example) in, Russell M. Potter and Stephanie M. Mattson, "Glass fiber dissolution in a physiological saline solution" Glastech. Ber. 64 Nr. 1 pp. 16-28 (1991), which reference is incorporated herein by reference. Additional testing of certain embodiments of the disclosed glass fiber compositions showed such fibers have significantly higher Kdis values as compared to conventional glass fiber compositions (i.e., glass fiber compositions not including the presently disclosed amounts of bismuth). As shown in Table 9B, glass fibers made from glass compositions 1-5 (Comps 1-5 are those compositions set forth in Table 5 above) resulted in biosolubility values, as tested in SLF, of from about 2.2 to about 2.6 times that of the biosolubility of the conventional glass fibers known as "M-glass" (available from Evanite Fiber Corporation of Corvallis, Oreg.). At the same time fiber dissolution values of the disclosed glass compositions were a similar amount lower. The increase in Kdis values of the disclosed glass compositions is significant, although, the attained values are slightly lower than Kdis values of an available glass fiber known as 253 glass (available from Johns Manville Company of Denver, Colo.). Additional improvement of glass composition biosolubility is achieved by the addition of alkali and alkali-earth metal oxides. 

Further, certain embodiments of the disclosed glass fibers including the levels of Bi.sub.2O.sub.3 indicated may also improve the performance of glass fibers formed therefrom because longer fibers can be produced. Certain embodiments of the glass fibers also show a significantly increased density as compared to equivalent glass fibers currently available. Accordingly, certain glass fiber products, such as glass fibers used in battery separators provide higher porosity rates in the separator because for the separator to have the same weight of glass fibers, less glass fibers are needed. The same would hold true for other glass fiber products such as filtration and insulation products where the weight of the fibers versus the amount of fibers needed is of concern. For example, certain embodiments of the disclosed glass fibers have density values from about 2.5 to about 2.8 g/cm.sup.3 as shown in Table 7. 

TABLE-US-00009 TABLE 7 Glass Composition density, Softening No. g/cm.sup.3 point, (.degree. C.) Crystallization rate 1 2.558 678 Slight surface crystallization- 2 2.700 666 Slight surface crystallization- 3 2.573 680 Slight surface crystallization- 4 2.772 670 Slight surface crystallization- 5 2.804 674 Slight surface crystallization- M-glass 2.489 704 Surface and bulk crystallization JM 253 2.523 668 Slight surface crystallization- 

Density values of from about 2.50 to about 2.85 are obtainable with certain embodiments of the presently disclosed glass fibers when bismuth oxide concentrations of the glass fibers are from about 1 to about 15 wt %. Density values were obtained by use of a Micromeritics AccuPyc 1330 picnometer according to the method set forth in the Micromeritics manual. 

Embodiments of the glass fibers disclosed herein have relatively low specific surface areas (SSAs). Relatively low SSAs of certain glass fiber embodiments are useful for glass fiber durability considerations--the larger SSA fibers' value, the smaller the fiber diameter. Different applications require glass fibers of different diameters and respectively different SSA values. SSA and fiber diameter values are inversely dependent. The larger the SSA the smaller the diameter of the fiber and the stronger the fibers when subjected to ambient atmosphere attack (e.g., humidity, acid). SSA values are especially important for glass fiber products having glass fibers of relatively large specific surface areas as larger surface areas can detrimentally affect the product. For example, ion leaching is a glass fiber surface phenomenon. The amount of ions lost from a glass fiber is proportional to the exposed surface area. Surface area considerations are typically greatest for glass fibers having diameters of less than about 5-7 .mu.m but the SSA values of larger or smaller diameter glass fibers is also of importance. Certain embodiments of the disclosed glass fibers have SSA values of from about 1.1 to about 1.2 g/m.sup.3 for about 1.4 .mu.m diameter fibers, from about 1.95 to about 2.0 g/m.sup.3 for about 0.8 .mu.m diameter fibers, less than about 3 m.sup.2/g, or less than about 2 m.sup.2/g. 

When reciting SSA values of certain embodiments of the disclosed glass fibers herein, the numerical representations are based on determinations made analyzing the glass fibers by the test guidelines set forth in EFCTM 157: Specific Surface Area Analysis using Nitrogen, which is incorporated herein by reference. The apparatus used was a Micromeritics 2375 BET SSA analyzer. 

As mentioned above, leaching of ions from glass fibers in various glass fiber products can be advantageous or detrimental to the product. For example, with glass fiber filter products leaching would be detrimental for a variety of reasons, such as disintegration of the fibers. Leaching of the glass fibers has a direct affect on the durability of the fibers. In addition to the affect of leaching on the durability requirements of glass fibers, other considerations depend on the applications for which glass fibers are used. For example, glass fibers used in battery separators preferably have low levels of leaching of certain metal oxide impurities (e.g., platinum oxide, iron oxide) that can have a detrimental effect on the life of the battery. On the other hand, certain ions (e.g., Bi, Ag, Ni, Cd, Ge, Sn, Zn) may have a positive effects on battery performance (as discussed above), so leaching of these ions may be beneficial. As discussed, these ions can reduce gassing, water loss and improve charge acceptance by a battery's negative plate. 

The durability of glass fibers is typically determined by the leaching rate of the glass fibers in acid, neutral and alkaline conditions. Particular embodiments of the disclosed glass compositions in powder form were tested for leach rates in acidic environments. Leaching rates in acid were determined by analyzing leachates obtained by boiling 1 gram of glass fibers in 100 ml of H.sub.2SO.sub.4 having a specific gravity of 1.26 g/cm.sup.3 for three hours. DI water (up to 250 ml) was added to the leachate. (See 8.2 ASTM 165, which is incorporated herein by reference.) Samples of the resulting solution were subjected to Optical Emission Spectrometer (OES) model Perkin Elmer Optima 4300 DV to determine the amount of each element present in the leachate. Final leach rate results are shown in Tables 6, 8, 10 and 18. The leach rates shown are averages of three sample tests per composition tested. Table 18 lists Bi-ion leaching constants. The leaching constant is a mass of ions in nanograms leached from the glass surface of one square centimeter into solution in one hour. 

Leaching constants may be determined as follows: 1) The Bi.sub.2O.sub.3 leaching rate for 0.8 .mu.m in diameter glass fibers for three hours in boiling 1.26 g/cc H.sub.2SO.sub.4 is from about 2000 ppm or 2.times.10.sup.6 ng for glass compositions containing 1.8 wt % Bi.sub.2O.sub.3 and about 16000 ppm or 1.6.times.10.sup.7 ng for glass compositions having 14.9 wt % Bi.sub.2O.sub.3 per 1 gram of glass fibers. 2) The leaching constant for Bi.sub.2O.sub.3 for above mentioned conditions was calculated according to the following equation: 

.times. ##EQU00001## .times. ##EQU00001.2## wherein m is the mass in ng of the Bi-ions leached into solution, t is the leaching time in hours, S is the fiber surface area in cm.sup.2. 3) The 0.8 .mu.m glass fibers were formed to have specific surface areas of 2 m.sup.2/gr or 20000 cm.sup.2/gram. 4) Thus, for glass fibers formed from the C-1 glass composition (Table 3), wherein the glass fibers had an average diameter of 0.8 .mu.m, the leaching constant is: 

.times..times..times..times..times..times..times..times..times..times..ti- mes..times. ##EQU00002## 5) For glass fibers formed from C-5 glass composition (Table 3), wherein the glass fibers had an average diameter of 0.8 .mu.m, the leaching constant is: 

.times..times..times..times..times..times..times..times..times..times..ti- mes..times. ##EQU00003## 6) For a glass fiber composition having 1 wt % Bi.sub.2O.sub.3, the leaching constant would be equal to 18.5 ng/h.times.cm.sup.2. Thus, the bismuth ion leaching rate per hour from the glass surface of one square centimeter of certain embodiments of the glass fiber compositions disclosed herein is from about 15 to about 320 ng/h.times.cm.sup.2 or from about 10 to about 250 ng/h.times.cm.sup.2. 

The acid leaching test showed that the glass composition embodiments tested have leaching rates within the range of current commercial glass fiber "408" made from M-glass (available from Evanite Fiber Corporation of Corvallis, Oreg.) and glass fibers "206" made from "253" glass (available from Johns Manville Company of Denver, Colo.). Leach rates of the embodiments of the disclosed glass compositions tested are closer to the glass fibers made out of "253 glass." All of the tested glass composition embodiments have approximately the same acid resistance with a slightly higher value shown for composition numbers 2, 4 and 5--the glass composition embodiments with ZnO and the glass compositions with the highest Bi.sub.2O.sub.3 concentration. 

TABLE-US-00010 TABLE 8 Composition Leached ion concentration in ppm Number* In DI water In acid In Alkali (52.degree. C.) 1 158.6 230.9 58.3 2 118.2 210.3 54.0 3 136.7 239.6 76.8 4 108.6 233.2 78.2 5 99.9 193.5 82.0 408 (M-glass 107.4 110.3 30.7 reference) 206 (JM 253 reference) 209.1 234.7 n/a *The composition numbers herein correspond to those set forth above in Table 3. **K-ions excluded 

Samples of the resulting solution were subjected to inductively coupled plasma atomic emission spectrometry (ICP) (optical emission spectrometer--model Perkin Elmer Optima 4300 DV) to determine the amount of each element present in the leachate. Final results shown in Tables 8 and 9A are averages of three sample tests per composition tested. Different element ion leaching rates in water for specific embodiments are shown in Table 10. Leaching rates in DI water were determined by analyzing leachates obtained by boiling 2.5 gms of glass fibers in 250 gms of DI water for 3 hours. Samples of the resulting solution were analyzed using an optical emission spectrometer model Perkin Elmer Optima 4300 DV to determine the amount of each element present in the leachate. In Table 10, Sample IDs designating compositions 1-5 are those compositions shown in Table 3. (The sample ID indicator "08" indicates a glass fiber diameter of 0.8 .mu.m.) The element concentrations are in ppm. 

Particular embodiments of the disclosed glass compositions in powder form were tested for leach rates in water or neutral environments (tests set forth above) to determine the glass fibers' moisture and water resistance values. The total ion concentrations in leachates in DI water, acid, and alkaline solutions are shown in tables 8 and 9A. Presented data is the average of three sample tests per composition tested. The tested glass composition embodiments illustrate that the resulting glass fibers have water durability performance values that are compatible with the commercially available fibers (with weight losses below about 5 wt %). Water durability performance is better for glass compositions having higher ZnO and Bi.sub.2O.sub.3 content. 

Particular embodiments of the disclosed glass compositions in powder form were tested for leach rates in alkaline environments. Fiber leaching rates in a base were determined by analyzing leachates obtained by holding about 2.5 grams of glass fibers in 100 ml of 30% KOH at 52.degree. C. for 3 hours. DI water (up to 250 ml) was added to the leachate. Resistance of the glass fiber to acid and water were tested per EFCTM 120: Extractable Metallic Impurities of Recombinant Battery Separator Mat (RBSM) and Glass Fibers. Such conditions are equivalent to the glass fibers existing for about 5 years in a battery environment. Alkalinity is tested per EFCTM 119, incorporated herein by reference. Leachates were tested per EFCTM 120 as described above. 

A glass composition having about 10 wt % of Bi.sub.2O.sub.3 (composition 7, Tables 3 and 9A) has a decreased glass chemical durability (10-20%) in acid (1.26 g/cm.sup.3H.sub.2SO.sub.4), improved glass durability in water, and significantly increased alkali resistance in 0.5 N NaOH+0.5 N Na.sub.2CO.sub.3 water solution. Surprisingly, the glass leaching rate of composition 7 in 0.5 NaOH+0.5 Na.sub.2CO.sub.3 dropped almost three times (see Table 9A). However the same phenomenon was not shown in concentrated KOH (30%) for glass fibers made out of compositions 1-5. The 30% KOH solution appeared equally destructive for all compositions tested. Addition of 2% of Bi.sub.2O.sub.3 and 2% ZnO (composition 6, Tables 3 and 9A) did not significantly change the glass properties. However, such a composition would be very efficient for battery separators due in part to the fact that that embodiment of the glass composition contains both ZnO and Bi.sub.2O.sub.3. Increased glass fiber alkali resistance is beneficial for glass fibers used in a battery separator because during initial wrapping of the plates, the lead plates could have an alkaline pH value of about 8 to about 10. In addition, prior to formation of the battery, the density, or specific gravity of the acid electrolyte can approach that of water and result in alkaline conditions at plate. 

TABLE-US-00011 TABLE 9A Conventional Glass properties Glass Composition 6 Composition 7 Glass softening point .degree. F. 704.degree. C. 702.degree. C. 686.degree. C. Leached in acid, in ppm 18 25 30 Leached in DI water, ppm 63 70 53 Leached in alkaline solution, ppm 404 438 162 Leached in simulated lung fluid 27 29 40.2 (SLF), in ppm in 96 hours Estimated K dis, ng/cm.sup.2 h 25 30 60 Devitrification Surface and bulk Slight surface Slight surface crystallization crystallization crystallization Comments: For all three compositions prepared from the same batch, then to M-composition 2 wt % of ZnO and 2 wt % Bi.sub.2O.sub.3 (% from initial batch weight) were added. For composition 7, 10 wt % of Bi.sub.2O.sub.3 was added. Glasses melted at maximal temperature 1350.degree. C. with a dwell time of 1 hour at maximal temperature. *Na-ions exluded 

TABLE-US-00012 TABLE 9B Composition No. C-1 C-2 C-3 C-4 C-5 M-glass JM 253 Dissolution rate, 57.7 49.6 50.4 49.6 52.5 22.2 63.5 Kdis, ng/cm.sup.2 hour Dissolution 1/2 26.5 30.8 30.3 30.8 29.1 68.7 24 time for 1 .mu.m fibers 

TABLE-US-00013 TABLE 9C Intensity of Intensity of transmitted transmitted light light through Calculated Calculated through X-ray X-ray single layer five layer Composition image of one image of five attenuation, attenuation, Number layer media. layers media I/I.sub.o I/I.sub.o C-1 1.08 1.52 0.94 0.74 C-2 1.2 1.06 0.93 0.71 C-3 0.76 0.46 0.86 0.48 C-4 0.93 0.75 0.86 0.46 C-5 0.84 0.33 0.80 0.33 Reference 1 1 0.96 0.81 M-glass Note: Results normalized to reference media made out of 0.8 micron M-glass fibers 

TABLE-US-00014 TABLE 10 Water leaching test results for 0.8 .mu.m fiber media in ppm Sample Al B Ba Bi Ca Fe K Mg Na Ni Si Ti Zn 08UAC 0.61 4.22 0.08 0.17 2.03 BDL 1.74 0.10 89.03 BDL 60.59 BDL 0.01 08UBC 0.80 3.78 0.09 0.85 1.21 BDL 1.48 0.12 79.14 BDL 49.27 BDL BDL 08UCC 0.46 4.02 0.16 0.17 1.75 BDL 1.53 0.09 73.42 BDL 36.43 BDL 0.14 08UDC 0.60 3.77 0.20 0.59 0.91 BDL 1.20 0.07 61.92 BDL 39.26 BDL 0.13 08UEC 0.60 2.21 0.01 1.06 0.48 BDL 0.95 0.19 47.65 BDL 38.74 BDL 8.04 

In the particular cases where the glass fiber compositions are used in battery separators, they may be used in various battery types, such as lead-acid or lithium batteries. The general functions of a separator can be found, e.g., in the Handbook of Battery Materials, edited by Jurgen O. Besenhard, Wiley-VCH, ISBN-3-527-29469-4, Chapter 9, (1999), incorporated herein by reference. The glass fibers may comprise anywhere from about 60 to about 99 weight percent or more of the total weight of the separator. In certain embodiments the glass fibers are mixed with or combined with other separator materials known to those persons of ordinary skill in the art, such as with polyester, polyolefin, wood pulp, and mixtures thereof. 

Lead acid batteries include a plurality of electrode plates. The plates are arranged to establish alternating positive and negative electrodes. A battery separator may be disposed between each pair of electrodes. The separators may be formed of insulating material and are used, in part, to prevent metallic deposits in the battery from forming short circuits between the electrode plates. The separator is porous, however, to the battery electrolyte so that current can pass from one plate to another. Particular examples of battery separators and methods of making and using them are disclosed in U.S. Pat. Nos. 5,180,647; 5,091,275; 4,237,083; 4,113,927; 3,989,579; 3,845,737; 5,182,179; 4,648,177; 4,606,982; 4,081,899; and 3,450,571, all of which are incorporated herein by reference. 

In examples of battery separators, glass fibers made from the disclosed glass compositions are used to form the battery separator. The glass fibers may be used to form what is commonly known as an absorptive glass mat (AGM or RBSM) separator, which typically is comprised of glass fibers of varying length and diameter. In other cases the battery separator comprises a mat formed of the disclosed glass fibers that is impregnated with a binder that is an aqueous mixture of colloidal silica particles and a sulfate salt as described in U.S. Pat. No. 5,091,275 (the '275 patent). As explained in the '275 patent, the separator can be made by forming the glass mat on a conventional paper making machine (such as a Fourdrinier machine) and then exposing the mat to the binder in an impregnating bath of an aqueous mixture of the binder, followed by drying of the mat and compression to the desired separator thickness. Dry laid fiber mats comprising glass fibers made from the disclosed glass compositions may also be used to form battery separators. The dry laid mats formed of the disclosed glass fiber compositions may be made, e.g., by conventional methods known in the art. 

Battery separators comprised of particular embodiments of the disclosed glass compositions set forth in Table 3 were made and tested for performance. Batteries were tested using a series of separators comprising about 100% fine glass fibers, the fibers having about 0.8 .mu.m average fiber diameter and being formed of the identified particular embodiments of the glass compositions disclosed herein. A series of test batteries were made for float testing. 

The results of the float testing indicate that bismuth that will leach from the glass will plate onto plates in the battery. As evidenced in particular publications, e.g., Ceylan H., Haigh N. P., Manders J. E. & Lam Lan T, Influence of bismuth on the charging ability of negative plates in lead-acid batteries, 161 Journal of Power Sources, 107:2:155-(2002), which is incorporated herein by reference, when bismuth is added to positive and negative plates at levels of about 0.01 to about 0.06 wt. % of the paste active material, the batteries show significant improvement in cycle life under deep cycling or high rate partial state-of-charge cycling (HRPSOC). Thus, as shown in the results listed in Table 11 when using battery separators formed of fibers made from glass compositions disclosed herein, bismuth is leached from the separator onto battery plates during battery operation, which then improves the battery performance. 

Likewise, ions leached from the separator (formed of glass fibers made of the disclosed glass compositions) impact the floating cell potential of a battery. For example, battery test cells were fully charged at a constant voltage of 2.45 V with a maximum current of 2.3 A for 20 h, followed by three, consecutive, 3-h capacity determinations, i.e., the cells were discharged at 4.6 A until the voltage reached 1.7 V. Recharge was conducted at a constant voltage of 2.45 V with a maximum current of 2.3 A until 10% overcharge was reached. After capacity testing, the cells were charged at a constant voltage of 2.27 V. The float current of each cell was monitored for two weeks at 25, 40 and 60.degree. C., consecutively. The float current performances of the individual cells were tested. 

During float service (e.g., telecommunications, uninterruptible power supply (UPS) systems applications), lead-acid battery cells are maintained in a charged state and are required to discharge for short periods on demand. In this condition, the charging current (i.e., float current) is mainly due to combined oxygen evolution and grid corrosion at the positive plates and/or hydrogen evolution at the negative plates in flooded-electrolyte cells. In VRLA counterparts, the charging current (i.e., float current) is mainly due to combined hydrogen and oxygen recombination at the negative plates. Oxygen and hydrogen evolution occur as side reactions during the charging process of lead-acid batteries, and give rise to water loss. In a VRLA battery cell, oxygen evolved from the positive plates diffuses through either pores of the separators or headspace of the battery container to the negative plates, where it is reduced back to water. Thus, water is preserved. Excessive oxygen evolution and its subsequent recombination can cause "thermal runaway" of a VRLA battery cell because the oxygen-recombination reaction is exothermic and is considered to be a failure mode with VRLA batteries. On the other hand, the hydrogen evolved from negative plates can only be oxidized at a very low rate, back to water at the positive plates. Thus, any hydrogen emission will translate to a permanent loss of water from the cell. Accordingly, minimization of both oxygen and hydrogen-gassing rates is desirable in VRLA batteries. 

For given plate dimensions and grid composition the amplitude of the float current is affected by the saturation level of acid in the separator, the concentration of trace elements in the positive and negative plates, and the battery temperature. Trace elements in plates originate from the starting lead oxide and/or from the deposition of the elements from the electrolyte and/or from trace elements leached from the separators. To determine the effects of separators formed of various of the disclosed glass fiber compositions on battery float current, several of the disclosed glass compositions (four containing bismuth and one control) were used to form glass fibers and then battery separators and batteries were tested while maintaining the level of acid saturation, and using the same positive and negative plates. 

The resulting change in float current of various VRLA cells with temperature is presented in FIG. 4. For each cell, the float current remained virtually unchanged, with an increase in temperature from about 25 to about 40.degree. C. The float current rises with increasing temperature above about 40.degree. C. Using separators formed of several of the disclosed glass fiber compositions on a float current showed that control (408 MCC), 08-UAC (Composition 1, Table 3), 08-UCC (composition 2, Table 3), 08UDC (Composition 4, Table 3), and 08-UEC (Composition 5, Table 3) at temperatures below or equal to about 40.degree. C. are similar because the float currents are within the accuracy of the equipment (i.e., .+-.3 mA). Standard charge/discharge equipment was built and used by the testing laboratory, CSIRO Energy Technology laboratory of Victoria, Australia. Table 11 illustrates the levels of trace elements in the electrolyte and plate material before and after the float charge test (i.e., those elements leached from the separator used). As the Table 11 data illustrates, the leached bismuth from the glass fibers forming the separator(s) will plate onto the battery plates, while the zinc material does not. Table 11A lists the glass fiber compositions forming the separators tested in Cells A-E as listed in Table 11. 

TABLE-US-00015 TABLE 11 Elements (ppm) Sample Bi Co Cr Fe Ni Zn Electrolyte Before formation BDL BDL BDL 0.15 BDL BDL After test Cell A BDL BDL 0.9 9.1 2.6 4.3 Cell B BDL BDL 0.6 6.2 1.3 8.7 Cell C 1.6 BDL 0.9 9.5 2.3 73.3 Cell D 0.1 BDL 1.6 6.9 1.3 102 Cell E 1.2 BDL 1.9 11.6 4.0 111 Cell A BDL BDL 0.9 9.1 2.6 4.3 Positive-plate material Before formation 16 BDL BDL 19 3.2 9.0 After test Cell A 20 BDL BDL 10 3.3 8.8 Cell B 40 BDL BDL 10 3.2 9.0 Cell C 150 BDL BDL 10 3.2 8.9 Cell D 30 BDL BDL 170 3.1 9.0 Cell E 120 BDL BDL 7 3.2 9.1 Negative-plate material Before formation 14 BDL 6.7 21 6.5 9.8 After test Cell A 20 BDL 6.7 20 6.4 10 Cell B 60 BDL 6.5 20 6.6 10 Cell C 410 BDL 6.6 20 6.5 10 Cell D 80 BDL 6.8 10 6.3 10 Cell E 390 BDL 6.7 30 10 9.7 BDL = below detection limit. 

TABLE-US-00016 TABLE 11A Cell Tested/Table 11 Glass Composition Cell A Control - M Composition 408 MCC Cell B 08-UAC (Composition 1) Cell C 08-UEC (Composition 5) Cell D 08-UCC (Composition 2) Cell E 08-UDC (Composition 4) 

Performance of battery separators made from certain embodiments of the disclosed glass fiber compositions during a battery's life-time was analyzed by subjecting certain embodiments of the glass fiber compositions to standard, hot acid soak and extraction procedures. Samples of certain glass fiber compositions in the form of a glass fiber mat having surface areas of 1345 cm.sup.2 were soaked for about 20 hours at about 21.degree. C., 40.degree. C., and 60.degree. C. in sulfuric acid samples of varying concentrations, namely, acids having specific gravities equivalent to about 1.1, 1.25, 1.3, and 1.35 g/cm.sup.3. Battery separator media formed of glass fibers formed of conventional M-glass glass, with an average diameter of about 0.8 .mu.m, were used as a reference. Samples of acid solutions before and after separator immersion were analyzed with an Optical Emission Spectrometer, model Perkin Elmer Optima 4300 DV) to determine the degree of leaching of elements from the glass fiber samples. 

FIGS. 2A-2D show the results of analysis for concentrations of leached Bi ions from particular of the disclosed glass fiber compositions as function of acid specific density and temperature. Bismuth ion concentration is proportional to the bismuth oxide content in the glass composition solution temperature, and is inversely proportional to the specific gravity of the acid utilized. Thus, through leaching from the glass fiber compositions, particularly advantageous bismuth ion concentrations in battery electrolytes may be achieved by manipulating the bismuth oxide content in the glass composition used to form the glass fibers and by controlling battery operation temperature. For example, to achieve a desirable Bi ion leaching constant of from about 0.05 ng/cm.sup.2 h to about 12.0 ng/cm.sup.2 h for a temperature range of about 20 to about 60.degree. C., glass fibers made from a glass composition having from about 0.5 wt % to about 15 wt % bismuth oxide could be used. 

Tests showed that an embodiment of the battery separator made from 08UAC glass fibers (Composition 1, Table 3) had surprisingly superior performance. The Bi-ion leaching constant (in ng/cm.sup.2 h) for this embodiment of glass fiber compositions as a function of acid specific gravity and temperature is shown in FIG. 8. 

FIGS. 2A-2D show the Bi ion concentrations in the leachates of particular glass fiber compositions after 20 hour soaks in sulfuric acid solutions at the following specific gravities: (FIG. 2A) 1.1 gr/cm.sup.3; (FIG. 2B) 1.25 g gr/cm.sup.3, (FIG. 2C) 1.3 gr/cm.sup.3; and (FIG. 2D) 1.35 gr/cm.sup.3. A leached Bi ion concentration of from about 0.01 wt. % to about 0.06 wt. %, when bismuth is added to positive and negative plates, gave significant improvement in cycle life under deep cycling or partial state-of-charge cycling, but with low rate (current<1C). Leaching constants for Bi ions for certain of the embodiments of the disclosed glass fiber compositions under the above-listed conditions are shown in Table 17. 

In general, the leached ion concentration in the electrolyte is proportional to the temperature and inversely proportional to the acid concentration. The typical ion concentration plotted against temperature for different specific gravity sulfuric acid solutions is shown in FIG. 3. The graph of FIG. 3 shows the resulting Ca ion concentration for a mat (UDC) formed of glass fibers formed of the C-4 (Table 3) glass composition after 20-hour soaks in sulfuric acid solutions having specific gravities of 1.1 gr/cm.sup.3, 1.25 g gr/cm.sup.3, 1.3 gr/cm.sup.3, and 1.35 gr/cm.sup.3. 

An important physical property of a battery separator is media (i.e., glass fiber mat) compression recovery. All glass fiber media has been tested for both wet and dry recovery from compression. As shown in FIGS. 5 and 6, when comparing compression recovery curves for the 1.4 .mu.m media made from embodiments of the disclosed glass fiber compositions reveals that the disclosed glass fiber compositions have better or at least equivalent performance as do the control (609 MAC) fibers currently available for use in separator manufacturing. Surprisingly superior results were obtained for the separators made from glass fiber compositions C-1 (12-UAC) and C-2 (12-UCC), both in wet and dry conditions. As shown in FIG. 5, the advantages of the disclosed glass compositions for forming the 0.8 .mu.m fiber media are less pronounced than for the disclosed 1.4 .mu.m fiber media. 

The disclosed glass fiber compositions also have suitable paper manufacturing properties and may be converted into a paper (nonwoven). A series of handsheets were made using particular embodiments of the disclosed glass fiber compositions and experimental pilot machine paper trials using the various grades of fiber were performed. During the paper manufacturing process, glass fibers undergo stresses and strains from various pulpers and mixers. If a glass fiber is not sufficiently durable the end paper manufactured from the fiber will not have sufficient strength or uniformity. 

Handsheets were made al two different blend times and three different end pH values in a 12.times.12 in handsheet mold. A series of 11 separate pilot machine experiments were performed. Six runs of glass fiber targeted to have a fiber diameter of 0.8 microns were run. A control, a standard glass fiber sold to industry, identified as 408MCC (available from Fiber Manufacturing Corporation were also tested). Five runs using glass fiber with a targeted fiber diameter of 1.4 microns were also performed. The control was the industrially available fiber identified as 609MAC. 

The experiment pilot machine has a manufacturing width at the former section of 29 inches. This allowed for a trim width between 24-26 inches of good paper at the reel. The former was a modified fourdrinier. Modification was at a slight incline at the forming section. The paper was dried over 17 steam dryer cans having diameters of 36 inches, and then wound onto a reel spool. The glass fibers were prepared using a pulper where each batch included adding two 50 pound bags of glass fiber to the pulper having clean, filtered water adjusted to a pH modified to an acid condition in the about 2 to about 3 pH range using sulfuric acid. Each batch, after the glass fibers and 400 gallons of water were added, was mixed for seven minutes, after which the pulped glass fiber was pumped to a holding tank with an additional 1200 gallons of clean, filtered water. The fiber was then pumped to the paper machine and was further diluted with water. The dilution water was about 2-times the volume of the stock flow. Various minor adjustments where made for each run to adjust the end product weight and thickness as known to persons skilled in the papermaking art. Table 12 identifies the various trials and the glass fiber composition embodiments tested. 

TABLE-US-00017 TABLE 12 Machine Glass Fiber Wire Glass Fiber Glass Fiber Composition Bale Serial Speed, Trial Number Control Diameter Grade Code from Table 3 Number FPM PL082403C Yes 1.4 609MAC M-glass 1c190178/1C190181 25 PL082403D NO 1.4 12-UAC Composition 1 bale 6/7 28 PL081403E NO 1.4 12-UBC Composition 3 BALE 1/2 24 PL082003A NO 1.4 12-UCC Composition 2 bale 4/5 30 PL082003B NO 1.4 12-UDC Composition 4 BALE 4/5 29 PL081303B YES 0.8 408 MCC M-glass 3A234576/3A234577 23 PL081303C NO 0.8 08-UAC Composition 1 BALE 2/3 27 PL081303D NO 0.8 08-UDC Composition 4 BALE 2/3 24 PL081303 NO 0.8 08-UEC Composition 5 BALE 2/3 26 PL081403A NO 0.8 08-UCC Composition 2 BALE 2/3 25 PL081403B NO 0.8 0.8-UDC Composition 4 BALE 2/3 25 

The resulting tested property values for the handsheets are shown in Tables 15 and 16 and FIGS. 5-7. The data shows that the handsheets formed from the glass fiber compositions disclosed and tested had equivalent or better physical properties than the reference control. 

As discussed above, the glass fiber compositions are also useful for forming filter media (i.e., the disclosed filter media). In evaluating the suitability of the glass compositions for forming filtration media for applications such as ASHRAE, HEPA and ULPA filtration media, a series of filtration tests were performed. Media made of conventional glass fibers were formed on the pilot machine reference above. Media made using 0.8 .mu.m fibers made from embodiments of the disclosed glass compositions had relatively high air resistance (143 mm H.sub.2O at 5.33 cm/sec face velocity). Media made using 1.4 .mu.m fibers had air resistance values in the mid 40's mm H.sub.2O, which are equivalent to those values possessed by ULPA media. Testing on the 1.4 .mu.m fibers was performed using a model 8160 Certitest from TSI using a cold DOP aerosol to test the filter media and the results are set forth below. 

Statistical analysis shows differences in gamma values (wherein gamma is defined as -[log(penetration/100)/resistance]*100) between certain of the samples (12UBC had lower gamma than 12UAC, 12UCC, and 609MAC). There was a correlation between air resistance of the media sample and gamma (lower gamma at higher air resistance) that may explain statistical differences between the filter media tested. The U fiber chemistry results in air filtration performance equivalent to that of the M glass chemistry. The data in Table 13 was obtained using a model 8160 Certitest from TSI using a cold DOP aerosol to change the filter media. The glass filter media compositions disclosed in Table 13 correspond with those compositions set forth above in Table 12. 

TABLE-US-00018 TABLE 13 Glass Composition Resistance, Sample Penetration, % mm H.sub.20 Flow rate, l/min gamma 12UAC 0.0065382 41.36 32.11 10.1174 12UAC 0.0043696 41.90 32.13 10.4047 12UAC 0.0060510 41.25 32.08 10.2259 12UAC 0.0077080 40.81 32.16 10.0786 12UAC 0.0052723 42.16 32.09 10.1471 12UAC 0.0048622 41.77 32.13 10.3260 12UBC 0.0024000 47.71 32.09 9.6831 12UBC 0.0028499 48.90 32.05 9.2948 12UBC 0.0019277 47.45 32.07 9.9367 12UBC 0.0019265 48.39 32.17 9.7442 12UBC 0.0023573 48.81 32.09 9.4808 12UCC 0.0046054 40.04 32.11 10.8310 12UCC 0.0065212 40.11 32.12 10.4355 12UCC 0.0076465 40.53 32.05 10.1568 12UDC 0.0072436 44.27 32.15 9.3518 12UDC 0.0049795 44.01 32.06 9.7769 12UDC 0.0026711 43.38 32.16 10.5424 12UDC 0.0031465 44.67 32.05 10.0787 609MAC 0.0033375 43.69 32.11 10.2462 609MAC 0.0022429 44.63 32.15 10.4172 609MAC 0.0046648 42.90 32.03 10.0960 609MAC 0.0027671 43.30 32.09 10.5265 

Glass fibers were made from glass compositions C-1, C-2, C-3, C-4 to have an average diameter of about 1.4 .mu.m ("12 series" as shown in Tables 12 and 13) and from glass compositions C-1, C-2, C-3, C-4 and C-5 (compositions as disclosed in Table 3) to have an average diameter of about 0.8 .mu.m ("08 series" as shown in Tables 12 and 13). Fiber filter media were formed from these glass fiber compositions. The major properties of the disclosed fiber media are shown in Tables 15 and 16. Referring to the 1.4 .mu.m filter media test results, the disclosed filter media made out of disclosed glass fiber compositions compared with the control, the disclosed media possess higher tensile strength and superior puncture endurance. The same disclosed media compared with the control show equivalent wicking, JIS absorption, and Frazier permeability properties. Certain embodiments of the media (those formed of glass compositions C-1, C-2, C-3) show especially high total tensile and grammage compensated puncture test values both in wet and dry conditions. Standard tensile strength, puncture tests, and other test methods noted herein were followed, i.e., methods approved by the Battery Council International, BCI Battery Technical Manual, BCIS-03B, Rev. APR01, pp. 3-92 (2002-04), which is herein incorporated by reference. 

Referring to the 0.8 .mu.m filter media test results, the disclosed filter media made out of disclosed glass fiber compositions compared with the 408 glass media control, the disclosed media have slightly better tensile and puncture endurance. The disclosed media also possess improved wicking in water and acid solutions. The embodiment of filter media made from the C-3 glass composition has surprisingly superior properties--all results set forth in Tables 15 and 16. 

TABLE-US-00019 TABLE 14 Glass Composition Fiberization Temperatures Log 3 Temp, .degree. C. Low boron EF filter glass 1212 Evanite Fiber Filter glass 1167 JM 475 1085 Evanite Fiber M-glass 1156 JM 253 1060 C-2 (see Table 3) 1072 

TABLE-US-00020 TABLE 15 Media properties (fiber average diameter 0.8 .mu.m) 408 MCC TESTS Control 08-UAC 08-UBC 08-UCC 08-UDC 08-UEC Grammage gsm 247 205 240 207 220 213 Thickness @10 kPa mm 1.78 1.4 1.58 1.47 1.42 1.44 @20 kPa mm 1.62 1.26 1.41 1.34 1.27 1.27 @50 kPa mm 1.42 1.11 1.23 1.19 1.11 1.1 Density @10 kPa gsm/mm 139 146 152 141 155 148 Tensile MD (as is) lb/in 4.6 3.1 3.6 3.4 3.7 3.3 Tensile CD (as is) lb/in 3.4 2.2 2.6 2.3 2.5 2.3 Elongation MD (as is) % 2.8 2.2 2.1 3.7 2.5 3.2 Elongation CD (as is) % 5.2 4.7 5.2 6 5.6 5.7 TEA MD (as is) lb/in.sup.2 0.09 0.05 0.05 0.09 0.06 0.1 TEA CD (as is) lb/in.sup.2 0.12 0.08 0.1 0.1 0.1 0.09 BET Surface Area g/m.sup.2 2.2 2.4 2.3 2.4 2.3 2.1 PMI Min. Pore .mu.m 0.97 0.91 0.98 0.98 0.92 0.9 Max Pore .mu.m 11.3 10.7 10.5 11.4 10.9 11.5 Mean Flow Pore .mu.m 1.93 1.79 1.79 2 1.67 1.98 Max Pore .mu.m 13.3 12.2 12.1 13.4 12.9 13.6 Frazier Permeability CFM 1.26 1.35 1.19 1.4 1.28 1.53 Tabor Stiffness MD g/cm 35.5 32.83 33.5 32.7 32.33 31.33 Tabor Stiffness CD g/cm 33.5 30.83 30.83 31 30.67 30 JIS Water Wicking sec/10 cm 193 199 202 187 194 190 JIS Acid Wicking sec/10 cm 406 431 447 426 432 444 Mullen DRY psig 5.8 5.5 5.2 5.1 6.2 5.2 Mullen WET psig 2.9 2.6 2.4 3.3 3.2 2.8 Puncture Test Dry kg 0.859 0.583 0.716 0.645 0.62 0.624 Puncture Wet Dry kg 0.649 0.41 0.53 0.483 0.511 0.51 JIS Absorption % 90.6 90.4 90.1 90.5 90.1 90 Moisture Loss % 0.22 0.361 0.359 0.437 0.448 0.498 Ignition Loss % 0.8 0.93 0.79 0.6 0.58 0.33 Grammage compensated puncture test 3.47 2.85 2.95 3.11 2.82 2.93 (dry) Grammage compensated puncture test 2.63 2 2.21 2.33 2.33 2.39 (wet) 

TABLE-US-00021 TABLE 16 Media properties (fiber average diameter 1.4 .mu.m) Control 609MAC 12-UAC 12-UBC 12-UCC 12-UDC Part A inside inside inside inside inside Grammage (gsm) 229 206 233 205 210 Thickness @ 10 kPa (mm) 1.402 1.47 1.49 1.525 1.404 @ 20 kPa (mm) 1.246 1.291 1.313 1.303 1.211 @ 50 kPa (mm) 1.110 1.17 1.153 1.138 1.058 Density @10 kPa (gsm/mm) 163.6 140.4 156.2 134.5 144.5 MD Tensile (#/in) 2.04 1.95 2.57 2.05 2.11 CD Tensile (#/in) 1.39 1.27 1.91 1.47 1.45 MD Elong. (%) 3.22 3.32 3.07 3.53 3.72 CD Elong. (%) 4.80 4.64 5.41 6.88 7.19 MD TEA (#/in.sup.2) 0.05 0.05 0.06 0.05 0.05 CD TEA (#/in.sup.2) 0.05 0.04 0.08 0.07 0.08 BET SA (m/g.sup.2) 1.3 1.4 1.3 1.4 1.3 PMI: min pore 1.62 1.52 1.60 1.67 1.72 Max pore 16.49 15.49 14.84 15.36 15.70 mean flow pore 3.50 3.33 4.01 4.40 4.35 Taber Stiffness MD (g/cm) 22.50 22.75 27.33 20.67 19.50 Taber Stiffness CD (g/cm) 17.00 18.33 21.00 17.00 14.08 Max Pore (in) 18.8 18.3 18.9 17.7 18.4 Max Pore (.mu.m) 18.5 19.1 18.4 19.7 18.9 Frazier (CFM) 4.34 4.49 3.98 4.70 4.31 JIS Water Wicking 159 217 159 157 150 (sec/10 cm) JIS Acid Wicking 371 322 392 398 395 (sec/10 cm) water/acid wicking 0.428 0.673 0.405 0.394 0.379 JIS Absorption (%) 91.1 92.1 91.1 92.8 92.1 Mullen (psig) 2.00 3.00 3.17 2.75 3.33 Mullen Wet (psig) 1.67 2.33 2.83 2.67 3.17 Moisture Loss (%) 0.097 0.093 0.091 0.088 0.100 LOI (%) 0.41 0.56 0.49 0.53 0.55 Puncture Test (kg) 0.325 0.472 0.557 0.517 0.393 Puncture Test Wet (kg) 0.229 0.469 0.469 0.450 0.393 Grammage compensated 1.42 2.29 2.39 2.52 1.87 puncture test (dry) Grammage compensated 1 2.28 2.01 2.2 1.87 puncture test (wet) 

TABLE-US-00022 TABLE 17 Bi-ion leaching constant for C-1, 2, 3, 4, 5 glass fiber compositions Leaching constants, ng/h cm.sup.2 Acid density, g/cc Temperature, .degree. C. UAC UBC UCC UDC UEC 1.1 21 0.21 1.79 0.31 1.72 1.38 40 0.36 3.23 0.48 2.78 3.10 60 1.40 8.94 1.25 8.16 10.55 1.25 21 0.08 0.69 0.16 0.62 0.88 40 0.17 1.52 0.22 1.28 1.46 60 0.38 3.05 0.41 2.42 3.24 1.3 21 0.08 0.56 0.12 0.47 0.42 40 0.11 1.06 0.16 0.76 0.83 60 0.28 2.20 0.29 1.69 1.90 1.35 21 0.07 0.54 0.08 0.43 0.49 40 0.10 0.71 0.14 0.76 0.90 60 0.17 1.28 0.20 0.98 1.16 

TABLE-US-00023 TABLE 18 Bi-ion leaching constants for C1-5 glass fiber compositions at 116.degree. C. in 1.26 s.g. H.sub.2SO.sub.4 Fiber type and composition Leaching constant, ng/h cm.sup.2 08UAC 33.77 08UBC 197.84 08UCC 31.74 08UDC 188.61 08UEC 241.37 408M 0.07 12UAC 38.81 12UCC 26.61 12UDC 194.92 

The disclosed glass compositions and glass fiber compositions also are suitable for particular insulation applications such as radiation shielding and specialty filtration purposes. Bismuth oxide is one of the heaviest, non-radioactive oxides. Introduction of heavy metal oxides into glass can significantly increase the .gamma. (gamma) and X-ray absorption ability of the glass composition. The X-ray attenuation effects for certain embodiments of the disclosed glass fiber compositions has been determined by introducing one or more layers of glass fiber mats of different glass composition. Glass fiber media was made out of fibers with average diameter 0.8 micron. The sample media basis weight is about 170 g/m.sup.2. The glass fiber layers were positioned between an X-ray source and a photographic plate. Samples have been exposed to X-rays with energy 22 kV in the closed camera using a Micro 50, available from Microfocus Imaging Company. The distance between the X-ray source and the sample was about 25 cm. 

The attenuation effect of each glass fiber composition was determined by measuring the amount of transmitted visible light through the X-ray image, and is listed in Table 9C. I.sub.o is the intensity of the X-ray energy on the detector without any media placed between the X-ray source and the detector; I is intensity of the X-ray energy on the detector with the media placed between the X-ray source and the detector. Attenuation coefficients were calculated according to a well-known National Institute of Standards (NIST) test method as disclosed in, e.g., ICRU (1984), Stopping Powers for Electrons and Positrons, Report 37 of the International Commission on Radiation Units and Measurements (Bethesda, Md.). 2) Seltzer, S. M. (1993), Calculation of Photon Mass Energy-Transfer and Mass Energy-Absorption Coefficients, Rad. Res. 136, 147-170, which are both incorporated herein by reference and http://physics.nist.gov/PhysRefData/XrayMassCoef and more specifically http://physics.nist.gov/PhysRefData/XrayMassCoef/chap2.html, which are incorporated herein by reference. 

The experimental and calculated data provided is for one-layer media samples and for five-layer glass fiber media for samples of each of the tested composition. The compositions tested and listed in Table 9C correspond to those compositions set forth in Tables 3 and 5. The presence of bismuth oxide in the particular disclosed glass compositions increases the X-ray attenuation ability of the glass fiber compositions. Typical glass fiber compositions used for attenuation of X-rays contain high amounts of lead oxide. Since lead and its compounds are poisonous and environmentally detrimental, the absence of significant amounts of lead and lead compounds in the presently disclosed glass fiber compositions make the disclosed glass compositions desirably nontoxic and environmentally friendly as compared to available X-ray shield glass fiber materials. Additionally, bismuth atoms as compared to lead atoms have enhanced ability to attenuate X-rays and .gamma. rays. As shown in the results set forth in Table 9C, the attenuation effect of the disclosed glass compositions may increase with glass fibers having about 9 wt. percent or greater bismuth oxide content. 

Particularly good results were obtained with glass compositions numbers 3 and 5 (see Tables 3 and 5 above for the concentration of components of these compositions and Table 9C for attenuation results). Glass fiber layers formed of these particular glass compositions increased the X-ray attenuation from 3 to 5 times as compared to glass fiber layer samples formed of conventional M-glass. Three to four layers of glass fibers formed of glass compositions 3 and 5 completely attenuated the X-rays. 

There are a number of potential applications for X-ray shields including glass fiber compositions as disclosed herein. For example, apparel shielding, such as an apron one drapes on a patient when taking an X-ray. X-ray shield apparel made with glass fibers disclosed herein would provide a great weight reduction as compared to current X-ray shield apparel and would lower or eliminate the need to include lead in such apparel. Thus, disposal of such apparel is simpler and less expensive as compared to conventional X-ray shielding apparel. Another example X-ray shield using the glass fiber compositions disclosed herein may comprise a veil mat to be laminated or otherwise attached to a hardboard or other substrate for constructing shielded rooms to eliminate exposure to X-rays in, e.g., dentist offices. Further example uses include packing and/or insulation material in X-ray equipment or for adjacent such tooling or apparatus. Such material could be used for enhanced shield technology for, e.g., military applications such as a skin or reinforcing fiber in metal or plastic or for use in military clothing to shield individuals from harmful X-rays. Such material could be used to form protective covers or containers for film to protect film from harmful X-ray effects from, for example, airport security screening systems. 

Whereas the disclosed glass compositions, glass fibers, glass fiber battery separators, filter media, paper product, and radiation shielding media, and applications for the same have been described with reference to multiple embodiments and examples, it will be understood that the invention is not limited to those embodiments and examples. On the contrary, the invention is intended to encompass all modifications, alternatives, and equivalents as may be included within the spirit and scope of the invention as defined by the appended claims and as disclosed in the specification. 
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Abstract
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Claims




The invention claimed is:

1. A vehicle, comprising: a plurality of power storage devices each configured to be chargeable and dischargeable by a power supply external to said vehicle, and for storing electric power for generating drive force of said vehicle; a vehicle load configured to be able to select at least one of said plurality of power storage devices as a supply source of said electric power, and for generating said drive force by receiving said electric power from said supply source; an input unit for receiving a selection instruction for selecting said supply source from a user; and a control unit for controlling said vehicle load such that said vehicle load receives said electric power from said supply source in response to said selection instruction input to said input unit. 

2. The vehicle according to claim 1, wherein said control unit calculates a residual capacity value of each of said plurality of power storage devices based on at least one of an input/output current and an interterminal voltage of the corresponding power storage device, and said vehicle further comprises a display unit for displaying said residual capacity value calculated by said control unit to said user. 

3. The vehicle according to claim 2, wherein said control unit calculates an allowed traveling distance of said vehicle corresponding to each of said plurality of power storage devices, based on said residual capacity value of each of said plurality of power storage devices at present, and a traveling distance of said vehicle and a reduction amount of said residual capacity value obtained when said vehicle traveled in the past using the corresponding power storage device, and said display unit further displays said allowed traveling distance. 

4. The vehicle according to claim 3, further comprising: a present location recognition device for recognizing a present location of said vehicle; and a map information output unit for outputting map information, wherein said input unit further receives information of a destination of said vehicle from said user, said control unit calculates a predicted traveling distance from said present location to said destination based on said present location recognized by said present location recognition device, the information of said destination input to said input unit, and said map information from said map information output unit, and determines a candidate for said supply source from among said plurality of power storage devices based on calculated said predicted traveling distance and said allowed traveling distance, and said display unit performs display processing for informing said user of said candidate determined by said control unit. 

5. The vehicle according to claim 1, wherein said plurality of power storage devices are first and second power storage devices, and a power storage capacity of said first power storage device is smaller than a power storage capacity of said second power storage device. 



Description




TECHNICAL FIELD 

The present invention relates to a vehicle, and in particular, to a vehicle equipped with a plurality of power storage devices that are each chargeable by a power supply external to the vehicle. 

BACKGROUND ART 

In recent years, vehicles that are equipped with a power storage device storing electric power and use the electric power stored in the power storage device to drive a motor, such as electric vehicles, hybrid vehicles, fuel cell vehicles, and the like have been attracting attention as environmentally-friendly vehicles. In such a vehicle, configuring the power storage device to be externally chargeable has also been under consideration. Further, in the vehicle described above, mounting a plurality of power storage devices to increase a traveling distance has also been under consideration. 

With regard to a device or a method for taking electric power from a plurality of power storage devices, various proposals have been made so far. For example, Japanese Patent Laying-Open No. 2005-237064 (Patent Document 1) discloses a controller for a vehicle equipped with a plurality of battery packs. The controller obtains voltage values of high-voltage batteries in the respective battery packs, and determines priority in increasing order of residual capacities indicated by the voltage values. Then, the controller selects a battery pack determined to have the first priority as a battery for traveling. Patent Document 1: Japanese Patent Laying-Open No. 2005-237064 Patent Document 2: Japanese Patent Laying-Open No. 2001-45673 

DISCLOSURE OF THE INVENTION 

Problems to be Solved by the Invention 

Japanese Patent Laying-Open No. 2005-237064 describes that, since the controller for a vehicle switches a battery to be used for traveling of the vehicle among a plurality of batteries, performance of the high-voltage batteries can be fully utilized without operation by a user. However, some users may think it desirable that they can select a battery to be used for traveling of a vehicle for themselves. 

For example, there may be some cases where a vehicle is equipped with a plurality of power storage devices having different properties (for example, power storage capacities) to allow various types of traveling of the vehicle. When a battery to be used for traveling of the vehicle is automatically selected by a controller, actual traveling of the vehicle may be different from traveling of the vehicle desired by the user. In this case, the user may be dissatisfied with not being allowed to select a battery to be used for traveling of the vehicle. 

One object of the present invention is to provide a technique for improving convenience for a user in a vehicle equipped with a plurality of power storage devices. 

Means for Solving the Problems 

In summary, the present invention is a vehicle, including: a plurality of power storage devices each configured to be chargeable and dischargeable by a power supply external to the vehicle, and for storing electric power for generating drive force of the vehicle; a vehicle load configured to be able to select at least one of the plurality of power storage devices as a supply source of the electric power, and for generating the drive force by receiving the electric power from the supply source; an input unit for receiving a selection instruction for selecting the supply source from a user; and a control unit for controlling the vehicle load such that the vehicle load receives the electric power from the supply source in response to the selection instruction input to the input unit. 

Preferably, the control unit calculates a residual capacity value of each of the plurality of power storage devices based on at least one of an input/output current and an interterminal voltage of the corresponding power storage device. The vehicle further includes a display unit for displaying the residual capacity value calculated by the control unit to the user. 

Preferably, the control unit calculates an allowed traveling distance of the vehicle corresponding to each of the plurality of power storage devices, based on the residual capacity value of each of the plurality of power storage devices at present, and a traveling distance of the vehicle and a reduction amount of the residual capacity value obtained when the vehicle traveled in the past using the corresponding power storage device. The display unit further displays the allowed traveling distance. 

Preferably, the vehicle further includes a present location recognition device for recognizing a present location of the vehicle, and a map information output unit for outputting map information. The input unit further receives information of a destination of the vehicle from the user. The control unit calculates a predicted traveling distance from the present location to the destination based on the present location recognized by the present location recognition device, the information of the destination input to the input unit, and the map information from the map information output unit, and determines a candidate for the supply source from among the plurality of power storage devices based on the calculated predicted traveling distance and the allowed traveling distance. The display unit performs display processing for informing the user of the candidate determined by the control unit. 

Preferably, the plurality of power storage devices are first and second power storage devices. A power storage capacity of the first power storage device is smaller than a power storage capacity of the second power storage device. 

Effects of the Invention 

According to the present invention, convenience for a user can be improved in a vehicle equipped with a plurality of power storage devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a view showing an exemplary configuration of a vehicle in accordance with embodiments of the present invention. 

FIG. 2 is a block diagram for describing a configuration peripheral to a control device 30 in more detail. 

FIG. 3 is a view for describing information displayed on a touch panel display 70. 

FIG. 4 is a view showing an exemplary configuration of data in which traveling history of the vehicle is recorded. 

FIG. 5 is a flowchart describing processing by control device 30 in a case where both of batteries BA and BB are selected by a user. 

FIG. 6 is a flowchart describing processing by control device 30 in a case where only battery BA or battery BB is selected for use by the user. 

FIG. 7 is a view for describing display contents on a touch panel display mounted in a vehicle in accordance with Embodiment 2. 

FIG. 8 is a flowchart describing processing for displaying a battery recommended for use in accordance with Embodiment 2. 

FIG. 9 is a view showing another exemplary configuration for charging the vehicle in accordance with the embodiments of the present invention. 

DESCRIPTION OF THE REFERENCE SIGNS 

1: vehicle, 2: wheel, 3: power split mechanism, 4: engine, 10A, 10B, 13, 21A, 21B: voltage sensor, 11A, 11B, 24, 25: current sensor, 12A, 12B: boost converter, 14, 22: inverter, 30: control device, 40A, 40B: connection unit, 50: electric power input inlet, 51: charger, 60: navigation system, 61: reading circuit, 62: GPS antenna, 63: gyro sensor, 65: recording medium, 70: touch panel display, 71: display unit, 72: input unit, 81: vehicle image, 82A, 82B: battery image, 83A, 83B: SOC display section, 84A, 84B: allowed traveling distance display section, 85A, 85B: selection key, 86: determination key, 90: commercial power supply, 91-94: charging relay, BA, BB: battery, C1, C2, CH: smoothing capacitor, MG1, MG2: motor generator, N1, N2: neutral point, PL1A, PL1B, PL2: power supply line, R0, R1: limiting resistor, SL1, SL2: ground line, SMRP, SMRB, SMRG, SR1P, SR1B, SR: system main relay. 

BEST MODES FOR CARRYING OUT THE INVENTION 

Embodiments of the present invention will now be described in detail with reference to the drawings, in which identical or corresponding parts will be designated by the same reference numerals, and the description thereof will not be repeated. 

Embodiment 1 

FIG. 1 is a view showing an exemplary configuration of a vehicle in accordance with embodiments of the present invention. 

Referring to FIG. 1, a vehicle 1 includes batteries BA and BB serving as power storage devices, boost converters 12A and 12B, smoothing capacitors C1, C2, and CH, voltage sensors 10A, 10B, 13, 21A, and 2113, current sensors 11A and 11B, inverters 14 and 22, an engine 4, motor generators MG1 and MG2, a power split mechanism 3, a wheel 2, and a control device 30. 

Batteries BA and BB are chargeable and dischargeable power storage devices. Electric power stored in batteries BA and BB is mainly used to generate drive force of vehicle 1. As batteries BA and BB, for example, secondary batteries such as a lead-acid battery, a nickel hydride battery, and a lithium ion battery, or large-capacity capacitors such as an electric double layer capacitor can be used. 

Batteries BA and BB may be power storage devices of different types. For example, battery BA may be a large-capacity capacitor and battery BB may be a secondary battery. In addition, for example, batteries BA and BB may be secondary batteries of different types (for example, battery BA is a lithium ion battery and battery BB is a nickel hydride battery). 

In the present embodiment, it is assumed that the power storage capacity of battery BA is smaller than the power storage capacity of battery BB. In this regard, however, the power storage capacity of battery BA may be equal to or larger than the power storage capacity of battery BB. 

Smoothing capacitor C1 is connected between a power supply line PL1A and a ground line SL2. Voltage sensor 21A detects a voltage VLA across smoothing capacitor C1, and outputs the detected voltage VLA to control device 30. Boost converter 12A boosts the interterminal voltage of smoothing capacitor C1. 

Smoothing capacitor C2 is connected between a power supply line PL1B and ground line SL2. Voltage sensor 21B detects a voltage VLB across smoothing capacitor C2, and outputs the detected voltage VLB to control device 30. Boost converter 12B boosts the interterminal voltage of smoothing capacitor C2. 

Smoothing capacitor CH smoothes the voltages boosted by boost converters 12A and 128. Voltage sensor 13 detects an interterminal voltage VH of smoothing capacitor CH, and outputs the detected interterminal voltage VH to control device 30. 

Inverter 14 converts a direct current (DC) voltage supplied from boost converter 12B or 12A into a three-phase alternating current (AC) voltage, and outputs the three-phase AC voltage to motor generator MG1. Inverter 22 converts a DC voltage supplied from boost converter 12B or 12A into a three-phase AC voltage, and outputs the three-phase AC voltage to motor generator MG2. 

Power split mechanism 3 is a mechanism coupled to engine 4 and motor generators MG1, MG2 to split power therebetween. For example, a planetary gear mechanism having three rotation shafts of a sun gear, a planetary carrier, and a ring gear can be used as the power split mechanism. The planetary gear mechanism is configured such that, when rotations of two of the three rotation shafts are determined, rotation of the other one rotation shaft is inevitably determined. These three rotation shafts are connected to rotation shafts of engine 4, motor generator MG1, and motor generator MG2, respectively. The rotation shaft of motor generator MG2 is coupled to wheel 2 by a reduction gear and a differential gear not shown. A decelerator for the rotation shaft of motor generator MG2 may be further mounted or an automatic transmission may be mounted inside power split mechanism 3. 

Vehicle 1 further includes a connection unit 40A provided on a positive electrode side of battery BA, and a system main relay SMRG serving as a connection unit provided on a negative electrode side of battery BA. Connection unit 40A includes a system main relay SMRB connected between a positive electrode of battery BA and power supply line PL1A, and a system main relay SMRP and a limiting resistor R0 connected in series with each other and connected in parallel with system main relay SMRB. System main relay SMRG is connected between a negative electrode of battery BA (a ground line SL1) and ground line SL2. 

Conductive/nonconductive states of system main relays SMRP, SMRB, and SMRG are controlled by control signals CONT1 to CONT3 supplied from control device 30, respectively. 

Voltage sensor 10A measures a voltage VBA across terminals of battery BA. Current sensor 11A detects a current IBA flowing into battery BA. Voltage sensor 10A and current sensor 11A are provided to monitor the state of charge (SOC) of battery BA. 

Vehicle 1 further includes a connection unit 40B provided on a positive electrode side of battery BB, and a system main relay SR serving as a connection unit provided on a negative electrode side of battery BB. Connection unit 40B includes a system main relay SR1B connected between a positive electrode of battery BB and power supply line PL1B, and a system main relay SR1P and a limiting resistor R1 connected in series with each other and connected in parallel with system main relay SR1B. System main relay SR is connected between a negative electrode of battery BB and ground line SL2. 

Conductive/nonconductive states of system main relays SR1P, SR1B, and SR are controlled by control signals CONT4 to CONT6 supplied from control device 30, respectively. 

Ground line SL2 extends through boost converters 12A and 12B to inverters 14 and 22. 

Voltage sensor 10B detects a voltage VBB across terminals of battery BB. Current sensor 11B detects a current IBB flowing into battery BB. Voltage sensor 10B and current sensor 11B are provided to monitor the state of charge of battery BB. 

Hereinafter, the state of charge (SOC) will also be referred to as a "residual capacity". A value indicating the residual capacity is defined, for example, as 100% when the battery is in a fully charged state and 0% when the battery is in a completely discharged state, and varies in a range from 0% to 100% according to electric power stored in the battery. 

Inverter 14 is connected to power supply line PL2 and ground line SL2. Inverter 14 receives the boosted voltage from boost converters 12A and 1213, and drives motor generator MG1 to, for example, start engine 4. Inverter 14 also returns electric power generated in motor generator MG1 by power transmitted from engine 4, to boost converters 12A and 12B, On this occasion, boost converters 12A and 1213 are controlled by control device 30 to operate as step-down circuits. 

A current sensor 24 detects a current flowing into motor generator MG1 as a motor current value MCRT1, and outputs motor current value MCRT1 to control device 30. 

Inverter 22 is connected to power supply line PL2 and ground line SL2 in parallel with inverter 14. Inverter 22 converts the DC voltage output from boost converters 12A and 12B into a three-phase AC voltage, and outputs the three-phase AC voltage to motor generator MG2 driving wheel 2. Inverter 22 also returns electric power generated in motor generator MG2 by regenerative braking, to boost converters 12A and 12B. On this occasion, boost converters 12A and 1213 are controlled by control device 30 to operate as step-down circuits. 

A current sensor 25 detects a current flowing into motor generator MG2 as a motor current value MCRT2, and outputs motor current value MCRT2 to control device 30. 

Control device 30 receives torque command values and rotation speeds of motor generators MG1 and MG2, values of voltages VBA, VBB, VLA, VLB, and VH, motor current values MCRT1 and MCRT2, and an activation signal IGON. Then, control device 30 outputs to boost converter 12B a control signal PWUB giving an instruction to boost a voltage, a control signal PWDB giving an instruction to step down a voltage, and a shut-down signal giving an instruction to inhibit operation. 

Further, control device 30 outputs to inverter 14 a control signal PWMI1 for giving a drive instruction to convert the DC voltage output from boost converters 12A and 12B into an AC voltage for driving motor generator MG1, and a control signal PWMC1 for giving a regenerative instruction to convert an AC voltage generated in motor generator MG1 into a DC voltage and return the DC voltage to boost converters 12A and 12B. 

Similarly, control device 30 outputs to inverter 22 a control signal PWMI2 for giving a drive instruction to convert the DC voltage into an AC voltage for driving motor generator MG2, and a control signal PWMC2 for giving a regenerative instruction to convert an AC voltage generated in motor generator MG2 into a DC voltage and return the DC voltage to boost converters 12A and 12B. 

It is to be noted that motor generators MG1 and MG2, inverters 14 and 22, boost converters 12A and 12B, connection units 40A and 40B, and system main relays SMRG and SR constitute a vehicle load generating the drive force of vehicle 1 by the electric power stored in batteries BA and BB. 

The vehicle is configured such that the power storage devices (i.e., batteries BA and BB) are chargeable by a power supply external to the vehicle. Therefore, vehicle 1 further includes an electric power input inlet 50, a charger 51, and an electric power input channel to which outputs CH1 and CH2 of charger 51 are connected. 

Electric power input inlet 50 is a terminal for connecting to vehicle 1 a commercial power supply 90 (for example, AC 100 V) external to the vehicle. In vehicle 1, one or both of batteries BA and BB can be charged from commercial power supply 90 external to the vehicle that is connected to electric power input inlet 50. 

Charger 51 can receive electric power supplied from a source external to the vehicle, and simultaneously supply first charging electric power and second charging electric power to batteries BA and BB, respectively. Charger 51 includes the first output CH1 outputting the first charging electric power to battery BA, and the second output CH2 outputting the second charging electric power to battery BB. 

The first output CH1 is connected to battery BA via charging relays 91 and 92, not through system main relays SMRB and SMRG between battery BA and the first boost converter 12A. 

The second output CH2 is connected to battery BB via charging relays 93 and 94, not through system main relays SR1B and SR between battery BB and the second boost converter 12B. 

Preferably, charger 51 is configured to be able to determine magnitudes of the first charging electric power and the second charging electric power based on the states of batteries BA and BB, and separately distribute to batteries BA and BB the electric power supplied from the source external to the vehicle. More preferably, charger 51 is configured to be able to change a distribution ratio in accordance with the SOCs of batteries BA and BB when separately distributing to batteries BA and BB the electric power supplied from the source external to the vehicle. Thereby, the SOCs of batteries BA and BB can be matched. 

FIG. 2 is a block diagram for describing a configuration peripheral to control device 30 in more detail. 

Referring to FIGS. 2 and 1, control device 30 transmits control signals CONT1 to CONT6 to system main relays SMRP, SMRB, SMRG, SR1P, SR1B, and SR, respectively. Thereby, the system main relays are turned on and off. Similarly, control device 30 transmits control signals CN1 to CN4 to charging relays 91, 92, 93, 94, respectively. Thereby, the charging relays are turned on and off. 

In the present embodiment, it is possible to take electric power from only one of battery BA and battery BB, and it is also possible to take electric power from both of battery BA and battery BB. Control device 30 turns on a system main relay for connecting a battery to be discharged and a boost converter corresponding to the battery. The boost converter connected to the battery to be discharged via the system main relay boosts a DC voltage from the battery. 

Specifically, the vehicle load including the system main relays is configured to be able to select at least one of batteries BA and BB as an electric power supply source. The vehicle load generates the drive force of the vehicle by receiving electric power from the supply source. 

Further, in the present embodiment, it is possible to charge only one of battery BA and battery BB, and it is also possible to charge both of battery BA and battery BB. Control device 30 turns on a charging relay corresponding to a battery to be charged. Charger 51 connected to the battery to be charged via the charging relay supplies electric power from a power supply external to the vehicle, to the battery. 

A navigation system 60 and a touch panel display 70 are connected to control device 30. Navigation system 60 includes a reading circuit 61 for reading information recorded in a recording medium 65, a GPS (Global Positioning System) antenna 62, and a gyro sensor 63. 

Recording medium 65 is a medium recording various types of information including map information, and examples thereof include a CD (Compact Disc), a DVD (Digital Versatile Disc), a memory card, and the like. 

Control device 30 obtains information of a destination set by a user from touch panel display 70. Control device 30 recognizes a present location of the vehicle using GPS antenna 62 and gyro sensor 63. Then, control device 30 displays the present location on touch panel display 70, with the present location being superimposed on the map information read from recording medium 65 by reading circuit 61. 

Specifically, GPS antenna 62 and gyro sensor 63 constitute a present location recognition device for recognizing the present location of the vehicle. Further, recording medium 65 and reading circuit 61 constitute a map information output unit for outputting the map information. Instead of recording medium 65 and reading circuit 61, a device (for example, a hard disk drive) storing the map information in a non-volatile manner and reading and outputting the stored content may be used. 

Further, control device 30 searches for a traveling route from the present location to the destination, and causes touch panel display 70 to display the traveling route. 

A wheel speed sensor 75 detects a rotation speed of wheel 2. Control device 30 calculates a traveling distance of vehicle 1 based on the rotation speed of the wheel detected by wheel speed sensor 75. 

Touch panel display 70 includes a display unit 71 and an input unit 72. Input unit 72 receives an instruction from the user. Display unit 71 displays various types of information including a result of processing by control device 30, the map information, information guiding the user to input an instruction, the content of the instruction input to input unit 72 by the user, and other types of information. 

In the present embodiment, the user can select a battery to be used for traveling of vehicle 1 (i.e. a supply source supplying electric power to the vehicle load) from among batteries BA and BB. The user can select only one of batteries BA and BB, and can also select both of batteries BA and BB, as an electric power supply source. 

Display unit 71 displays information for allowing the user to select an electric power supply source. Specifically, display unit 71 displays a residual capacity value of each battery, an allowed traveling distance in a case where each battery is used as a supply source, and the like. 

Input unit 72 receives an instruction by the user for selection of an electric power supply source (a selection instruction). 

Since the configurations of other parts shown in FIG. 2 are identical to the configurations of the corresponding parts in FIG. 1, the description thereof will not be repeated. 

Next, information displayed on touch panel display 70 (display unit 71) when the user selects an electric power supply source will be specifically described. 

Referring to FIG. 3, a vehicle image 81 representing vehicle 1 is displayed on touch panel display 70. Vehicle image 81 includes battery images 82A and 82B corresponding to batteries BA and BB shown in FIG. 1, respectively. 

SOC display sections 83A and 83B for displaying residual capacity values of batteries BA and BB, respectively, are further provided on a screen of touch panel display 70. It is to be noted that battery images 82A and 82B also display residual capacities of the respective corresponding batteries. 

An allowed traveling distance display section 84A for displaying an allowed traveling distance of vehicle 1 achieved by battery BA and an allowed traveling distance display section 8413 for displaying an allowed traveling distance of vehicle 1 achieved by battery BB are further provided on the screen of touch panel display 70. 

Further, a selection key 85A for allowing the user to select battery BA as a battery to be charged (or to be discharged), a selection key 85B for allowing the user to select battery BB as a battery to be charged (or to be discharged), and a determination key 86 for allowing the user to finally determine the battery to be charged (or to be discharged) are displayed on the screen of touch panel display 70. Selection keys 85A and 85B and determination key 86 constitute input unit 72 of FIG. 2. 

When the user presses a selection key once, selection of a battery corresponding to the selection key becomes valid, and when the user presses the selection key once more, the selection of the battery is cancelled. When the user presses determination key 86, the battery selected at the time is determined as a supply source. 

Next, the allowed traveling distance of the vehicle calculated by control device 30 will be described in detail. Control device 30 calculates the allowed traveling distance of the vehicle achieved by each battery, based on data indicating traveling history of the vehicle stored therein. 

FIG. 4 is a view showing an exemplary configuration of data in which traveling history of the vehicle is recorded. It is noted for confirmation that values described below are merely examples for making the description easy to understand, and not intended to limit the present invention. 

Referring to FIG. 4, for each trip, a traveling distance of the vehicle, a residual capacity value of a battery at the time of starting the trip (i.e., pre-traveling capacity), a residual capacity value of the battery at the time of terminating the trip (i.e., post-traveling capacity), and a traveling distance per unit reduction amount of the residual capacity value in the trip (i.e., rate) are recorded. Herein, the "trip" refers to traveling of vehicle 1 from when control device 30 receives activation signal IGON to when control device 30 receives a stop signal. Further, the data has the traveling distance, the pre-traveling capacity, the post-traveling capacity, and the rate corresponding to each battery. 

In FIG. 4, batteries BA and BB are indicated as "battery (A)" and "battery (B)", respectively. Further, in the description below, batteries BA and BB will also be referred to as "battery (A)" and "battery (B)", respectively. 

In a first trip and a second trip, the traveling distance of battery (A) is identical to the traveling distance of battery (B). This indicates that vehicle 1 traveled using both of batteries (A) and (B). 

In both of battery (A) and battery (B), the pre-traveling capacity in the second trip is greater than the post-traveling capacity in the first trip. This indicates that battery (A) and battery (B) were charged after termination of the first trip. 

Control device 30 calculates the pre-traveling capacity and the post-traveling capacity based on detection results of the voltage sensor and the current sensor provided for each battery (see FIG. 1). The pre-traveling capacity is calculated at the time of starting a trip, and the post-traveling capacity is calculated at the time of terminating the trip. Then, control device 30 calculates the rate based on the pre-traveling capacity and the post-traveling capacity, and the traveling distance of the vehicle in the trip. An equation for calculating the rate is represented as [traveling distance/{(pre-traveling capacity)-(post-traveling capacity)}]. 

Referring to a third trip, however, the pre-traveling capacity and the post-traveling capacity of battery (B) are identical. This indicates that the vehicle traveled using only battery (A). In this case, the rate of battery (B) is 0. 

FIG. 5 is a flowchart describing processing of calculating the allowed traveling distance of the vehicle in a case where both of batteries BA and BB are selected by the user. The processing shown in this flowchart is invoked from a main routine and performed for example when a prescribed condition is satisfied (for example, when the user provides control device 30, through touch panel display 70, with an instruction to display the screen shown in FIG. 3). 

Referring to FIG. 5, when the processing is started, control device 30 calculates in step S1 an average value of the rates included in the data shown in FIG. 4 (i.e., an average rate). Since the vehicle traveled using only battery (A) in the third trip in the case of the data shown in FIG. 4, control device 30 excludes the rate in the third trip when calculating the average rate. Therefore, the average rate derived from the data shown in FIG. 4 is an average value (0.245 km/%) of the rate in the first trip (0.25 km/%) and the rate in the second trip (0.24 km/%). 

In step S2, control device 30 calculates the allowed traveling distance achieved by each battery. Specifically, control device 30 calculates the allowed traveling distance by obtaining the product of the average rate calculated in step S1, a capacity ratio between batteries BA and BB, and the residual capacity value of the battery. 

For example, it is assumed that the capacity ratio between batteries BA and BB is 20:80, and both batteries BA and BB have a value of 80% as the pre-traveling capacities. In this case, the allowed traveling distance achieved by battery BA is 0.245.times.0.2.times.80=3.9 (km), and the allowed traveling distance achieved by battery BB is 0.245.times.0.8.times.80=11.8 (km). 

In step S3, control device 30 causes touch panel display 70 (display unit 71) to display the calculated residual capacity value and allowed traveling distance for each battery. When processing in step S3 is terminated, overall processing returns to the main routine. 

FIG. 6 is a flowchart describing processing by control device 30 in a case where only battery BA or battery BB is selected for use by the user. The processing shown in this flowchart is invoked from the main routine and performed when a prescribed condition is satisfied (for example, when the user provides control device 30 with an instruction to display the screen shown in FIG. 3). 

Referring to FIG. 6, in step S11, control device 30 reads from therein a rate when using a single battery selected by the user from among batteries BA and BB. As described above, control device 30 stores therein the data shown in FIG. 4. Control device 30 reads a rate when using a single battery that is included in the data. 

In step S12, control device 30 calculates the allowed traveling distance achieved only by the battery selected by the user. Specifically, control device 30 calculates the allowed traveling distance by obtaining the product of the rate and the residual capacity value corresponding to the battery. 

For example, it is assumed that battery (A) is selected by the user and the pre-traveling capacity of battery (A) is 80%. Since the data shown in FIG. 4 indicates that the rate when using only battery (A) is 0.05, the allowed traveling distance when using only battery (A) is 0.05.times.80=4 (km). 

Control device 30 also calculates the allowed traveling distance achieved by battery (B). An equation for calculating the allowed traveling distance in this case is identical to the equation used for processing in step S2. Therefore, the allowed traveling distance achieved by battery (B) is 11.8 (km). 

In step S13, control device 30 causes touch panel display 70 (display unit 71) to display the calculated allowed traveling distance. When processing in step S13 is terminated, overall processing returns to the main routine. 

As described above, according to Embodiment 1, a vehicle is equipped with two power storage devices (batteries BA and BB). A user inputs a selection instruction for selecting one or both of batteries BA and BB to touch panel display 70 (input unit 72). In response to the selection instruction, control device 30 controls a vehicle load such that the vehicle load receives electric power from a battery (batteries) selected by the user. This allows meticulous selection of the batteries for use, and can improve convenience for the user. 

Further, since the residual capacity value of each battery and the allowed traveling distance achieved by each battery are displayed on the display unit in the present embodiment, the user can determine a battery to be used (i.e., to be charged or discharged) based on these pieces of information. This can improve convenience for the user. 

Furthermore, the capacity of battery BA is smaller than the capacity of battery BB in the present embodiment. In a case where the user drives a vehicle for only a short distance, there is a high possibility that the user can use the vehicle sufficiently when the user charges and discharges only a battery with a smaller capacity (i.e., battery BA). Therefore, in a case where only battery BA is charged, charging time can be reduced. Further, even in a case where battery BA is deteriorated and should be replaced, there is a high possibility that it costs less to replace a battery with a smaller capacity. This can improve convenience for the user. 

Embodiment 2 

A configuration of a vehicle in accordance with Embodiment 2 is identical to the configuration of vehicle 1 shown in FIGS. 1, 2, and the like, and the description thereof will not be repeated below. Hereinafter, the vehicle in accordance with Embodiment 2 will be described with reference to FIG. 1 or 2 as appropriate. 

FIG. 7 is a view for describing display contents on a touch panel display mounted in the vehicle in accordance with Embodiment 2. 

Referring to FIGS. 7 and 3, in the display contents shown in FIG. 7, information of a distance from a present location to a destination is added to the display contents shown in FIG. 3. Further, in FIG. 7, to indicate a battery recommended for use when the vehicle travels the distance, the selection key corresponding to the battery recommended for use (i.e., selection key 85A in FIG. 7) is shown in a blinking manner. Although being different from the display contents shown in FIG. 3 on these points, the display contents shown in FIG. 7 are identical to the display contents shown in FIG. 3 on other points, and thus the description thereof will not be repeated. 

Control device 30 (see FIGS. 1 and 2) determines a battery recommended for use (i.e., a candidate for a supply source) from among batteries BA and BB, based on the distance from the present location to the destination (i.e., a predicted traveling distance) and the allowed traveling distance of each battery. Further, control device 30 causes touch panel display 70 (display unit 71) to perform display processing for informing the user of the determined battery recommended for use. 

In the present embodiment, to inform the user of the battery recommended for use determined by control device 30, touch panel display 70 displays a corresponding selection key in a blinking manner. However, the display processing for informing the user of the battery recommended for use may be performed in a different manner. For example, the selection key corresponding to the battery recommended for use may be displayed in a color different from the color for displaying the other selection key. 

FIG. 8 is a flowchart describing processing for displaying a battery recommended for use in accordance with Embodiment 2. The processing shown in this flowchart is invoked from the main routine and performed for example when a prescribed condition is satisfied (for example, when the user provides control device 30 with an instruction to display the screen shown in FIG. 7). 

Referring to FIGS. 8 and 2, when the processing is started, firstly in step S21, control device 30 obtains information of a present location of vehicle 1 based on information from GPS antenna 62 and gyro sensor 63. Control device 30 also obtains information of a destination of vehicle 1 through input unit 72. Further, control device 30 obtains the map information read from recording medium 65 by reading circuit 61. Based on these pieces of information, control device 30 calculates a distance from the present location to the destination of the vehicle (i.e., a predicted traveling distance). 

In step S22, control device 30 determines whether or not the vehicle can travel from the present location to the destination using only battery BA (battery (A)). As in Embodiment 1, control device 30 calculates the allowed traveling distance of the vehicle in a case where the vehicle travels using only battery BA, based on the data shown in FIG. 4 (see the flowchart of FIG. 6). If the calculated allowed traveling distance is greater than the predicted traveling distance obtained in step S21, control device 30 determines that the vehicle can travel using only battery BA (battery (A)). In this case (YES in step S22), control device 30 controls touch panel display 70 to blink the selection key for battery (A) (i.e., selection key 85A) (step S23). 

In step S24 subsequent to step S23, control device 30 calculates the allowed traveling distance of the vehicle in a case where the vehicle travels using only battery BB, based on the data shown in FIG. 4. Then, control device 30 determines whether or not the vehicle can travel using only battery BB (battery (B)). 

If the calculated allowed traveling distance is greater than the predicted traveling distance obtained in step S21, control device 30 determines that the vehicle can travel using only battery BB (battery (B)). In this case (YES in step S24), control device 30 controls touch panel display 70 to blink the selection key for battery (B) (i.e., selection key 85B) (step S25). In this case, both of selection keys 85A and 85B blink. 

That is, in a case where the vehicle can travel using only battery BA and also can travel using only battery BB, both of selection keys 85A and 85B blink. In some cases, the user desires to avoid battery BA from reaching the end of its life earlier due to continued use of battery BA only. Therefore, even if the vehicle can travel using only battery BA, when the vehicle can also travel using only battery BB, control device 30 causes both of selection keys 85A and 85B to blink. This can increase the possibility of the user selecting battery BB or selecting both of batteries BA and BB. Consequently, this can avoid battery BA from reaching the end of its life earlier. 

If the allowed traveling distance calculated in step S24 is smaller than the predicted traveling distance obtained in step S21, control device 30 determines that the vehicle cannot travel using only battery BB (battery (B)). In this case (NO in step S24), control device 30 causes the selection key for battery (B) (i.e., selection key 85B) not to light up (step S26). Therefore, only selection key 85A blinks. 

On the other hand, if the allowed traveling distance calculated by control device 30 in step S22 is smaller than the predicted traveling distance (NO in step S22), control device 30 calculates the allowed traveling distance of the vehicle in the case where the vehicle travels using only battery BB, based on the data shown in FIG. 4, as in processing in step S24. Then, control device 30 determines whether or not the vehicle can travel using only battery BB (battery (B)) (step S27). 

If the calculated allowed traveling distance is greater than the predicted traveling distance obtained in step S21, control device 30 determines that the vehicle can travel using only battery BB (battery (B)). In this case (YES in step S27), control device 30 controls touch panel display 70 to blink the selection key for battery (B) (i.e., selection key 85B) (step S28). In this case, only selection key 85B blinks. 

On the other hand, if the allowed traveling distance calculated in step S27 is smaller than the predicted traveling distance obtained in step S21 (NO in step S27), control device 30 determines that vehicle 1 requires both of batteries BA and BB to travel. Therefore, control device 30 terminates the processing, with both of selection keys 85A and 85B not being lit up. In this case, overall processing returns to the main routine. Overall processing also returns to the main routine when processing in each of steps S25, S26, and S28 is terminated. 

As described above, according to Embodiment 2, when a user selects any of a plurality of batteries, the user can be guided to easily carry out selection. This can improve convenience for the user. 

The number of power storage devices mounted in a vehicle to which the present invention is applicable is not limited to two, and the number of the power storage devices may be more than two, as long as they are provided in a plural number. As in the configuration shown in FIG. 1, the number of boost converters and the number of system main relays are determined according to the number of the power storage devices. Control device 30 can select a supply source (power storage device) supplying electric power to a vehicle load, from among the plurality of power storage devices, by controlling the system main relays, the boost converters, and the like in response to a selection instruction by the user. Similarly, the number of charging relays is determined according to the number of the power storage devices. Thereby, control device 30 can select a power storage device to be charged, from among the plurality of power storage devices, by controlling the charging relays in response to a selection instruction by the user. Therefore, the number of power storage devices is not particularly limited as long as they are provided in a plural number. 

Further, the configuration for charging batteries BA and BB using an external power supply is not limited to the configuration shown in FIG. 1. For example, charger 51 may be provided external to vehicle 1. Alternatively, as in an exemplary configuration shown for example in FIG. 9, vehicle 1 may be provided with a first electric power input line ACL1 connecting one terminal of inlet 50 with a neutral point N1 of a three-phase coil of motor generator MG1, and an electric power input line ACL2 connecting the other terminal of inlet 50 with a neutral point N2 of a three-phase coil of motor generator MG2. In this configuration, vehicle 1 is not provided with charging relays 91 to 94 and charger 51. The configuration shown in FIG. 9 is different from the configuration shown in FIG. 1 on this point. 

In the configuration shown in FIG. 9, inverters 14 and 22 convert AC voltages applied to neutral points N1 and N2 into DC voltages in response to instruction signals from control device 30. Further, boost converters 12A and 12B convert the DC voltages from inverters 14 and 22 into voltages suitable for charging batteries BA and BB in response to instruction signals from control device 30. The voltages from boost converters 12A and 12B are applied to one or both of batteries BA and BB by control device 30 controlling connection units 40A and 40B and system main relays SMRG and SR. 

Further, a hybrid vehicle described in the present embodiment is a series/parallel type hybrid vehicle in which power of an engine can be split by a power split mechanism and separately transmitted to wheel 2 and to motor generator MG1. However, since the present invention is applicable to a vehicle having a power storage device chargeable by an external power supply, the present invention is also applicable to a hybrid vehicle of a type other than the series/parallel type. For example, the present invention is also applicable to a so-called series type hybrid vehicle in which engine 4 is used only for driving motor generator MG1, and drive force of the vehicle is generated only by motor generator MG2, a hybrid vehicle in which only regenerative energy among kinetic energy generated by engine 4 is collected as electric energy, a motor-assist type hybrid vehicle mainly powered by an engine and assisted by a motor as necessary, and the like. 

Further, the present invention is applicable to a vehicle which is equipped with an electric motor generating traveling drive force and a plurality of power storage devices storing electric power to be supplied to the electric motor, and in which the plurality of power storage devices are configured to be chargeable by an external power supply. In the present embodiment, a hybrid vehicle equipped with an internal combustion engine and motor generators has been described as an example of such a vehicle. However, the vehicle is not limited to a hybrid vehicle, and the present invention is also applicable for example to an electric vehicle. 

It should be understood that the embodiments disclosed herein are illustrative and non-restrictive in every respect. The scope of the present invention is defined by the scope of the claims, rather than the description above, and is intended to include any modifications within the scope and meaning equivalent to the scope of the claims. 
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Claims




The invention claimed is:

1. A power supply system for supplying electric power to first and second load devices, comprising: a first electric power line pair electrically connected to said first load device; a plurality of rechargeable power storage units a plurality of voltage conversion units arranged corresponding to said plurality of power storage units respectively, said plurality of voltage conversion units being connected in parallel to said first electric power line pair and each being configured to perform a voltage conversion operation between said first electric power line pair and corresponding said power storage unit; a plurality of disconnection units arranged corresponding to said plurality of power storage units respectively, each for electrically disconnecting corresponding said power storage unit and corresponding said voltage conversion unit from each other; a second electric power line pair having one end electrically connected between a first voltage conversion unit representing one of said plurality of voltage conversion units and corresponding said disconnection unit and another end electrically connected to said second load device; and a control unit for controlling said plurality of voltage conversion units, when one disconnection unit among said plurality of disconnection units electrically disconnects corresponding said power storage unit and corresponding said voltage conversion unit from each other, such that electric power supply to said first load device and electric power supply to said second load device are continued through said first electric power line pair and through said second electric power line pair respectively by using electric power from remaining said power storage unit. 

2. The power supply system according to claim 1, further comprising a fault condition detection unit for detecting a fault condition for each of said plurality of power storage units, wherein each of said plurality of disconnection units is configured to electrically disconnect corresponding said power storage unit and corresponding said voltage conversion unit from each other in response to detection of a fault condition in corresponding said power storage unit by said fault condition detection unit. 

3. The power supply system according to claim 2, wherein said fault condition detection unit detects a fault condition of each of said plurality of power storage units based on at least one of a temperature, a voltage value, a current value, and an internal resistance value of corresponding said power storage unit. 

4. The power supply system according to claim 1, wherein said control unit controls said voltage conversion unit corresponding to remaining said power storage unit such that electric power from said remaining power storage unit is supplied to said first load device through said first electric power line pair and controls said first voltage conversion unit such that electric power is supplied from said first electric power line pair through said second electric power line pair to said second load device, when said first voltage conversion unit and corresponding said power storage unit are electrically disconnected from each other by corresponding said disconnection unit. 

5. The power supply system according to claim 4, wherein said control unit stops said voltage conversion operation between said first electric power line pair and corresponding said power storage unit and thereafter sets an electrically conducting state therebetween, for each of said plurality of voltage conversion units. 

6. The power supply system according to claim 5, wherein each of said plurality of voltage conversion units includes a switching element connected in series to an inductor and arranged between one electric power line out of said first electric power line pair and one electrode of corresponding said power storage unit, capable of electrically connecting and disconnecting said one electric power line and said one electrode of corresponding said power storage unit to/from each other, and a line for electrically connecting another electric power line out of said first electric power line pair and another electrode of corresponding said power storage unit to each other, and said control unit maintains said conducting state by setting said switching element to an ON state, for each of said plurality of voltage conversion units. 

7. The power supply system according to claim 4, wherein said control unit controls remaining said voltage conversion unit except for said first voltage conversion unit such that electric power from corresponding said power storage unit is supplied to said first electric power line pair after it is boosted, and controls said first voltage conversion unit such that electric power from said first electric power line pair is supplied to said second load device after it is down-converted. 

8. The power supply system according to claim 7, wherein said control unit controls said first voltage conversion unit in accordance with a first control mode for attaining a value of a down-converted voltage supplied to said second load device to a prescribed target value. 

9. The power supply system according to claim 7, wherein said control unit controls at least one of said remaining voltage conversion units in accordance with a second control mode for attaining a value of a boosted voltage supplied to said first electric power line pair to a prescribed target value. 

10. The power supply system according to claim 9, wherein while said first voltage conversion unit and corresponding said power storage unit are electrically connected to each other, said first voltage conversion unit is set to said second control mode to perform a voltage conversion operation, and each said remaining voltage conversion unit is set to a third control mode for attaining a value of electric power supplied and received between said first electric power line pair and corresponding said power storage unit to a prescribed target value to perform a voltage conversion operation, and said control unit switches between the control modes for at least one of said remaining voltage conversion units and said first voltage conversion unit in response to electrical disconnection between said first voltage conversion unit and corresponding said power storage unit by corresponding said disconnection unit. 

11. A vehicle, comprising: a power supply system for supplying electric power to first and second load devices; and a drive force generation unit for generating drive force for running as said first load device; said power supply system including a first electric power line pair electrically connected to said first load device, a plurality of rechargeable power storage units, a plurality of voltage conversion units arranged corresponding to said plurality of power storage units respectively, said plurality of voltage conversion units being connected in parallel to said first electric power line pair and each being configured to perform a voltage conversion operation between said first electric power line pair and corresponding said power storage unit, a plurality of disconnection units arranged corresponding to said plurality of power storage units respectively, each for electrically disconnecting corresponding said power storage unit and corresponding said voltage conversion unit from each other, a second electric power line pair having one end electrically connected between a first voltage conversion unit representing one of said plurality of voltage conversion units and corresponding said disconnection unit and another end electrically connected to said second load device, and a control unit for controlling said plurality of voltage conversion units, when one disconnection unit among said plurality of disconnection units electrically disconnects corresponding said power storage unit and corresponding said voltage conversion unit from each other, such that electric power supply to said first load device and electric power supply to said second load device are continued through said first electric power line pair and through said second electric power line pair respectively by using electric power from remaining said power storage unit. 

12. The vehicle according to claim 11, further comprising an auxiliary machinery group for vehicle as said second load device. 

13. A method of controlling a power supply system for supplying electric power to first and second load devices, said power supply system including a first electric power line pair electrically connected to said first load device, a plurality of rechargeable power storage units, a plurality of voltage conversion units arranged corresponding to said plurality of power storage units respectively, said plurality of voltage conversion units being connected in parallel to said first electric power line pair and each being configured to perform a voltage conversion operation between corresponding said power storage unit and said first electric power line pair, a plurality of disconnection units arranged corresponding to said plurality of power storage units respectively, each for electrically disconnecting corresponding said power storage unit and corresponding said voltage conversion unit from each other, and a second electric power line pair having one end electrically connected between a first voltage conversion unit representing one of said plurality of voltage conversion units and corresponding said disconnection unit and another end electrically connected to said second load device, said method comprising the steps of: detecting whether a fault condition is present, for each of said plurality of power storage units; electrically disconnecting, when the fault condition of any one power storage unit among said plurality of power storage units is detected, the power storage unit of which fault condition has been detected and corresponding said voltage conversion unit from each other by using corresponding said disconnection unit; and controlling said plurality of voltage conversion units such that electric power supply to said first load device and electric power supply to said second load device are continued through said first electric power line pair and through said second electric power line pair respectively by using electric power from remaining power storage unit except for disconnected said power storage unit. 



Description




TECHNICAL FIELD 

The present invention relates to a power supply system having a plurality of power storage units and a vehicle including the same, and a method of controlling the same, and particularly to a control technique in a case where a power storage unit is disconnected from the power supply system. 

BACKGROUND ART 

Recently, considering environmental issues, a hybrid vehicle that runs based on efficient combination of an engine and a motor has been put into practical use. Such a hybrid vehicle includes a power storage unit that can be charged or discharged and generates drive force by supplying electric power to a motor at the time of start or acceleration while it recovers kinetic energy of the vehicle as electric power during running down a slope or during braking. Therefore, a nickel metal hydride battery, a lithium-ion battery or the like adapted to large input/output electric power and charge/discharge capacity has been adopted as the power storage unit included in a hybrid vehicle. 

A configuration called "plug-in" allowing charge/discharge of a power storage unit by using external power supply such as commercial power supply has been proposed for such a hybrid vehicle. The plug-in configuration aims to enhance overall fuel consumption efficiency by driving a relatively short distance, for example for commuting or shopping, with electric power stored in advance in the power storage unit from the external power supply while the engine is maintained in a non-operating state. 

In a running mode using only electric power from the power storage unit, that is, in what is called an EV (Electric Vehicle) running mode, steady output of electric power is necessary. Accordingly, a charge/discharge capacity greater than that of a power storage unit included in a normal hybrid vehicle is required in the power storage unit in the plug-in configuration, whereas input/output electric power thereof may be relatively small. 

Thus, in a hybrid vehicle adapted to the plug-in configuration, power storage units different in performance are necessary. Therefore, a configuration including a plurality of power storage units different in a charge/discharge characteristic is desirable. Regarding a configuration incorporating a plurality of power storage units, for example, U.S. Pat. No. 6,608,396 discloses a power control system providing desired high DC voltage levels required by a high voltage vehicle traction system. The power control system includes a plurality of power stages for providing DC power to at least one inverter, each stage including a battery and boost/buck DC-DC converter, the power stages wired in parallel, and a controller controlling the plurality of power stages so as to maintain a voltage output to at least one inverter by causing uniform charge/discharge of the batteries of the plurality of power stages. 

In general, the power storage unit stores a relatively large amount of electric energy. Accordingly, from the viewpoint of safety, the power storage unit is always monitored for a fault condition based on a status value of the power storage unit. For example, a degree of deterioration is determined based on an internal resistance value of the power storage unit. If determination as fault is made, the power storage unit should electrically be disconnected from the system. 

In the power control system disclosed in U.S. Pat. No. 6,608,396 described above, no attention is paid to a case where a fault condition occurs in a battery (power storage unit), and a configuration for electrically disconnecting the power storage unit where a fault condition occurs is not disclosed. Therefore, if only one of a plurality of power storage units is in the fault condition, the entire system should inevitably be stopped. 

DISCLOSURE OF THE INVENTION 

The present invention was made to solve such problems, and an object of the present invention is to provide a power supply system capable of continuing supply of electric power to a load device even when any power storage unit among a plurality of power storage units is electrically disconnected for some reason, a vehicle including the same, and a method of controlling the same. 

According to one aspect of the present invention, a power supply system for supplying electric power to first and second load devices is provided. The power supply system includes a first electric power line pair electrically connected to the first load device, a plurality of rechargeable power storage units, and a plurality of voltage conversion units arranged corresponding to the plurality of power storage units respectively. The plurality of voltage conversion units are connected in parallel to the first electric power line pair and each of the plurality of voltage conversion units is configured to perform a voltage conversion operation between the first electric power line pair and the corresponding power storage unit. The power supply system further includes a plurality of disconnection units arranged corresponding to the plurality of power storage units respectively, each for electrically disconnecting the corresponding power storage unit and the corresponding voltage conversion unit from each other, a second electric power line pair having one end electrically connected between a first voltage conversion unit representing one of the plurality of voltage conversion units and the corresponding disconnection unit and another end electrically connected to the second load device, and a control unit. The control unit controls the plurality of voltage conversion units, when one disconnection unit among the plurality of disconnection units electrically disconnects corresponding the power storage unit and corresponding the voltage conversion unit from each other, such that electric power supply to the first load device and electric power supply to the second load device are continued through the first electric power line pair and through the second electric power line pair respectively by using electric power from remaining power storage unit. 

Preferably, the power supply system further includes a fault condition detection unit for detecting a fault condition for each of the plurality of power storage units. Each of the plurality of disconnection units is configured to electrically disconnect the corresponding power storage unit and the corresponding voltage conversion unit from each other in response to detection of a fault condition in the corresponding power storage unit by the fault condition detection unit. 

Preferably, the fault condition detection unit detects a fault condition of each of the plurality of power storage units based on at least one of a temperature, a voltage value, a current value, and an internal resistance value of the corresponding power storage unit. 

Preferably, the control unit controls the voltage conversion unit corresponding to the remaining power storage unit such that electric power from the remaining power storage unit is supplied to the first load device through the first electric power line pair and controls the first voltage conversion unit such that electric power is supplied from the first electric power line pair through the second electric power line pair to the second load device, when the first voltage conversion unit and the corresponding power storage unit are electrically disconnected from each other by the corresponding disconnection unit. 

Further preferably, the control unit stops an electric power conversion operation between the first electric power line pair and the corresponding power storage unit and thereafter sets an electrically conducting state therebetween, for each of the plurality of voltage conversion units. 

Further preferably, each of the plurality of voltage conversion units includes a switching element connected in series to an inductor and arranged between one electric power line out of the first electric power line pair and one electrode of the corresponding power storage unit, capable of electrically connecting and disconnecting one electric power line and one electrode of the corresponding power storage unit to/from each other, and a line for electrically connecting another electric power line out of the first electric power line pair and another electrode of the corresponding power storage unit to each other. The control unit maintains a conducting state by setting the switching element to an ON state, for each of the plurality of voltage conversion units. 

In addition, preferably, the control unit controls the remaining voltage conversion unit except for the first voltage conversion unit such that electric power from the corresponding power storage unit is supplied to the first electric power line pair after it is boosted, and controls the first voltage conversion unit such that electric power from the first electric power line pair is supplied to the second load device after it is down-converted. 

Further preferably, the control unit controls the first voltage conversion unit in accordance with a first control mode for attaining a value of a down-converted voltage supplied to the second load device to a prescribed target value. 

Further preferably, the control unit controls at least one of the remaining voltage conversion units in accordance with a second control mode for attaining a value of a boosted voltage supplied to the first electric power line pair to a prescribed target value. 

Further preferably, while the first voltage conversion unit and the corresponding power storage unit are electrically connected to each other, the first voltage conversion unit is set to the second control mode to perform a voltage conversion operation, and each remaining voltage conversion unit is set to a third control mode for attaining a value of electric power supplied and received between the first electric power line pair and the corresponding power storage unit to a prescribed target value to perform a voltage conversion operation. The control unit switches between the control modes for at least one of the remaining voltage conversion units and the first voltage conversion unit in response to electrical disconnection between the first voltage conversion unit and the corresponding power storage unit by the corresponding disconnection unit. 

According to another aspect of the present invention, a vehicle including the power supply system described above and a drive force generation unit for generating drive force for running as the first load device is provided. 

Preferably, the vehicle further includes an auxiliary machinery group for vehicle as the second load device. 

According to yet another aspect of the present invention, a method of controlling a power supply system for supplying electric power to first and second load devices is provided. The power supply system includes a first electric power line pair electrically connected to the first load device, a plurality of rechargeable power storage units, and a plurality of voltage conversion units arranged corresponding to the plurality of power storage units respectively. The plurality of voltage conversion units are connected in parallel to the first electric power line pair and each of the plurality of voltage conversion units is configured to perform a voltage conversion operation between the corresponding power storage unit and the first electric power line pair. The power supply system further includes a plurality of disconnection units arranged corresponding to the plurality of power storage units respectively, each for electrically disconnecting the corresponding power storage unit and the corresponding voltage conversion unit from each other, and a second electric power line pair having one end electrically connected between a first voltage conversion unit representing one of the plurality of voltage conversion units and the corresponding disconnection unit and another end electrically connected to the second load device. The method includes the steps of: detecting whether a fault condition is present or not for each of the plurality of power storage units; electrically disconnecting, when the fault condition of any one power storage unit among the plurality of power storage units is detected, the power storage unit of which fault condition has been detected and the corresponding voltage conversion unit from each other by using the corresponding disconnection unit; and controlling the plurality of voltage conversion units such that electric power supply to the first load device and electric power supply to the second load device are continued through the first electric power line pair and through the second electric power line pair respectively by using electric power from the remaining power storage unit except for the disconnected power storage unit. 

According to the present invention, a power supply system capable of continuing supply of electric power to a load device even when any power storage unit among a plurality of power storage units is electrically disconnected for some reason, a vehicle including the same, and a method of controlling the same can be obtained. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic configuration diagram showing a substantial part of a vehicle including a power supply system according to a first embodiment of the present invention. 

FIG. 2 is a schematic configuration diagram of a converter according to the first embodiment of the present invention. 

FIGS. 3A and 3B are diagrams showing outlines (case 1) of electric power supply to a drive force generation unit and an auxiliary machinery group according to the first embodiment of the present invention. 

FIGS. 4A and 4B are diagrams showing outlines (case 2) of electric power supply to the drive force generation unit and the auxiliary machinery group according to the first embodiment of the present invention. 

FIGS. 5A and 5B are diagrams showing outlines (case 3) of electric power supply to the drive force generation unit and the auxiliary machinery group according to the first embodiment of the present invention. 

FIGS. 6A and 6B are diagrams showing outlines (case 4) of electric power supply to the drive force generation unit and the auxiliary machinery group according to the first embodiment of the present invention. 

FIG. 7 is a diagram showing a state of operation of the converter in a conducting mode shown in FIGS. 3B and 4B. 

FIG. 8 is a block diagram showing a control structure in a battery ECU for detecting a fault condition of a power storage unit. 

FIG. 9 is a block diagram showing a control structure in the battery ECU for detecting a fault condition of the power storage unit. 

FIG. 10 is a block diagram showing a control structure involved with generation of a switching instruction in a converter ECU. 

FIG. 11 is a block diagram showing a control structure of a control system (for normal condition) corresponding to FIGS. 3A and 5A. 

FIG. 12 is a block diagram showing a control structure of the control system (for normal condition) corresponding to FIGS. 4A and 6A. 

FIG. 13 is a block diagram showing a control structure of a control system (for fault condition) corresponding to FIGS. 3B and 4B. 

FIG. 14 is a block diagram showing a control structure of the control system (for fault condition) corresponding to FIGS. 5B and 6B. 

FIG. 15 is a flowchart of a method of controlling the power supply system according to the first embodiment of the present invention. 

FIG. 16 is a diagram showing outlines of electric power supply to the drive force generation unit and the auxiliary machinery group according to a variation of the first embodiment of the present invention. 

FIG. 17 is a diagram showing a state of operation of the converter in a voltage control mode (boost/down-conversion) shown in FIGS. 3B and 4B. 

FIG. 18 is a block diagram showing a control structure of a control system (for fault condition) corresponding to FIGS. 3B and 4B. 

FIG. 19 is a diagram showing outlines of electric power supply to the drive force generation unit and the auxiliary machinery group according to a variation of a second embodiment of the present invention. 

BEST MODES FOR CARRYING OUT THE INVENTION 

An embodiment of the present invention will be described in detail with reference to the drawings. It is noted that the same or corresponding elements in the drawings have the same reference characters allotted and description thereof will not be repeated. 

First Embodiment 

(Configuration of Vehicle) 

FIG. 1 is a schematic configuration diagram showing a substantial part of a vehicle 1 including a power supply system 100 according to a first embodiment of the present invention. 

Referring to FIG. 1, vehicle 1 includes power supply system 100, a first inverter (INV1) 40, a second inverter (INV2) 42, a third inverter (INV3) 44, motor-generators (M/G) MG1, MG2, a drive ECU (Electronic Control Unit) 50, an air-conditioning apparatus 70, low-voltage auxiliaries 82, a down converter 80, and a sub power storage unit SB. 

In the present first embodiment, power supply system 1 including two power storage units 10, 20 will be described by way of example of the power supply system including a plurality of power storage units. 

Inverters 40, 42, motor-generators MG1, MG2, and drive ECU 50 constitute a "drive force generation unit" for generating drive force for running vehicle 1. The "drive force generation unit" herein is illustrated as a "first load device." Namely, vehicle 1 runs by transmitting to wheels (not shown), drive force generated by electric power supplied to the drive force generation unit from power supply system 100. In addition, air-conditioning apparatus 70, low-voltage auxiliaries 82, down converter 80, and sub power storage unit SB constitute an "auxiliary machinery group" for vehicle. The "auxiliary machinery group" herein is illustrated as a "second load device." 

A configuration capable of continuing electric power supply not only to the "drive force generation unit" corresponding to the "first load device" but also to the "auxiliary machinery group" even when any "power storage unit" is electrically disconnected from the power supply system is illustrated herein. Various situations where the "power storage unit" should electrically be disconnected are assumed. In the present first and second embodiments and variations thereof, an example where it is determined that the power storage unit should electrically be disconnected from the power supply system because the power storage unit is in a fault condition is illustrated. 

(Configuration of Drive Force Generation Unit) 

Inverters 40, 42 are connected in parallel to a main positive bus MPL and a main negative bus MNL forming a first electric power line pair, and supply/receive electric power to/from power supply system 100. That is, inverters 40, 42 convert electric power (DC electric power) supplied through main positive bus MPL and main negative bus. MNL to AC electric power and supply the AC electric power to motor-generators MG1, MG2 respectively. Meanwhile, inverters 40, 42 convert AC electric power generated by motor-generators MG1, MG2 to DC electric power and return the resultant DC electric power as regenerative electric power to power supply system 100. For example, inverters 40, 42 are constituted of a bridge circuit including switching elements of three phases, and perform electric power conversion by performing a switching (circuit opening/closing) operation in response to switching instructions PWM1, PWM2 received from drive ECU 50. 

Motor-generators MG1, MG2 are configured to be able to generate rotational drive force by receiving AC electric power supplied from inverters 40, 42 respectively and to be able to generate electric power by receiving external rotational drive force. For example, motor-generators MG1, MG2 are implemented by a three-phase AC electric rotating machine including a rotor having permanent magnets embedded. Motor-generators MG1, MG2 are mechanically connected to a not-shown engine via a power split device 46. 

Drive ECU 50 performs operational processing such that an optimal ratio between the drive force generated by the engine and the drive force generated by motor-generators MG1, MG2 is attained. More specifically, drive ECU 50 executes a program stored in advance, so as to determine drive force to be generated in the engine and motor-generators MG1, MG2 based on a signal transmitted from each not-shown sensor, a running state, variation in an accelerator position, a stored map, or the like. It is noted that motor-generator MG1 may serve solely as the generator while motor-generator MG2 may serve solely as the motor. 

(Configuration of Auxiliary Machinery Group) 

Air-conditioning apparatus 70 is an apparatus for mainly air-conditioning a passenger room in a vehicle, and includes an inverter 72 connected to a low-voltage positive line LPL and a low-voltage negative line LNL forming a second power supply line pair and a compressor 74 driven by inverter 72. Inverter 72 converts DC electric power supplied from power supply system 100 to AC electric power and supplies the AC electric power to compressor 74. Compressor 74 is an apparatus for achieving air-conditioning by generating heat of vaporization through a refrigeration cycle (not shown) in which compression and expansion of a coolant (such as chlorofluorocarbons) are repeated, and compresses the coolant with rotational drive force generated by the AC electric power supplied from inverter 72. 

Low-voltage auxiliaries 82 are collective denotation of auxiliaries that are driven at a voltage lower (for example, 12V or 24V) than a voltage value (for example, 288V) of electric power supplied from power supply system 100. For example, low-voltage auxiliaries 82 include a car navigation system, a car audio system, an interior light, an indicator within a vehicle, and the like. In addition, low-voltage auxiliaries 82 are driven by DC electric power at a low voltage supplied from down converter 80 or sub power storage unit SB. 

Down converter 80 is a device for down-converting electric power supplied from power supply system 100. Down converter 80 is connected to low-voltage positive line LPL and low-voltage negative line LNL and supplies down-converted DC electric power to low-voltage auxiliaries 82 and sub power storage unit SB. For example, down converter 80 is implemented by what is called a "trans"-type circuit that converts DC electric power to AC electric power, performs voltage conversion by using a winding transformer, and converts again the voltage-converted AC electric power to DC electric power. 

Sub power storage unit SB is implemented, for example, by a lead-acid battery, connected to an output side of down converter 80, and charged with output DC electric power, while it supplies charged electric power to low-voltage auxiliaries 82. Namely, sub power storage unit SB also has a function as an electric power buffer for compensating for unbalance between output electric power from down converter 80 and electric power demanded by low-voltage auxiliaries 82. 

(Plug-in Configuration) 

In addition, in the present first embodiment, inverter 44 is connected to main positive bus MPL and main negative bus MNL, in parallel to inverters 40, 42. Inverter 44 is a charging device for charging power storage units 10, 20 included in power supply system 100 by using external electric power from outside the vehicle. Specifically, inverter 44 is electrically connected to a commercial power supply (not shown) in a house or the like outside the vehicle through a charge connector 60 and a supply line ACL such that electric power can be received from the external power supply. Then, inverter 44 converts the electric power from the external power supply to DC electric power for supply to power supply system 100. For example, inverter 44 is representatively implemented by a single-phase inverter so as to adapt to a manner of electric power feed of the commercial power supply used in the house (not shown) outside the vehicle. 

The plug-in configuration is not limited to the configuration shown in FIG. 1, and the configuration may be such that electrical connection with an external power supply is established through neutral points of motor-generators MG1 and MG2. 

(Configuration of Power Supply System) 

Power supply system 100 includes a smoothing capacitor C, power storage units 10, 20, converters (CONV) 18, 28, temperature detection units 12, 22, voltage detection units 14, 24, 52, current detection units 16, 26, 54, system relays SMR1, SMR2, a battery ECU 32, and a converter ECU 30. 

Smoothing capacitor C is connected between main positive bus MPL and main negative bus MNL, and reduces a fluctuating component contained in electric power supplied or received between power supply system 100 and the drive force generation unit. 

Voltage detection unit 52 is connected between main positive bus MPL and main negative bus MNL, detects a bus voltage value Vc indicating a voltage value of electric power supplied and received between power supply system 100 and the drive force generation unit, and outputs the result of detection to converter ECU 30. In addition, current detection unit 54 is inserted in main positive bus MPL, detects a bus current value Ic indicating a current value of electric power supplied and received between power supply system 100 and the drive force generation unit, and outputs the result of detection to converter ECU 30. 

Power storage units 10, 20 are elements for storing chargeable/dischargeable DC electric power, and for example, they are implemented by a secondary battery such as a nickel metal hydride battery or a lithium-ion battery, or by an electric double layer capacitor. 

Converters 18 and 28 are voltage conversion units connected in parallel to main positive bus MPL and main negative bus MNL and configured to perform an electric power conversion operation between corresponding power storage units 10, 20 and main positive bus MPL, main negative bus MNL, respectively. More specifically, converters 18 and 28 boost discharged electric power from respective corresponding power storage units 10, 20 to a prescribed voltage for supply to the drive force generation unit, while they down-convert regenerative electric power supplied from the drive force generation unit to a prescribed voltage for charging respective corresponding power storage units 10, 20. For example, converters 18, 28 are both implemented by a "chopper" type circuit. 

Temperature detection units 12, 22 are arranged in the proximity of battery cells and the like constituting power storage units 10, 20 respectively, detect temperatures Tb1, Tb2 of power storage units 10, 20, and output the result of detection to battery ECU 32. It is noted that temperature detection units 12, 22 may be configured to output a representative value obtained based on values detected by a plurality of detection elements arranged in correspondence with a plurality of battery cells constituting power storage units 10, 20. 

Voltage detection unit 14 is connected between a positive line PL1 and a negative line NL1 electrically connecting power storage unit 10 to converter 18, detects a voltage value Vb1 involved with input and output to/from power storage unit 10, and outputs the result of detection to battery ECU 32 and converter ECU 30. Similarly, voltage detection unit 24 is connected between a positive line PL2 and a negative line NL2 electrically connecting power storage unit 20 to converter 28, detects a voltage value Vb2 involved with input and output to/from power storage unit 20, and outputs the result of detection to battery ECU 32 and converter ECU 30. 

Current detection units 16, 26 are inserted in positive lines PL1, PL2 connecting power storage units 10, 20 to converters 18, 28 respectively, detect current values Ib1, Ib2 involved with charge/discharge of corresponding power storage units 10, 20 respectively, and output the result of detection to battery ECU 32 and converter ECU 30. 

System relay SMR1 is inserted in positive line PL1 and negative line NL1 electrically connecting power storage unit 10 and converter 18 to each other, and electrically connects or disconnects power storage unit 10 and converter 18 to/from each other in response to a system ON instruction SON1 from battery ECU 32 which will be described later. In the description below, an electrically connected state is also referred to as the "ON" state, and an electrically disconnected state is also referred to as the "OFF" state. 

In addition, low-voltage positive line LPL and low-voltage negative line LNL are connected to positive line PL1 and negative line NL1 at a position between system relay SMR1 and converter 18, respectively. Thus, a part of electric power that flows through positive line PL1 and negative line NL1 can be supplied to the auxiliary machinery group for vehicle. If system relay SMR1 is in a disconnection state, power storage unit 10 is electrically disconnected from the drive force generation unit and the auxiliary machinery group. 

Similarly, system relay SMR2 is inserted in positive line PL2 and negative line NL2 electrically connecting power storage unit 20 and converter 28 to each other, and electrically connects or disconnects power storage unit 20 and converter 28 to/from each other in response to a system ON instruction SON2 from battery ECU 32 which will be described later. 

Thus, in the present first embodiment, system relays SMR1, SMR2 correspond to the "plurality of disconnection units." 

Battery ECU 32 is a device for monitoring and controlling power storage units 10, 20, and maintains a state of charge (SOC; hereinafter also referred to as "SOC") of power storage units 10, 20 within a prescribed range in coordination with converter ECU 30 connected through a control line LNK1. Specifically, battery ECU 32 calculates SOC of power storage units 10, 20 based on temperatures Tb1, Tb2 received from temperature detection units 12, 22, voltage values Vb1, Vb2 received from voltage detection units 14, 24, and current values Ib1, Ib2 received from current detection units 16, 26. 

In addition, battery ECU 32 detects a fault condition for each of power storage units 10, 20 based on temperatures Tb1, Tb2, voltage values Vb1, Vb2, current values Ib1, Ib2, an internal resistance value, and the like of power storage units 10, 20. If power storage units 10, 20 are both in a normal condition, battery ECU 32 activates system ON instructions SON1, SON2 in response to an ignition ON instruction (not shown) issued by a driver's operation, and drives system relays SMR1, SMR2 to the ON state. On the other hand, if a fault condition has occurred in any of power storage units 10 and 20, battery ECU 32 determines that electrical disconnection is necessary, inactivates corresponding system ON instruction SON1, SON2, and electrically disconnects corresponding power storage unit 10, 20 from power supply system 100. 

Converter ECU 30 controls the electric power conversion operation in converters 18, 28 such that an electric power value requested by the drive force generation unit can be allotted to power storage units 10 and 20 at a prescribed ratio, in coordination with battery ECU 32 connected through control line LNK1 and drive ECU 50 connected through a control line LNK2. Specifically, converter ECU 30 provides switching instructions PWC1, PWC2 in accordance with a control mode selected in advance from among a plurality of control modes which will be described later, for respective converters 18, 28. 

In particular, in power supply system 100 according to the present first embodiment, when power storage units 10, 20 are both in a normal condition, any one of converters 18 and 28 operates as "master" and the other one operates as "slave". The converter operating as "master" is controlled in accordance with a "voltage control mode (boost)" for setting a voltage value of electric power supplied from power supply system 100 to the drive force generation unit (bus voltage value Vc across main positive bus MPL and main negative bus MNL) to a prescribed voltage target value. On the other hand, the converter operating as "slave" is controlled in accordance with an "electric power control mode" for setting electric power allotted to the corresponding power storage unit (electric power supplied and received between that power storage unit and main positive bus MPL, main negative bus MNL) out of electric power supplied from power supply system 100 to the drive force generation unit to a prescribed electric power target value. Here, a part of electric power discharged from power storage unit 10 is supplied to the auxiliary machinery group. 

Here, when a fault condition occurs in power storage unit 10 and power storage unit 10 is electrically disconnected from power supply system 100, converter 28 continues the voltage conversion operation such that electric power supply from power storage unit 20 to the drive force generation unit is continued, while converter 18 performs the voltage conversion operation such that a part of electric power that flows through main positive bus MPL, main negative bus MNL is supplied to the auxiliary machinery group. Here, converter 28 corresponding to power storage unit 20 should operate as "master". Accordingly, if converter 28 is operating as "slave" immediately before power storage unit 10 is electrically disconnected, mode switching is made such that converter 28 operates as "master" simultaneously with electrical disconnection of power storage unit 10. 

In contrast, if a fault condition takes place in power storage unit 20 and power storage unit 20 is electrically disconnected from power supply system 100, converter 18 performs the voltage conversion operation such that electric power supply from power storage unit 10 to the drive force generation unit and the auxiliary machinery group is continued, while converter 28 stops the voltage conversion operation. Here, converter 18 corresponding to power storage unit 10 should operate as "master". Accordingly, if converter 18 is operating as "slave" immediately before power storage unit 20 is electrically disconnected, mode switching is made such that converter 18 operates as "master" simultaneously with electrical disconnection of power storage unit 20. 

As described above, in the present embodiment, even when a fault condition takes place in any one of power storage units 10 and 20, electric power supply to the drive force generation unit and the auxiliary machinery group can be continued. 

In the present embodiment, converter ECU 30 corresponds to the "control unit", and battery ECU 32 corresponds to the "fault condition detection unit." 

(Configuration of Converter) 

Referring to FIG. 2, converter 18 according to the first embodiment of the present invention, during discharge from power storage unit 10, boosts DC electric power supplied from power storage unit 10, while converter 18, during charging to power storage unit 10, down-converts DC electric power supplied through main positive bus MPL and main negative bus MNL, in response to switching instruction PWC1 from converter ECU 30 (FIG. 1). Converter 18 includes transistors Q1A, Q1B serving as a switching element, an inductor L1, a line LNC1, diodes D1A, D1B, and a smoothing capacitor C1. 

Transistor Q1B is connected in series to inductor L1 and arranged between positive line PL1 (positive electrode side of power storage unit 10) and main positive bus MPL. Transistor Q1B has a collector connected to positive bus MPL. Transistor Q1B electrically connects or disconnects positive line PL1 and main positive bus MPL to/from each other in response to a second switching instruction PWC1B included in switching instruction PWC1. Line LNC1 electrically connects negative line NL1 (negative electrode side of power storage unit 10) and main negative bus MNL to each other. Transistor Q1A is further connected between a connection point of transistor Q1B and inductor L1 and line LNC1. Transistor Q1A has an emitter connected to line LNC1. Transistor Q1A electrically connects or disconnects positive line PL1 and negative line NL1 in response to a first switching instruction PWC1A included in switching instruction PWC1. 

In addition, diodes D1A, D1B allowing a current flow from the emitter sides to the collector sides are connected between the collectors and the emitters of transistors Q1A, Q1B, respectively. Moreover, smoothing capacitor C1 is connected between positive line PL1 and negative line NL1 (or line LNC1), and reduces the AC component contained in the electric power supplied and received between power storage unit 10 and converter 18. Further, when system relay SMR1 (FIG. 1) makes transition from the OFF state to the ON state and power storage unit 10 and converter 18 are electrically connected to each other, smoothing capacitor C1 is charged until it substantially attains to a voltage value of power storage unit 10. Thus, smoothing capacitor C1 also achieves an effect to prevent failure of transistor Q1A, Q1B, diode D1A, D1B or the like due to an inrush current that is produced at the moment of transition of system relay SMR1 (FIG. 1) to the ON state. 

The voltage conversion operation (boost operation and down-conversion operation) of converter 18 will be described hereinafter. 

During the boost operation, converter ECU 30 (FIG. 1) maintains transistor Q1B in the ON state (duty ratio=100%) and turns ON/OFF transistor Q1A at a prescribed duty ratio lower than 100%. In the following, the duty ratio is also denoted as "Duty". 

While transistor Q1A is in the ON state (conducting state), a first current path from the positive electrode side of power storage unit 10 to main positive bus MPL and a second current path from the positive electrode side of power storage unit 10 through inductor L1 back to the negative electrode side are formed. Here, a pump current that flows through the second current path is stored as electromagnetic energy in inductor L1. As transition from the ON state to the OFF state (non-conducting state) of transistor Q1A is made, the second current path is opened and the pump current is cut off. Then, as inductor L1 will maintain the value of the current that flows through itself, inductor L1 releases stored electromagnetic energy. The released electromagnetic energy is superimposed on the current output from converter 18 to main positive bus MPL. Consequently, electric power supplied from power storage unit 10 is output after it is boosted by a voltage value corresponding to the electromagnetic energy stored in inductor L1. 

On the other hand, during the down-conversion operation, converter ECU 30 (FIG. 1) turns ON/OFF transistor Q1B at a prescribed duty ratio and maintains transistor Q1A in the OFF state (Duty=0%). 

While transistor Q1B is in the ON state, a current path from main positive bus MPL to the positive electrode side of power storage unit 10 is formed. On the other hand, when transistor Q1B makes transition from the ON state to the OFF state (non-conducting state), that current path is opened and the current is cut off. In other words, as it is only a period of time when transistor Q1B is in the ON state that electric power is supplied from main positive bus MPL to power storage unit 10, an average voltage of DC electric power supplied from converter 18 to power storage unit 10 is equal to a value obtained by multiplying a voltage value across main positive bus MPL and main negative bus MNL (bus voltage value Vc) by the duty ratio. 

As the configuration and the operation of converter 28 are also similar to those of converter 18 described above, detailed description will not be repeated. 

(Outline of Electric Power Management) 

Electric power supply to the drive force generation unit and the auxiliary machinery group according to the present first embodiment will be described hereinafter with reference to FIGS. 3A to 6B. As described above, in the present first embodiment, a converter to operate as "master" can freely be selected, and in addition, even when any of power storage units 10 and 20 is disconnected from power supply system 100, electric power supply to the drive force generation unit and the auxiliary machinery group should be continued. 

In the description below, the following four cases will separately be described, for each converter to operate as "master" and for each power storage unit disconnected from power supply system 100: 

(1) A case where power storage unit 10 is disconnected while converter 18 is operating as "master"; 

(2) A case where power storage unit 10 is disconnected while converter 28 is operating as "master"; 

(3) A case where power storage unit 20 is disconnected while converter 18 is operating as "master"; and 

(4) A case where power storage unit 20 is disconnected while converter 28 is operating as "master". 

<Case 1> 

FIGS. 3A and 3B are diagrams showing outlines (case 1) of electric power supply to the drive force generation unit and the auxiliary machinery group according to the first embodiment of the present invention. FIG. 3A shows a case where power storage units 10 and 20 are in a normal condition, while FIG. 3B shows a case where a fault condition takes place in power storage unit 10. 

Referring to FIG. 3A, if power storage units 10 and 20 are both in a normal condition, system relays SMR1 and SMR2 are maintained in the ON state. Thus, discharge electric power Pb1 is discharged from power storage unit 10, a part thereof is supplied to the auxiliary machinery group, and the remaining part thereof is supplied to the drive force generation unit. In addition, discharge electric power Pb2 from power storage unit 20 is supplied to the drive force generation unit in its entirety. Therefore, relation of discharge electric power Pb1+discharge electric power Pb2=supply electric power Pc+supply electric power Ps discharge electric power Pb1>supply electric power Ps 

is satisfied between supply electric power Pc and Ps supplied to the drive force generation unit and the auxiliary machinery group respectively and discharge electric power Pb1 and Pb2 discharged from power storage units 10 and 20. 

Here, in order to stabilize a voltage value of supply electric power Pc supplied to the drive force generation unit, that is, a voltage value across main positive bus MPL and main negative bus MNL (bus voltage value Vc), converter 18 operating as "master" performs the voltage conversion operation in accordance with the voltage control mode (boost). Namely, converter 18 is controlled such that bus voltage value Vc attains to a prescribed voltage target value Vc*. On the other hand, converter 28 operating as "slave" performs a boost operation in accordance with the electric power control mode in order to achieve electric power allotment between power storage units 10 and 20 (electric power management). Namely, converter 28 is controlled such that a value of electric power supplied and received between corresponding power storage unit 20 and main positive bus MPL, main negative bus MNL attains to a prescribed electric power target value Pb2*. As discharge electric power Pb2 from power storage unit 20 can thus arbitrarily be adjusted, discharge electric power Pb1 from power storage unit 10 can also indirectly be controlled. 

Here, a voltage value of supply electric power Ps supplied to the auxiliary machinery group through low-voltage positive line LPL and low-voltage negative line LNL fluctuates depending on SOC or the like of power storage unit 10. Inverter 72 (FIG. 1) included in air-conditioning apparatus 70 or down converter 80, however, has a voltage adjustment function. Therefore, even when prescribed voltage fluctuation occurs in power storage unit 10, the auxiliary machinery group can normally operate. 

Here, if some kind of fault condition occurs in power storage unit 10, system relay SMR1 is driven to the OFF state as shown in FIG. 3B and power storage unit 10 is electrically disconnected from power supply system 100. When power storage unit 10 is electrically disconnected, electric power cannot be supplied from power storage unit 10 to the auxiliary machinery group. Therefore, the control mode in converters 18 and 28 should be switched such that electric power can be supplied from power storage unit 20 to the auxiliary machinery group. 

In the present first embodiment, for example, a configuration for switching converters 18 and 28 to the conducting mode will be described. Specifically, when power storage unit 10 is disconnected from power supply system 100, converters 18 and 28 stop the voltage conversion operation and maintain the electrically conducting state between power storage units 10, 20 and main positive bus MPL, main negative bus MNL, respectively. 

Then, discharge electric power Pb2 from power storage unit 20 is supplied to main positive bus MPL, main negative bus MNL through corresponding converter 28. A part of discharge electric power Pb2 is supplied to the drive force generation unit and the remaining part thereof is supplied to the auxiliary machinery group through converter 18 and low-voltage positive line LPL, low-voltage negative line LNL. Thus, even after power storage unit 10 is electrically disconnected from power supply system 100, electric power supply to the drive force generation unit and the auxiliary machinery group is continued. Here, relation of discharge electric power Pb2=supply electric power Pc +supply electric power 

is satisfied between discharge electric power Pb2 discharged from power storage unit 20 and supply electric power Pc and Ps supplied to the drive force generation unit and the auxiliary machinery group respectively. 

<Case 2> 

FIGS. 4A and 4B are diagrams showing outlines (case 2) of electric power supply to the drive force generation unit and the auxiliary machinery group according to the first embodiment of the present invention. FIG. 4A shows a case where power storage units 10 and 20 are in a normal condition, while FIG. 4B shows a case where a fault condition takes place in power storage unit 10. 

Referring to FIG. 4A, as in FIG. 3A above, if power storage units 10 and 20 are both in a normal condition, system relays SMR1 and SMR2 are maintained in the ON state. Thus, discharge electric power Pb1 is discharged from power storage unit 10, a part thereof is supplied to the auxiliary machinery group, and the remaining part thereof is supplied to the drive force generation unit. In addition, discharge electric power Pb2 from power storage unit 20 is supplied to the drive force generation unit in its entirety. 

In the case shown in FIG. 4A, converter 28 operates as "master", and converter 18 operates as "slave". Namely, converter 28 operating as "master" is controlled such that bus voltage value Vc attains to prescribed voltage target value Vc*. On the other hand, converter 18 operating as "slave" is controlled such that a value of electric power supplied and received between corresponding power storage unit 10 and main positive bus MPL, main negative bus MNL attains to a prescribed electric power target value Pb1*. 

Here, if some kind of fault condition occurs in power storage unit 10, system relay SMR1 is driven to the OFF state as shown in FIG. 4B and power storage unit 10 is electrically disconnected from power supply system 100. In this case, as in FIG. 3B, converters 18 and 28 stop the voltage conversion operation and maintain the electrically conducting state between power storage units 10, 20 and main positive bus MPL, main negative bus MNL, respectively. 

Then, discharge electric power Pb2 from power storage unit 20 is supplied to main positive bus MPL, main negative bus MNL through converter 28. A part of discharge electric power Pb2 is supplied to the drive force generation unit and the remaining part thereof is supplied to the auxiliary machinery group through converter 18 and low-voltage positive line LPL, low-voltage negative line LNL. Thus, even after power storage unit 10 is electrically disconnected from power supply system 100, electric power supply to the drive force generation unit and the auxiliary machinery group is continued. 

<Case 3> 

FIGS. 5A and 5B are diagrams showing outlines (case 3) of electric power supply to the drive force generation unit and the auxiliary machinery group according to the first embodiment of the present invention. FIG. 5A shows a case where power storage units 10 and 20 are in a normal condition, while FIG. 5B shows a case where a fault condition takes place in power storage unit 20. 

Referring to FIG. 5A, as in FIG. 3A above, if power storage units 10 and 20 are both in a normal condition, system relays SMR1 and SMR2 are maintained in the ON state. Thus, discharge electric power Pb1 is discharged from power storage unit 10, a part thereof is supplied to the auxiliary machinery group, and the remaining part thereof is supplied to the drive force generation unit. In addition, discharge electric power Pb2 from power storage unit 20 is supplied to the drive force generation unit in its entirety. 

In the case shown in FIG. 5A, as in FIG. 3A, converter 18 operates as "master", and converter 28 operates as "slave". Namely, converter 18 operating as "master" is controlled such that bus voltage value Vc attains to prescribed voltage target value Vc*. On the other hand, converter 28 operating as "slave" is controlled such that a value of electric power supplied and received between corresponding power storage unit 20 and main positive bus MPL, main negative bus MNL attains to prescribed electric power target value Pb2*. 

Here, if some kind of fault condition occurs in power storage unit 20, system relay SMR2 is driven to the OFF state as shown in FIG. 5B and power storage unit 20 is electrically disconnected from power supply system 100. In this case, converter 28 stops the voltage conversion operation and sets an electrically open state between system relay SMR2 and main positive bus MPL, main negative bus MNL. Namely, the control mode of converter 28 is switched from the voltage control mode (boost) to an open mode. 

On the other hand, as converter 18 operating as "master" is performing the voltage conversion operation in accordance with the voltage control mode (boost), bus voltage value Vc across main positive bus MPL and main negative bus MNL can continuously be stabilized without being affected by disconnection of power storage unit 20 from power supply system 100 or switching of the control mode of converter 28. Thus, even after power storage unit 20 is electrically disconnected from power supply system 100, electric power supply to the drive force generation unit and the auxiliary machinery group is continued by using electric power from power storage unit 10. 

<Case 4> 

FIGS. 6A and 6B are diagrams showing outlines (case 4) of electric power supply to the drive force generation unit and the auxiliary machinery group according to the first embodiment of the present invention. FIG. 6A shows a case where power storage units 10 and 20 are in a normal condition, while FIG. 6B shows a case where a fault condition takes place in power storage unit 20. 

Referring to FIG. 6A, as in FIG. 3A above, if power storage units 10 and 20 are both in a normal condition, system relays SMR1 and SMR2 are maintained in the ON state. Thus, discharge electric power Pb1 is discharged from power storage unit 10, a part thereof is supplied to the auxiliary machinery group, and the remaining part thereof is supplied to the drive force generation unit. In addition, discharge electric power Pb2 from power storage unit 20 is supplied to the drive force generation unit in its entirety. In the case shown in FIG. 6A, as in FIG. 4A, converter 28 operates as "master", and converter 18 operates as "slave". Namely, converter 28 operating as "master" is controlled such that bus voltage value Vc attains to prescribed voltage target value Vc*. On the other hand, converter 18 operating as "slave" is controlled such that a value of electric power supplied and received between corresponding power storage unit 10 and main positive bus MPL, main negative bus MNL attains to prescribed electric power target value Pb1*. 

Here, if some kind of fault condition occurs in power storage unit 20, system relay SMR2 is driven to the OFF state as shown in FIG. 6B and power storage unit 20 is electrically disconnected from power supply system 100. In this case, converter 28 stops the voltage conversion operation and sets an electrically open state between system relay SMR2 and main positive bus MPL, main negative bus MNL. Namely, the control mode of converter 28 is switched from the voltage control mode (boost) to the open mode. 

As the control mode of converter 28 is switched, bus voltage value Vc across main positive bus MPL and main negative bus MNL cannot be stabilized. Therefore, converter 18 operating as "slave" is switched to operate as "master". Namely, the control mode of converter 18 is switched from the electric power control mode to the voltage control mode (boost). Thus, even after power storage unit 20 is electrically disconnected from power supply system 100, electric power supply to the drive force generation unit and the auxiliary machinery group is continued by using electric power from power storage unit 10, while bus voltage value Vc across main positive bus MPL and main negative bus MNL is stabilized. 

(Operating State of Converter in Conducting Mode) 

FIG. 7 is a diagram showing a state of operation of converters 18, 28 in the conducting mode shown in FIGS. 3B and 4B. 

Referring to FIG. 7, transistors Q1B and Q2B connected to main positive bus MPL in converters 18 and 28 respectively are both maintained in the ON state. Specifically, a switching instruction indicating the duty ratio of 100% is given from converter ECU 30 (FIG. 1) to transistors Q1B and Q2B. On the other hand, transistors Q1A and Q2A connected to main negative bus MNL in converters 18 and 28 respectively are both maintained in the OFF state. Specifically, a switching instruction indicating the duty ratio of 0% is given from converter ECU 30 (FIG. 1) to transistors Q1A and Q2A. 

Consequently, positive line PL1 is electrically connected to main positive bus MPL through inductor L1 and transistor Q1B, and negative line NL1 is directly connected to main negative bus MNL. In addition, positive line PL2 is electrically connected to main positive bus MPL through an inductor L2 and transistor Q2B, and negative line NL2 is directly connected to main negative bus MNL. 

Accordingly, from the viewpoint of power storage unit 20 (FIG. 1), two current paths, that is, a current path through converter 28 to the drive force generation unit and a current path through converter 28 and converter 18 to the auxiliary machinery group are formed. 

As described above, converters 18 and 28 are configured with a chopper-type circuit. Therefore, unlike the trans-type circuit, the "conducting mode" can be implemented. Specifically, converters 18 and 28 are non-insulating-type voltage conversion circuits and an electrically conducting state between an input side and an output side can readily be established by maintaining a transistor on a current path in the ON state. On the other hand, in a voltage conversion unit configured with a trans-type circuit as in down converter 80 (FIG. 1), a winding transformer insulates the input side and the output side from each other, and hence it is difficult to implement the "conducting mode" as in the present embodiment. 

(Control Structure in Battery ECU) 

A control structure for implementing switching between the control modes as above will be described hereinafter in detail. 

FIG. 8 is a block diagram showing a control structure in battery ECU 32 for detecting a fault condition of power storage unit 10. FIG. 9 is a block diagram showing a control structure in battery ECU 32 for detecting a fault condition of power storage unit 20. 

Referring to FIG. 8, battery ECU 32 detects a fault condition of power storage unit 10 based on temperature Tb1, voltage value Vb1, current value Ib1, and an internal resistance value. It is not necessary to use all of four determination elements consisting of temperature Tb1, voltage value Vb1, current value Ib1, and the internal resistance value. Namely, at least one of these determination elements should only be included, and another determination element may be added. 

A control structure of battery ECU 32 includes a logical sum unit 320, a deactivating unit 328, comparison units 321, 322, 323, 325, 326, and 327, and a division unit 324. 

Logical sum unit 320 operates the logical sum of a result of determination based on each determination element which will be described later and issues a fault condition detection signal FAL1 for notification of the fault condition in power storage unit 10. Specifically, when an output from any of comparison units 321, 322, 323, 325, 326, and 327 which will be described later is activated, logical sum unit 320 outputs fault condition detection signal FAL1 to the outside as well as to deactivating unit 328. 

Deactivating unit 328 sets system ON instruction SON1 to inactive (OFF) in response to fault condition detection signal FALL. Then, system relay SMR1 (FIG. 1) is driven to the OFF state and power storage unit 10 is electrically disconnected from power supply system 100. 

Comparison units 321 and 322 are units for monitoring voltage value Vb1 of power storage unit 10, and determines whether voltage value Vb1 is within a prescribed voltage value range or not (a threshold voltage value .alpha.2<Vb1< a threshold voltage value .alpha.1). Specifically, comparison unit 321 activates the output when voltage value Vb1 exceeds threshold voltage value .alpha.1. Alternatively, comparison unit 322 activates the output when voltage value Vb1 is lower than threshold voltage value .alpha.2. 

Comparison unit 323 is a unit for monitoring current value Ib1 of power storage unit 10 and determines whether an excessive current flows in power storage unit 10 or not. Specifically, comparison unit 323 activates the output when current value Ib1 exceeds a threshold current value .alpha.3. 

Division unit 324 and comparison unit 325 are units for monitoring the internal resistance value of power storage unit 10 and determines whether the internal resistance value has excessively increased or not due to deterioration. Specifically, division unit 324 calculates an internal resistance value Rb1 by dividing voltage value Vb1 of power storage unit 10 by current value Ib1 thereof, and comparison unit 325 determines whether calculated internal resistance value Rb1 has exceeded a threshold resistance value .alpha.4 or not. Then, comparison unit 325 activates the output when the internal resistance value exceeds threshold resistance value .alpha.4. 

Comparison units 326 and 327 are units for monitoring temperature Tb1 of power storage unit 10, and determines whether temperature Tb1 is within a prescribed temperature range or not (a threshold temperature .alpha.6<Tb1< a threshold temperature .alpha.5). Specifically, comparison unit 326 activates the output when temperature Tb1 exceeds threshold temperature a5, and comparison unit 327 activates the output when temperature Tb1 is lower than threshold temperature .alpha.6. 

Referring to FIG. 9, battery ECU 32 further detects a fault condition of power storage unit 20 based on temperature Tb2, voltage value Vb2, current value Ib2, and an internal resistance value. It is not necessary to use all of four determination elements consisting of temperature Tb2, voltage value Vb2, current value Ib2, and the internal resistance value. Namely, at least one of these determination elements should only be included, and another determination element may be added. 

The control structure of battery ECU 32 further includes a logical sum unit 330, a deactivating unit 338, comparison units 331, 332, 333, 335, 336, and 337, and a division unit 334. As a function of each of these units is the same as that of logical sum unit 320, deactivating unit 328, comparison units 321, 322, 323, 325, 326, and 327, and division unit 324, detailed description will not be repeated. 

It is noted that threshold values .alpha.1 to .alpha.6 shown in FIGS. 8 and 9 can experimentally be obtained in advance or they may be set based on a design value of power storage units 10, 20. If power storage unit 10 and power storage unit 20 are different from each other in characteristics, threshold values .alpha.1 to .alpha.6 shown in FIGS. 8 and 9 may be different therebetween. 

(Control Structure in Converter ECU) 

FIG. 10 is a block diagram showing a control structure involved with generation of switching instructions PWC1, PWC2 in converter ECU 30. 

Referring to FIG. 10, the control structure of converter ECU 30 includes a switching instruction generation unit 300 and an allotment unit 302. 

Switching instruction generation unit 300 generates switching instructions PWC1, PWC2 for controlling the voltage conversion operation of converters 18, 28 in accordance with electric power target values Pb1*, Pb2*, a voltage target value Vh*, and the like. In addition, switching instruction generation unit 300 includes a control system (for normal condition) 304 and a control system (for fault condition) 306, and activates any one of them in response to fault condition detection signals FAL1 (FIG. 8), FAL2 (FIG. 9) from battery ECU 32. Each of control system (for normal condition) 304 and control system (for fault condition) 306 generates switching instructions PWC1, PWC2 in accordance with a predetermined control mode, based on current values Ib2, voltage values Vb1, Vb2, and the like. 

Allotment unit 302 divides requested electric power Ps* from drive ECU 50 (FIG. 1) into electric power target values Pb1*, Pb2* to be allotted to power storage units 10, 20 respectively and provides the target values to switching instruction generation unit 300. Here, allotment unit 302 determines a ratio of division based on SOCs (not shown) or the like of power storage units 10, 20 provided from battery ECU 32 (FIG. 1). 

FIG. 11 is a block diagram showing a control structure of control system (for normal condition) 304 corresponding to FIGS. 3A and 5A. 

In the operation state shown in FIGS. 3A and 5A, if power storage units 10 and 12 are both in a normal condition, converter 18 is controlled in accordance with the "voltage control mode (boost)" and converter 28 is controlled in accordance with the "electric power control mode." 

Referring to FIGS. 2 and 11, a control structure of control system (for normal condition) 304 includes modulation units (MOD) 402, 404, a division unit 410, subtraction units 412, 416, and a PI control unit 414 as a configuration for controlling converter 18 in accordance with the "voltage control mode (boost)." 

Modulation unit 402 generates second switching instruction PWC1B for driving transistor Q1B (FIG. 2) of converter 18 in accordance with a given duty ratio instruction. Specifically, modulation unit 402 generates second switching instruction PWC1B by comparing the duty ratio instruction with carrier wave generated by a not-shown oscillation unit. As transistor Q1B (FIG. 2) is maintained in the ON state when converter 18 performs the voltage conversion operation in accordance with the "voltage control mode (boost)," "1" (100%) is input to modulation unit 402. 

Modulation unit 404 generates first switching instruction PWC1A for driving transistor Q1A (FIG. 2) of converter 18 in accordance with a duty ratio instruction provided from subtraction unit 416 as will be described later. 

Subtraction unit 416 subtracts a PI output from PI control unit 414 from a theoretical duty ratio from division unit 410 and provides the result as the duty ratio instruction to modulation unit 404. 

Division unit 410 calculates the theoretical duty ratio (=Vb1/Vc*) corresponding to a boost ratio of converter 18 by dividing voltage value Vb1 of power storage unit 10 by voltage target value Vc* and outputs the result to subtraction unit 416. Namely, division unit 410 generates a feedforward component for implementing the "voltage control mode (boost)." 

Subtraction unit 412 calculates voltage deviation .DELTA.Vc of bus voltage value Vc from voltage target value Vc* and provides the result to PI control unit 414. PI control unit 414 generates a PI output complying with voltage deviation .DELTA.Vc based on prescribed proportional gain and integral gain and outputs the same to subtraction unit 416. 

Specifically, PI control unit 414 includes a proportional element (P) 418, an integral element (I) 420, and an addition unit 422. Proportional element 418 multiplies voltage deviation .DELTA.Vc by prescribed proportional gain Kp1 and outputs the result to addition unit 422, and integral element 420 integrates voltage deviation .DELTA.Vc with respect to prescribed integral gain K11 (integral time: 1/Ki1) and outputs the result to addition unit 422. Then, addition unit 422 adds outputs from proportional element 418 and integral element 420 and generates the PI output. The PI output corresponds to a feedback component for implementing the "voltage control mode (boost)." 

In addition, a control structure of control system (for normal condition) 304 includes modulation units (MOD) 406, 408, a division unit 430, a multiplication unit 434, subtraction units 432, 438, and a PI control unit 436 as a configuration for controlling converter 28 in accordance with the "electric power control mode." 

Modulation unit 406 generates a second switching instruction PWC2B for driving transistor Q2B (FIG. 2) of converter 28. As modulation unit 406 is otherwise the same as modulation unit 402 described above, detailed description will not be repeated. 

Modulation unit 408 generates a first switching instruction PWC2A for driving transistor Q2A (FIG. 2) of converter 28 in accordance with a duty ratio instruction provided from subtraction unit 438 as will be described later. Subtraction unit 438 subtracts a PI output from PI control unit 436 from a theoretical duty ratio from division unit 430 and provides the result as the duty ratio instruction to modulation unit 408. 

Division unit 430 calculates the theoretical duty ratio (=Vb2/Vc*) corresponding to a boost ratio of converter 28 by dividing voltage value Vb2 of power storage unit 20 by voltage target value Vc* as in division unit 410 described above and outputs the result to subtraction unit 438. 

Multiplication unit 434 calculates discharge electric power Pb2 from power storage unit 20 by multiplying current value Ib2 by voltage value Vb2. Then, subtraction unit 432 calculates electric power deviation .DELTA.Pb2 of discharge electric power Pb2 calculated by multiplication unit 434 from electric power target value Pb2* and provides the result to PI control unit 436. Namely, the configuration in the "voltage control mode (boost)" described above is such that the voltage deviation is provided to the PI control unit, whereas the configuration in the "electric power control mode" is such that the electric power deviation is provided to the PI control unit. 

PI control unit 436 generates the PI output complying with electric power deviation .DELTA.Pb1 based on prescribed proportional gain Kp2 and integral gain Ki2, and outputs the same to subtraction unit 438. In addition, PI control unit 436 includes a proportional element 440, an integral element 442, and an addition unit 444. As functions of these units are the same as those in PI control unit 414 described above, detailed description will not be repeated. 

FIG. 12 is a block diagram showing a control structure of control system (for normal condition) 304 corresponding to FIGS. 4A and 6A. 

In the operation state shown in FIGS. 4A and 6A, if power storage units 10 and 12 are both in a normal condition, converter 18 is controlled in accordance with the "electric power control mode" and converter 28 is controlled in accordance with the "voltage control mode (boost)." 

Referring to FIG. 12, the control structure of control system (for normal condition) 304 further includes modulation units (MOD) 402, 404, division unit 410, a multiplication unit 474, subtraction units 472, 416, and PI control unit 414 as a configuration for controlling converter 18 in accordance with the "electric power control mode." As a function of each of these units is the same as that of modulation units (MOD) 406, 408, division unit 430, multiplication unit 434, subtraction units 432, 438, and PI control unit 436 in FIG. 11 above, detailed description will not be repeated. 

In addition, the control structure of control system (for normal condition) 304 further includes modulation units (MOD) 406, 408, division unit 430, subtraction units 482, 438, and PI control unit 436 as a configuration for controlling converter 28 in accordance with the "voltage control mode (boost)." As a function of each of these units is the same as that of modulation units (MOD) 402, 404, division unit 410, subtraction units 412, 416, and PI control unit 414 in FIG. 11 above, detailed description will not be repeated. 

FIG. 13 is a block diagram showing a control structure of control system (for fault condition) 306 corresponding to FIGS. 3B and 4B. 

Referring to FIGS. 8 and 10, if a fault condition occurs in power storage unit 10 and power storage unit 10 is electrically disconnected from power supply system 100, control system (for fault condition) 306 is activated. Referring to FIGS. 7 and 13, in control system (for fault condition) 306, "1" (Duty=100%) is provided to both of modulation units 402 and 406 and "0" (Duty=0%) is provided to both of modulation units 404 and 408. Consequently, in converters 18 and 28, transistors Q1B and Q2B are maintained in the ON state and transistors Q1A and Q2A are maintained in the OFF state. 

FIG. 14 is a block diagram showing a control structure of control system (for fault condition) 306 corresponding to FIGS. 5B and 6B. 

As shown in FIGS. 9 and 10, if a fault condition occurs in power storage unit 20 and power storage unit 20 is electrically disconnected from power supply system 100, control system (for fault condition) 306 is activated. In control system (for fault condition) 306, converter 18 is controlled in accordance with the control structure similar to that of control system (for normal condition) 304 shown in FIG. 11. Namely, referring to FIG. 14, the control structure of control system (for fault condition) 306 includes modulation units (MOD) 402, 404, division unit 410, subtraction units 412, 416, and PI control unit 414 as a configuration for controlling converter 18 in accordance with the "voltage control mode (boost)." As the function of each of these units has been described above, detailed description will not be repeated. 

In contrast, converter 28 is controlled to enter the "open mode". Specifically, in control system (for fault condition) 306, "0" (Duty=0%) is provided to modulation units 406 and 408. Therefore, transistors Q2A and Q2B of converter 28 are maintained in the OFF state. Consequently, converter 28 sets an electrically open state between system relay SMR2 and main positive bus MPL, main negative bus MNL. 

(Process Flow) 

FIG. 15 is a flowchart of a method of controlling power supply system 100 according to the first embodiment of the present invention. It is noted that the flowchart shown in FIG. 15 can be implemented by execution of one or more program stored in advance by converter ECU 30 and battery ECU 32. 

Referring to FIG. 15, battery ECU 32 obtains temperature Tb1, voltage value Vb1 and current value Ib1 of power storage unit 10 (step S100). Then, battery ECU 32 calculates internal resistance value Rb1 of power storage unit 10 from voltage value Vb1 and current value Ib1, and determines whether a fault condition has occurred in power storage unit 10 or not based on temperature Tb1, voltage value Vb1, current value Ib1, internal resistance value Rb1, and the like of power storage unit 10 (step S102). Namely, whether power storage unit 10 should electrically be disconnected or not is determined. 

If a fault condition has occurred in power storage unit 10 (YES in step S102), that is, if power storage unit 10 should electrically be disconnected, battery ECU 32 drives system relay SMR1 to the OFF state and electrically disconnects power storage unit 10 from power supply system 100 (step S104). At the same time, battery ECU 32 transmits fault condition detection signal FAL1 to converter ECU 30 (step S106). 

In response to fault condition detection signal FAL1 from battery ECU 32, converter ECU 30 stops the voltage conversion operation in converters 18 and 28 (step S108) and switches converters 18 and 28 to the conducting mode (step S110). Then, the process ends. 

In contrast, if there is no fault condition in power storage unit 10 (NO in step S102), battery ECU 32 obtains temperature Tb2, voltage value Vb2 and current value Ib2 of power storage unit 20 (step S112). Then, battery ECU 32 calculates an internal resistance value Rb2 of power storage unit 20 from voltage value Vb2 and current value Ib2, and determines whether a fault condition has occurred in power storage unit 20 or not based on temperature Tb2, voltage value Vb2, current value Ib2, internal resistance value Rb2, and the like of power storage unit 20 (step S114). Namely, whether power storage unit 20 should electrically be disconnected or not is determined. 

If a fault condition has occurred in power storage unit 20 (YES in step S114), that is, if power storage unit 20 should electrically be disconnected, battery ECU 32 drives system relay SMR2 to the OFF state and electrically disconnects power storage unit 20 from power supply system 100 (step S116). At the same time, battery ECU 32 transmits fault condition detection signal FAL2 to converter ECU 30 (step S118). 

In response to fault condition detection signal FAL2 from battery ECU 32, converter ECU 30 determines whether converter 18 is operating as "master" or not (step S120). If converter 18 is not operating as "master" (NO in step S120), converter 18 is switched to the voltage control mode (boost) to operate as "master" (step S122). 

Further, after converter 18 is switched to the voltage control mode (boost) (after step S122 is performed) or if converter 18 is operating as "master" (YES in step S120), converter ECU 30 switches converter 28 to the open mode (step S124). Then, the process ends. 

In contrast, if there is no fault condition in power storage unit 20 (NO in step S114), that is, if it is not necessary to electrically disconnect power storage unit 20, the process returns to the initial step. 

According to the first embodiment of the present invention, when a fault condition occurs in power storage unit 10 and power storage unit 10 is electrically disconnected from power supply system 100, converters 18 and 28 are both set to the conducting mode. Thus, electric power is supplied from power storage unit 20 through main positive bus MPL, main negative bus MNL to the drive force generation unit and a part of electric power supplied to main positive bus MPL, main negative bus MNL is supplied to the auxiliary machinery group. 

Alternatively, when a fault condition occurs in power storage unit 20 and power storage unit 20 is electrically disconnected from power supply system 100, converter 18 is set to the voltage control mode (boost) and converter 28 is set to the open mode. Thus, electric power is supplied from power storage unit 10 through main positive bus MPL, main negative bus MNL to the drive force generation unit and electric power is supplied through low-voltage positive line LPL and low-voltage negative line LNL to the auxiliary machinery group. 

Thus, even though any one of power storage units 10 and 20 is electrically disconnected from power supply system 100, electric power supply to the drive force generation unit and the auxiliary machinery group can be continued. 

In addition, according to the first embodiment of the present invention, when any one of power storage units 10 and 20 is electrically disconnected from power supply system 100, converters 18 and 28 both stop the electric power conversion operation, and hence switching loss involved with electric power supply from the corresponding power storage unit to main positive bus MPL, main negative bus MNL can be reduced. Therefore, even though a value of current that flows through converter 28 becomes relatively high along with electric power supply only from power storage unit 20, unnecessary generation of loss can be suppressed. 

[Variation of First Embodiment] 

In the present first embodiment, the power supply system including two power storage units has been described, however, expansion to a power supply system including three or more power storage units is also similarly applicable. 

FIG. 16 is a diagram showing outlines of electric power supply to the drive force generation unit and the auxiliary machinery group according to a variation of the first embodiment of the present invention. 

Referring to FIG. 16, a power supply system according to the variation of the present first embodiment representatively includes converter 18 operating as "master" and converters 28_1 to 28_N operating as "slave". In correspondence with converters 28_1 to 28_N, power storage units 20_1 to 20_N and system relays SMR2_1 to SMR2_N are provided. If all of power storage unit 10 and power storage units 20_1 to 20_N are in a normal condition, converter 18 performs the boost operation in accordance with the voltage control mode (boost) and converters 28_1 to 28_N perform the boost operation in accordance with the electric power control mode. 

Here, if a fault condition occurs in power storage unit 10 and power storage unit 10 is disconnected from the power supply system, all converters, that is, converter 18 and converters 28_1 to 28_N, are switched to the conducting mode. Consequently, as in the first embodiment described above, electric power supply to the drive force generation unit and the auxiliary machinery group is continued. 

As the power supply system is otherwise the same as power supply system 100 according to the first embodiment, detailed description will not be repeated. 

According to the variation of the first embodiment of the present invention, as the number of power storage units constituting the power supply system is not limited, an appropriate number of power storage units can be provided, depending on magnitude of an electric power capacity of the drive force generation unit and the auxiliary machinery group. Therefore, in addition to the effect in the first embodiment of the present invention described above, the power supply system having a power supply capacity variable in a flexible manner can be obtained. 

Second Embodiment 

In the first embodiment described above, when power storage unit 10 is disconnected from power supply system 100, electric power having a voltage substantially equal to voltage value Vb2 of power storage unit 20 is supplied to the drive force generation unit. Meanwhile, in order to be able to supply electric power having a higher voltage, the voltage conversion operation in converters 18 and 28 may positively be performed. 

As the overall configuration of a power supply system according to the second embodiment of the present invention is the same as power supply system 100 according to the present first embodiment shown in FIG. 1, detailed description will not be repeated. Referring again to FIGS. 3B and 4B, in the present second embodiment, if some kind of fault condition occurs in power storage unit 10 and power storage unit 10 is electrically disconnected from power supply system 100, converter 28 is switched to the "voltage control mode (boost)" and converter 18 is switched to the "voltage control mode (down-conversion)." 

FIG. 17 is a diagram showing a state of operation of converters 18, 28 in the voltage control mode (boost/down-conversion) shown in FIGS. 3B and 4B. 

Referring to FIG. 17, converter 28 supplies discharge electric power from corresponding power storage unit 20 to main positive bus MPL, main negative bus MNL after it is boosted such that the voltage value of the discharge electric power attains to prescribed voltage target value Vc*. On the other hand, converter 18 supplies a part of electric power that flows through main positive bus MPL, main negative bus MNL to the auxiliary machinery group through positive line PL1, negative line NL1 after it is down-converted such that the voltage value of the electric power attains to prescribed voltage target value Vb*. 

As a result of such an operation, electric power having a voltage value substantially equal to that before disconnection of power storage unit 10 can be supplied to the drive force generation unit and electric power having voltage target value Vb* close to voltage value Vb1 of power storage unit 10 can be supplied to the auxiliary machinery group. Therefore, the drive force generation unit and the auxiliary machinery group can continue substantially the same operation, regardless of electrical disconnection of power storage unit 10. 

More specifically, in converter 28 performing the boost operation, transistor Q2A performs the switching operation at a duty ratio in accordance with the boost ratio (=Vb2/Vc*) and transistor Q2B is maintained in the ON state (duty ratio=100%). 

In addition, in converter 18 performing the down-conversion operation, transistor Q1A is maintained in the OFF state (duty ratio=0%) and transistor Q2B performs the switching operation at a duty ratio in accordance with a down-conversion ratio (=Vb*Nc). 

(Control Structure in Converter ECU) 

In a control structure in a converter ECU 30A according to the present second embodiment, a control system (for fault condition) 308 is provided instead of control System (for fault condition) 306 in converter ECU 30 according to the present first embodiment shown in FIG. 10. As the control structure is otherwise the same as in the first embodiment described above, detailed description will not be repeated. 

FIG. 18 is a block diagram showing a control structure of control system (for fault condition) 308 corresponding to FIGS. 3B and 4B. It is noted that control system (for fault condition) 308 is activated when a fault condition occurs in power storage unit 10 and power storage unit 10 is electrically disconnected from the power supply system. 

Referring to FIGS. 17 and 18, the control structure of control system (for fault condition) 308 includes modulation units (MOD) 402, 404 and a division unit 450 as a configuration for controlling converter 18 in accordance with the "voltage control mode (down-conversion)." 

Division unit 450 calculates a theoretical duty ratio (=Vb*/Vc) corresponding to a down-conversion ratio in converter 18 by dividing voltage target value Vb* by bus voltage value Vc and outputs the duty ratio to modulation unit 402. Namely, division unit 450 generates a feedforward component for implementing the voltage conversion operation in accordance with the "voltage control mode (down-conversion)." Modulation unit 402 generates second switching instruction PWC1B for driving transistor Q1B (FIG. 11) of converter 18 in accordance with a signal output from division unit 450. 

In addition, as "0" is provided to modulation unit 404, the duty ratio of first switching instruction PWC1A is fixed to 0% and transistor Q1A (FIG. 11) of converter 18 is maintained in the OFF state. 

In addition, the control structure of control system (for fault condition) 308 includes modulation units (MOD) 406, 408, a division unit 452, subtraction units 454, 458, and a PI control unit 456 as a configuration for controlling converter 28 in accordance with the "voltage control mode (boost)." 

Division unit 452 calculates a theoretical duty ratio (=Vb2/Vc*) corresponding to the boost ratio in converter 28 by dividing voltage value Vb2 of power storage unit 20 by voltage target value Vc* and outputs the duty ratio to subtraction unit 458. Namely, division unit 452 generates a feedforward component for implementing the boost operation in accordance with the "voltage control mode (boost)." 

PI control unit 456 generates a PI output complying with voltage deviation AVc of bus voltage value Vc from voltage target value Vc* calculated by subtraction unit 454, based on prescribed proportional gain Kp3 and integral gain Ki3 and outputs the same to subtraction unit 458. The PI output corresponds to a feedback component for implementing the "voltage control mode (boost)." In addition, PI control unit 456 includes a proportional element 460, an integral element 462, and an addition unit 464. As these units are the same as those in PI control unit 414 described above, detailed description will not be repeated. 

Subtraction unit 458 provides a value obtained by subtracting the PI output from PI control unit 456 from the theoretical duty ratio from division unit 452 to modulation unit 408 as the duty ratio instruction. Modulation unit 408 generates first switching instruction PWC2A for driving transistor Q2A (FIG. 17) in converter 28, in accordance with the output value from subtraction unit 458. 

In addition, as "1" is provided to modulation unit 406, the duty ratio of second switching instruction PWC2B is fixed to 100% and transistor Q2B (FIG. 17) in converter 28 is maintained in the ON state. 

As described above, switching from control system (for normal condition) 304 to control system (for fault condition) 308 is made in response to occurrence of the fault condition in power storage unit 10, so that the drive force generation unit and the auxiliary machinery group can continuously operate even after power storage unit 10 is electrically disconnected from the power supply system. 

As the configuration is otherwise the same as in power supply system 100 according to the first embodiment described above, detailed description will not be repeated. 

According to the second embodiment of the present invention, after power storage unit 10 is electrically disconnected from the power supply system, converter 28 performs the boost operation and converter 18 performs the down-conversion operation. Accordingly, electric power discharged from power storage unit 20 is supplied to the drive force generation unit after it is boosted by converter 28 and a part of electric power boosted by converter 28 is supplied to the auxiliary machinery group after it is down-converted by converter 18. Thus, voltage ranges electric power supplied to the drive force generation unit and the auxiliary machinery group are maintained in ranges the same as before power storage unit 10 is electrically disconnected. Therefore, even after power storage unit 10 is electrically disconnected, an operating range (speed range) of motor-generators MG1 and MG2 constituting the drive force generation unit can be ensured and hence running performance or the like of the vehicle can be maintained. 

[Variation of Second Embodiment] 

In the present second embodiment, the power supply system including two power storage units has been described, however, expansion to a power supply system including three or more power storage units is also similarly applicable. 

FIG. 19 is a diagram showing outlines of electric power supply to the drive force generation unit and the auxiliary machinery group according to a variation of a second embodiment of the present invention. 

Referring to FIG. 19, a power supply system according to the variation of the present second embodiment includes converter 18 operating as "master" and converters 28_1 to 28_N operating as "slave", as in the power supply system according to the variation of the present first embodiment shown in FIG. 16. In correspondence with converters 28_1 to 28_N, power storage units 20_1 to 20_N and system relays SMR2_1 to SMR2_N are provided. 

If all of power storage unit 10 and power storage units 20_1 to 20_N are in a normal condition, converter 18 performs the voltage conversion operation in accordance with the voltage control mode (boost) and converters 28_1 to 28_N perform the voltage conversion operation in accordance with the electric power control mode. 

Here, if a fault condition occurs in power storage unit 10 and power storage unit 10 is disconnected from the power supply system, converter 18 is switched to the "voltage control mode (down-conversion)" and at least one of converters 28_1 to 28_N is switched to the "voltage control mode (boost)." This is done so that bus voltage value Vc supplied to the drive force generation unit is controllable and bus voltage value Vc is stabilized when any one converter performs the electric power conversion operation in accordance with the "voltage control mode (boost)." Though all of converters 28_1 to 28_N may be set to the "voltage control mode (boost)," from the viewpoint of electric power management in the overall power supply system, the number of converters maintained in the "electric power control mode" is desirably great. 

As the power supply system is otherwise the same as the power supply system according to the second embodiment, detailed description will not be repeated. 

According to the variation of the second embodiment of the present invention, as the number of power storage units constituting the power supply system is not limited, an appropriate number of power storage units can be provided, depending on magnitude of an electric power capacity of the drive force generation unit and the auxiliary machinery group. Therefore, in addition to the effect in the second embodiment of the present invention described above, the power supply system having a power supply capacity variable in a flexible manner can be obtained. 

In the first and second embodiments of the present invention and the variations thereof, such a configuration that, when power storage unit 10 or 20 is in a fault condition, determination that the power storage unit in the fault condition should electrically be disconnected from the power supply system is made is illustrated, however, the present invention is not limited as such. For example, in such a manner of use that one power storage unit is successively selected from among a plurality of power storage units and each selected power storage unit is discharged to its limit in using a vehicle including the power supply system according to the present invention in the EV running mode, the power storage unit discharged to its limit should be disconnected from the power supply system. The power supply system according to the invention of the subject application is also applicable to such a manner of use. 

In addition, in the first and second embodiments of the present invention and the variations thereof, a configuration including the drive force generation unit and the auxiliary machinery group is illustrated by way of example of the first and second load devices, however, the load device is not limited as such. Moreover, the power supply system according to the present invention is applicable to an apparatus having two types of load devices consuming electric power, in addition to an example where it is mounted on a vehicle. 

In the invention of the subject application, even when the "first electric power line pair" is alternatively read as the "smoothing capacitor provided on the input side of the first load device," the technical concept thereof is essentially identical. 

It should be understood that the embodiments disclosed herein are illustrative and non-restrictive in every respect. The scope of the present invention is defined by the terms of the claims, rather than the description above, and is intended to include any modifications within the scope and meaning equivalent to the terms of the claims. 

5 7,923,151  High performance energy storage devices  
	United States Patent 
	7,923,151

	Lam ,   et al. 
	April 12, 2011 




Abstract
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Claims




The claims defining the invention are as follows:

1. A lead-acid battery comprising: at least one lead-based negative electrode; at least one lead dioxide-based positive electrode; at least one capacitor electrode; and electrolyte in contact with the electrodes; wherein a battery part is formed by the lead based negative electrode and the lead dioxide-based positive electrode; and an asymmetric capacitor part is formed by the capacitor electrode and one electrode selected from the lead based negative electrode and the lead-dioxide based positive electrode; and wherein all negative electrodes are connected to a negative busbar, and all positive electrodes are connected to a positive busbar. 

2. The lead-acid battery of claim 1, wherein the electrodes alternate between positive and negative electrodes. 

3. The lead-acid battery of claim 1, wherein the capacitor electrode comprises a high surface area material selected from carbon, ruthenium oxide, silver oxide, cobalt oxide and conducting polymers. 

4. The lead-acid battery of claim 3, wherein the high surface area material is a high surface area carbon material. 

5. The lead-acid battery of claim 4, wherein the high surface area material is activated carbon. 

6. The lead-acid battery of claim 5, wherein the activated carbon material has a surface area of between 1000 and 2500 m.sup.2/g. 

7. The lead-acid battery of claim 4, wherein the capacitor electrode further comprises carbon black. 

8. The lead-acid battery of claim 7, wherein the capacitor electrode comprises a coating comprising between 5-20% carbon black, 40-80% activated carbon, 0-10% carbon fibres, and 5-25% binder. 

9. The lead-acid battery of claim 1, wherein the lead-acid battery comprises at least one capacitor negative electrode comprising a high surface area active material and an additive or additive mixture comprising an oxide, hydroxide or sulfate of lead, zinc, cadmium, silver and bismuth, or a mixture thereof. 

10. The lead-acid battery of claim 9, wherein the additive includes at least one oxide, hydroxide or sulfate of lead or zinc. 

11. The lead-acid battery of claim 9, wherein the additive is present in a coating on the capacitor negative electrode in an amount that increases the potential window of the capacitor negative electrode to at least -1.2V. 

12. The lead-acid battery of claim 9, wherein the total additive content is between 5-40 wt %, based on the total capacitor coating composition. 

13. The lead-acid battery of claim 9, wherein the negative capacitor electrode additive comprises the compounds of the following metals in oxide, sulfate or hydroxide from: between 1-40 wt % Pb,; 1-20 wt % Zn; 0-5 wt % Cd and 0-5 wt % Ag. 

14. The lead-acid battery of claim 1, wherein the lead-acid battery comprises at least one capacitor positive electrode comprising: a high surface area capacitor material, and a capacitor positive electrode additive comprising: Pb.sub.2O.sub.3, an oxide, hydroxide or sulfate of antimony, and optionally one or more additives selected from oxides, hydroxides and sulfates of iron and lead. 

15. The lead-acid battery of claim 14, wherein capacitor positive electrode additive is present in amount increases the potential window of the capacitor positive electrode to at least +1.2V. 

16. The lead-acid battery of claim 14, wherein the capacitor positive electrode additive is present in an amount of 5-40 wt % based on the total capacitor positive electrode coating composition. 

17. The lead-acid battery of claim 14, wherein the positive capacitor electrode additive comprises between 0-30 wt % Pb in oxide, sulfate or hydroxide form, 1-10 wt % Pb.sub.2O.sub.3, 0-2 wt % Fe in oxide, sulfate or hydroxide form and 0.05 to 1 wt % Sb in oxide, sulfate or hydroxide form. 

18. The lead-acid battery of claim 1, wherein the lead-acid battery comprises a negative electrode with at least two regions, including a battery-electrode material region and a capacitor-electrode material region. 

19. The lead-acid battery of claim 18, wherein the negative electrode comprises a lead-based battery electrode material region on one face, and a capacitor negative electrode material region on the opposite face. 

20. The lead-acid battery of claim 1, wherein the asymmetric capacitor part has ultracapacitor capacitance. 

21. The lead-acid battery of claim 1, wherein the asymmetric capacitor part has supercapacitor capacitance. 

22. The lead-acid battery of claim 1, wherein the electrolyte is sulphuric acid. 

23. The lead-acid battery of claim 1, wherein each of the positive and negative electrodes is separated from adjacent electrodes by porous separators. 

24. The lead-acid battery of claim 23, wherein the separators located between adjacent lead-based negative electrodes and lead dioxide-based positive electrodes have a thickness of between 1 and 2.5 millimeters. 

25. The lead-acid battery of claim 23, wherein the separators located in contact with a capacitor electrode surface have a thickness of between 0.01 and 0.1. 

26. The lead-acid battery of claim 1, wherein the lead-acid battery comprises a negative electrode with at least two regions, including a battery-electrode material region and a capacitor-electrode material region. 

27. The lead-acid battery of claim 26, wherein the negative electrode comprises a lead-based battery electrode material region on one face, and a capacitor negative electrode material region on the opposite face. 

28. A lead-acid battery comprising: at least one lead-based negative electrode, at least one lead dioxide-based positive electrode, at least one capacitor negative electrode, and electrolyte in contact with the electrodes, wherein the positive electrode and the lead-based negative electrode define a battery part, and the positive electrode and the capacitor negative electrode define an asymmetric capacitor part, with the positive electrode shared by the battery part and the asymmetric capacitor part, and wherein the lead-based negative and capacitor negative electrodes are connected to a negative busbar, and the positive electrode or electrodes are connected to a positive busbar. 

29. The lead-acid battery of claim 28, wherein the electrodes alternate between positive and negative electrodes. 

30. The lead-acid battery of claim 28, wherein the capacitor electrode comprises a high surface area carbon material. 

31. The lead-acid battery of claim 28, wherein the capacitor negative electrode comprises a high surface area active material and an additive or additive mixture comprising an oxide, hydroxide or sulfate of lead, zinc, cadmium, silver and bismuth, or a mixture thereof. 

32. The lead-acid battery of claim 31, wherein the additive includes at least one oxide, hydroxide or sulfate of lead or zinc. 

33. The lead-acid battery of claim 31, wherein the additive is present in a coating on the capacitor negative electrode in an amount that increases the potential window of the capacitor negative electrode to at least -1.2V. 

34. The lead-acid battery of claim 31, wherein the total additive content is between 5-40 wt %, based on the total capacitor coating composition. 

35. The lead-acid battery of claim 31, wherein the negative capacitor electrode additive comprises the compounds of the following metals in oxide, sulfate or hydroxide from: between 1-40 wt % Pb; 1-20 wt % Zn; 0-5 wt % Cd and 0-5 wt % Ag. 

36. The lead-acid battery of claim 28, wherein the lead-acid battery comprises at least one capacitor positive electrode comprising: a high surface area capacitor material, and a capacitor positive electrode additive comprising: Pb.sub.2O.sub.3, an oxide, hydroxide or sulfate of antimony, and optionally one or more additives selected from oxides, hydroxides and sulfates of iron and lead. 

37. The lead-acid battery of claim 36, wherein the capacitor positive electrode additive is present in an amount of 5-40 wt %. 

38. The lead-acid battery of claim 36, wherein the positive capacitor electrode additive comprises between 0-30 wt % Pb in oxide, sulfate or hydroxide form, 1-10 wt % Pb.sub.2O.sub.3, 0-2 wt % Fe in oxide, sulfate or hydroxide form and 0.05 to 1 wt % Sb in oxide, sulfate or hydroxide form. 

39. The lead-acid battery of claim 28, wherein the asymmetric capacitor part has ultracapacitor capacitance. 

40. The lead-acid battery of claim 28, wherein the asymmetric capacitor part has supercapacitor capacitance. 

41. The lead-acid battery of claim 28, wherein the electrolyte is sulphuric acid. 

42. The lead-acid battery of claim 28, wherein each of the positive and negative electrodes is separated from adjacent electrodes by porous separators. 

43. The lead-acid battery of claim 42, wherein the separators located between adjacent lead-based negative electrodes and lead dioxide-based positive electrodes have a thickness of between 1 and 2.5 millimeters. 

44. The lead-acid battery of claim 42, wherein the separators located in contact with a capacitor electrode surface have a thickness of between 0.01 and 0.1. 

45. A lead-acid battery comprising an alternating series of positive and negative electrodes and an electrolyte in contact with the electrodes, wherein: at least one pair of adjacent positive and negative electrode regions store energy capacitively, and at least one pair of adjacent lead dioxide positive and lead negative battery electrode regions store energy electrochemically, and wherein the positive electrodes are directly connected by a first conductor and the negative electrodes are directly connected by a second conductor. 

46. The lead-acid battery of claim 45, wherein one of the positive and negative electrode regions is a capacitor electrode region. 

47. The lead-acid battery of claim 46, wherein the capacitor electrode region comprises a high surface area carbon material. 

48. The lead-acid battery of claim 47, wherein the capacitor electrode region is a negative capacitor electrode region, and comprises a high surface area carbon material and an additive or additive mixture comprising an oxide, hydroxide or sulfate of lead, zinc, cadmium, silver and bismuth, or a mixture thereof. 

49. The lead-acid battery of claim 48, wherein the additive includes at least one oxide, hydroxide or sulfate of lead or zinc. 

50. The lead-acid battery of claim 48, wherein the total additive content is between 5-40 wt %. 

51. The lead-acid battery of claim 47, wherein the negative capacitor electrode additive comprises compounds of the following metals in oxide, sulfate or hydroxide from: between 1-40 wt % Pb; 1-20 wt % Zn; 0-5 wt % Cd and 0-5 wt % Ag. 

52. The lead-acid battery of claim 47, wherein the capacitor electrode region is a positive capacitor electrode region, and comprises: a high surface area capacitor material, and a capacitor positive electrode additive comprising: Pb.sub.2O.sub.3, an oxide, hydroxide or sulfate of antimony, and optionally one or more additives selected from oxides, hydroxides and sulfates of iron and lead. 

53. The lead-acid battery of claim 52, wherein the capacitor positive electrode additive is present in an amount of 5-40 wt %. 

54. The lead-acid battery of claim 52, wherein the positive capacitor electrode additive comprises between 0-30 wt % Pb in oxide, sulfate or hydroxide form, 1-10 wt % Pb.sub.2O.sub.3, 0-2 wt % Fe in oxide, sulfate or hydroxide form and 0.05 to 1 wt % Sb in oxide, sulfate or hydroxide form. 

55. The lead-acid battery of claim 45, wherein the lead negative battery region is on one face of a negative electrode, and a negative capacitor material region is on the opposite face of the negative electrode. 

56. The lead-acid battery of claim 45, wherein the electrolyte is sulphuric acid. 

57. The lead-acid battery of claim 45, wherein each of the positive and negative electrodes is separated from adjacent electrodes by porous separators. 

58. The lead-acid battery of claim 57, wherein the separators located between adjacent lead-based negative electrode regions and lead dioxide-based positive electrode regions have a thickness of between 1 and 2.5 millimeters. 

59. The lead-acid battery of claim 57, wherein the separators located in contact with a capacitor electrode region have a thickness of between 0.01 and 0.1. 



Description




This application is the US national phase of international application PCT/AU2004/001262, filed 16 Sep. 2004, which designated the U.S. and claims priority of AU 2003905086, filed 18 Sep. 2003, the entire contents of each of which are hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

The present invention relates to high performance energy storage devices, including batteries such as lead-acid batteries and other battery types, as well as capacitor electrodes and asymmetric capacitors. 

There is growing demand for the development and introduction of vehicles that do not rely almost entirely on fossil fuels, to combat air pollution in urban environments and to reduce the global consumption of limited supplies of the fossil fuels. Such vehicles fall into three main classes: electric vehicles (EVs), hybrid electric vehicles (HEVs) and mild hybrid electric vehicles (also known as 42-volt powernet vehicles). 

Electric vehicles and hybrid electric vehicles may use a variety of different battery types, including lead-acid batteries. Mild hybrid electric vehicles may use mainly lead-acid batteries because of reduced cost. Hybrid and mild hybrid electric vehicles rely on a combination of an internal combustion engine and a battery for power supply. Due to the increasing on-board power requirements in the present luxury cars (internal combustion engine cars), the capability of present 14-volt alternators is close to or beyond its limitation. Thus, mild hybrid electric vehicles have been developed. Such mild hybrid electric vehicles employ a 36-volt battery and a 42-volt alternator. The mild hybrid electric vehicles provide some advantages over the existing internal combustion engine cars, including higher use of the electrically generated power, resulting in lower emissions. 

Whilst there have been many significant advances in the development of new batteries and power networks for vehicles relying at least partly on electric power, the batteries used in these vehicles still suffer from a number of problems. 

In all of these batteries, different demands are placed on the battery in terms of the current drawn from and recharged to the battery at various stages during vehicle operation. For example, a high rate of discharge is needed from the battery to enable acceleration or engine cranking in electric and hybrid electric vehicles, respectively. A high rate of recharging of the battery is associated with regenerative braking. 

In the situation where lead-acid batteries are utilised, particularly in hybrid and mild hybrid electric vehicles, the high rate of battery discharging and recharging results in the formation of a layer of lead sulphate on the surface of the negative plate, and the generation of hydrogen/oxygen at the negative and positive plates. This largely arises as a result of high current demands on the battery. The partial state-of-charge conditions (PSoC) under which these batteries generally operate is 20-100% for electric vehicles, 40-60% for hybrid electric vehicles, and 70-90% for mild hybrid electric vehicles. This is a high rate partial state-of-charge (HRPSoC). Under simulated HRPSoC duty, such as hybrid and mild hybrid electric vehicle operations, the lead-acid batteries fail prematurely mainly due to the progressive accumulation of lead sulphate on the surfaces of the negative plates. This occurs because the lead sulphate cannot be converted efficiently back to sponge lead during charging either from the regenerative braking or from the engine. Eventually, this layer of lead sulphate develops to such an extent that the effective surface area of the plate is reduced markedly, and the plate can no longer deliver the higher current demanded from the automobile. This significantly reduces the potential life span of the battery. 

In other technology fields, including mobile or cell phone technology, it would be advantageous to provide alternative battery types that offer improved overall lifespan and performance whilst catering for the different power demands on the device. 

Accordingly, there exists a need for modified batteries, including lead-acid batteries, that have an improved life span and/or improved overall performance compared to current batteries. 

SUMMARY OF THE INVENTION 

According to one aspect, there is provided a lead-acid battery comprising: at least one lead-based negative electrode, at least one lead dioxide-based positive electrode, at least one capacitor negative electrode, and electrolyte in contact with the electrodes, wherein the positive electrode and the lead-based negative electrode define a battery part, and the positive electrode and the capacitor negative electrode define an asymmetric capacitor part, with the positive electrode shared by the battery part and the asymmetric capacitor part, and wherein the lead-based negative and capacitor negative electrodes are connected to a negative busbar, and the positive electrode or electrodes are connected to a positive busbar. 

Thus, the lead dioxide battery part and the asymmetric capacitor part of the lead-acid battery are connected in parallel in the one common unit. Hence, the asymmetric capacitor part preferentially takes or releases charge during high current charging or discharging. This occurs since the asymmetric capacitor part has a lower internal resistance than the battery-part, and will first absorb and release charge during high-rate charging (for instance during regenerative braking) or during high-rate discharging (for instance during vehicle acceleration and engine cranking). Consequently, the asymmetric capacitor part will share the high-rate operation of the lead-acid battery part, and will provide the lead-acid battery with significantly longer life. All of this is achieved without any electronic control or switching between the battery and capacitor parts. 

According to one embodiment, the positive electrode shared by the two parts is disposed between the lead-based negative electrode and the capacitor negative electrode. 

It will be appreciated that the reverse arrangement may be utilised, in which the shared electrode is the lead-based negative electrode. The lead-based negative electrode will define an asymmetric capacitor part with a capacitor positive electrode. 

Thus, allowing for the two alternative arrangements, a second aspect provides a lead-acid battery comprising: at least one lead-based negative electrode; at least one lead dioxide-based positive electrode; at least one capacitor electrode; and electrolyte in contact with the electrodes; 

wherein a battery part is formed by the lead based negative electrode and the lead dioxide-based positive electrode; and an asymmetric capacitor part is formed by the capacitor electrode and one electrode selected from the lead based negative electrode and the lead dioxide based positive electrode; and wherein all negative electrodes are connected to a negative busbar, and all positive electrodes are connected to a positive busbar. 

According to this aspect, each of the capacitor electrodes may individually be positive or negative electrodes. 

Preferably, the lead-acid battery comprises an alternating series of positive and negative electrodes. Of the alternating electrodes, each of these may be a battery electrode, a capacitor electrode, or a combined battery/capacitor electrode. These electrode types will be described in further detail below. 

According to a third aspect of the present invention, there is provided a lead-acid battery comprising an alternating series of positive and negative electrodes and an electrolyte in contact with the electrodes, wherein: at least one pair of adjacent positive and negative electrode regions store energy capacitively, and at least one pair of adjacent lead dioxide positive and lead negative battery electrode regions store energy electrochemically, and wherein the positive electrodes are directly connected by a first conductor and the negative electrodes are directly connected by a second conductor. 

In a further aspect of the invention, it has been found that if there is a mismatch in the potential window or potential operational range of one of the electrodes, hydrogen gassing may occur. This particularly applies when the cell voltage is greater than the potential range of an electrode. Hydrogen gassing is undesirable as it leads to premature failure of the battery at the electrode where gassing occurs. 

To avoid a mismatch, according to a further embodiment, at least one of the capacitor negative electrodes comprises a high surface area capacitor material and one or more additives selected from oxides, hydroxides or sulfates of lead, zinc, cadmium, silver and bismuth. The additives are preferably added in oxide form. The additives are preferably lead and/or zinc additives, most preferably lead and/or zinc oxide. 

Mismatching can also occur at the capacitor positive electrode. Thus, according to one embodiment in which the battery comprises a capacitor positive electrode, the capacitor positive electrode comprises: a high surface area capacitor material, Pb.sub.2O.sub.3, an oxide, hydroxide or sulfate of antimony, and optionally one or more additives selected from oxides, hydroxides and sulfates of iron and lead. 

This aspect of the invention can be applied equally to other hybrid battery types to avoid gasing. 

Thus, according to a fourth aspect of the invention, there is provided a hybrid battery-capacitor comprising: at least one battery-type positive electrode, at least one battery-type negative electrode, at least one capacitor-type electrode selected from a capacitor negative electrode and a capacitor positive electrode, wherein the capacitor negative electrode comprises a high surface area capacitor material and one or more additives selected from oxides, hydroxides or sulfates of lead, zinc, cadmium, silver and bismuth, and wherein the capacitor positive electrode comprises: a high surface area capacitor material, Pb.sub.2O.sub.3, an oxide, hydroxide or sulfate of antimony, and optionally one or more additives selected from oxides, hydroxides and sulfates of iron and lead, and an electrolyte in contact with the electrodes, wherein a battery part is formed between (i.e. defined by) the battery-type positive electrode and the battery-type negative electrode, and an asymmetric capacitor part is formed between the capacitor electrode and one of the battery-type electrodes, wherein one of the battery-type electrodes shared by the battery part and the asymmetric capacitor part, and wherein the negative electrodes are in direct electrical connection to a first conductor, and the positive electrodes are in direct electrical connection to a second conductor. 

According to a further aspect of the invention, there is also provided novel capacitor electrodes based on the above concept. The novel capacitor negative electrode comprises a current collector and a paste coating, the paste coating comprising a high surface area capacitor material, a binder and between 5-40 wt %, based on the weight the paste coating, of an additive or additive mixture selected from oxides, hydroxides or sulfates of lead, zinc, cadmium, silver and bismuth, with the proviso that the additive includes at least one oxide, hydroxide or sulfate of lead or zinc. 

The novel capacitor positive electrode comprises a current collector and a paste coating, the paste coating comprising a high surface area capacitor material, a binder and between 10-40 wt %, based on the weight the paste coating, of an additive mixture comprising: Pb.sub.2O.sub.3, an oxide, hydroxide or sulfate of antimony, and optionally one or more oxides, hydroxides or sulfates of iron and lead. 

Finally, there is also provided an asymmetric capacitor comprising the capacitor electrodes described above. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic side view of a lead-acid battery in accordance with one embodiment of the invention; 

FIG. 2 is a schematic plan view of the lead-acid battery of FIG. 1; 

FIG. 3 is a graph representing a current profile of a single cycle of the test conducted on the battery of the embodiment of FIGS. 1 and 2; 

FIG. 4 is a graph representing the cycling performance of the battery of FIGS. 1 and 2 against a comparison battery; 

FIG. 5 is a schematic side view of a lead-acid battery in accordance with a second embodiment of the invention; 

FIG. 6 is a schematic side view of one of the negative electrodes of the lead-acid battery of FIG. 5; 

FIG. 7 is a graph representing the hydrogen evolution rate of a negative capacitor electrode of a fourth embodiment of the invention, compared to a standard carbon electrode and a standard lead-based negative electrode; 

FIG. 8 is a schematic side view representing the electrode arrangement of a battery of a third embodiment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention will now be described in further detail with reference to preferred embodiments of the invention. 

To avoid any doubt, except where the context requires otherwise due to express language or necessary implication, the word "comprise" or variations such as "comprises" or "comprising" is used in an inclusive sense, i.e. to specify the presence of the stated features but not to preclude the presence or addition of further features in various embodiments of the invention. 

General Features 

The term "lead-acid battery" is used in its broadest sense to encompass any unit containing one or more lead-acid battery cells. 

The lead-acid batteries described contain at least one lead-based negative electrode or region, at least one lead dioxide-based positive electrode or region and at least one capacitor negative electrode or region. 

In the following each of these electrode types are described, followed by the electrode region concept. 

Electrode Structure 

Electrodes generally comprise a current collector (otherwise known as a grid or plate), with the active electrode material applied thereto. The active electrode material is most commonly applied in a paste form to the current collector, and in the present specification the term paste applies to all such active-material containing compositions applied in any way to the current collector. The term "based" used in the context of electrodes is intended to refer to the active electrode material. This term is used to avoid suggesting that the electrode is formed entirely from the active material, as this is not the case. The term also is intended to indicate that the active material of the given electrode may contain additives or materials other than the active material specifically mentioned. 

Lead and Lead Dioxide Based Electrodes. 

The lead and lead dioxide electrodes may be of any arrangement or type suitable for use in a lead-acid battery. Generally, such electrodes are in the form of a metal grid (usually made from lead or lead alloy) that supports the electrochemically active material (lead or lead dioxide) which is pasted onto the grid. The operation of pasting is well known in the field. Although any suitable lead or lead dioxide known in the art may be used, it would be advantageous to use the lead compositions disclosed in co-pending application PCT/AU2003/001404 (claiming priority from Australian Patent Application AU 2002952234). It is to be noted that, prior to formation of the battery, the active material may not be in the active form (i.e. it may not be in the form of the metal, or in the dioxide form). Thus, the terms encompass those other forms which are converted to lead metal or lead dioxide when the battery is formed. 

Capacitor Electrodes 

Capacitor electrodes similarly comprise a current collector and a coating of an active material. This is commonly applied as a paste. 

The term "capacitor" is used in the context of electrodes to refer to electrodes that store energy through the double layer capacitance of a particle/solution interface between high surface area materials and an electrolyte solution. 

There are two main classes of capacitors. One class is the "double-layer capacitors" (otherwise known as "symmetric capacitors") containing two such electrodes, one as the positive and the other as the negative. The second class is the asymmetric capacitors, which are also referred to as hybrid capacitors, "ultracapacitors" and "supercapacitors". 

Asymmetric capacitors comprise one electrode that stores energy through double layer capacitance across a particle/solution interface, and a second electrode that is a faradaic or battery-type electrode which stores energy pseudocapacitively. The prefixes "ultra" and "super" are sometimes used to refer generically to asmymmetric capacitors, and sometimes to refer to such capacitors having large storage capability. In the present application the prefix "ultra" is most usually used in this first sense, but on occasion it is used in the second sense, as the capacitance of the capacitor parts of the batteries of the present invention preferably have high capacitance. The asymmetric capacitor parts preferably have ultracapacitor capacitance, more preferably of supercapacitor capacitance. 

Generally, as with the lead and lead oxide electrodes, the capacitor electrode comprises a metal grid (usually made from a lead alloy) and a pasted coating containing the capacitor material, usually with a binder. Examples of a suitable binders for the paste compositions are carboxymethyl cellulose and neoprene. 

The capacitor electrode suitably comprises a high surface area (or high-rate) materials suitable for use in capacitors. Such materials are well known in the art. These high-rate capacitor materials include high surface area carbon, ruthenium oxide, silver oxide, cobalt oxide and conducting polymers. Preferably, the capacitor negative electrode comprises a high surface area carbon material. Examples of high surface area carbon materials are activated carbon, carbon black, amorphous carbon, carbon nanoparticles, carbon nanotubes, carbon fibres and mixtures thereof. 

Often mixtures of materials are used to obtain an appropriate balance between surface area (and thus capacitance) and conductivity. Currently, for cost reasons, activated carbon is the most appropriate source. One suitable activated carbon material is one with a surface area of between 1000 and 2500 m.sup.2/g, preferably 1000-2000 m.sup.2/g. This material is suitably used in combination with a more conductive material, such as carbon black. One suitable carbon black material has a surface area of between 60-1000 m.sup.2/g. One suitable mixture of these materials comprises between 5-20% carbon black, 40-80% activated carbon, 0-10% carbon fibres, and the balance binder at a level of between 5-25%. All measurements are by weight unless specified otherwise. 

Additive Content of Capacitor Electrodes 

As described above, it has been found that if there is a mismatch in the potential window or potential operational range of one of the electrodes, hydrogen and/or oxygen gassing may occur. According to one embodiment, to suppressing hydrogen gassing, the capacitor negative electrodes comprise an additive or additive mixture comprising an oxide, hydroxide or sulfate of lead, zinc, cadmium, silver and bismuth, or a mixture thereof. Generally, it is preferred that the additive includes at least one oxide, hydroxide or sulfate of lead or zinc. For convenience, the additive is suitably one or more oxides selected from lead oxide, zinc oxide, cadmium oxide, silver oxide and bismuth oxide. Preferably each of the capacitor negative electrodes comprise the additive in addition to the high surface area capacitor material. Due to toxicity reasons, cadmium compounds are not preferred, and therefore the composition preferably comprises a lead compound and/or zinc compound, and optionally a silver compound. For cost reasons, silver oxide and bismuth oxide would usually be avoided. 

Irrespective of the form in which the additive is added, when conductor comes into contact with the electrolyte (for example, sulfuric acid), the additive may react with the electrolyte and thus be converted into another metal compound derived from the original metal oxide, sulfate or hydroxide. References to the oxides, sulfates and hydroxides of the subject additives are to be read as encompassing the products of the reactions between the additives and the electrolyte. Similarly, if during the charged or discharged state of the battery the additive is converted into another form through redox reactions, the references to the oxides, sulfates and hydroxides are to be read as encompassing the products of the redox reactions on these additives. 

To suppressing oxygen gassing, the capacitor positive electrodes preferably comprises: a high surface area capacitor material (as described above), Pb.sub.2O.sub.3 ("red lead"), an oxide, hydroxide or sulfate of antimony, and optionally one or more additives selected from oxides, hydroxides and sulfates of iron and lead. 

The compound of antimony is beneficial in suppressing (oxygen) gassing at the positive capacitor electrode. However, if it migrates to the negative capacitor electrode, it produces an adverse effect on hydrogen gassing at that electrode. In the absence of an agent to fix the antimony compound to the positive capacitor electrode, when the antimony compound comes into contact with the electrolyte, it may dissolve in the electrolyte, and be deposited on the negative electrode when a current is applied. The red lead is used to fix or prevent transfer of the antimony to the negative electrode. Compounds (i.e. oxides, sulfates or hydroxides) of lead and iron are also advantageous in this electrode, and may also be used in the additive mixture. 

In each case, the additive is used in amount to avoid hydrogen and oxygen gassing. This is generally an amount that increases the potential window of the capacitor negative and positive electrode from the typical .+-.0.9V or .+-.1.0V to at least .+-.1.2V, and preferably at least .+-.1.3V. In general terms, the total oxide content may be between 5-40 wt %, based on the total active material composition (including high surface active material, binder, and any other component in the dried paste composition). 

Preferably, the negative capacitor electrode additive comprises between 1-40 wt % Pb compound (more preferably 1-20%), 1-20 wt % Zn compound (more preferably 1-10%), 0-5 wt % Cd compound and 0-5 wt % Ag compound. Preferably the total is within the 5-40 wt % range mentioned above. The use of ZnO additive alone provides good results, as does PbO alone, or a mixture of PbO and ZnO. 

Preferably, the positive capacitor electrode additive comprises between 0-30 wt % Pb (preferably 1-30 wt %) in oxide (any oxide), sulfate or hydroxide form, 1-10 wt % Pb.sub.2O.sub.3, 0-2 wt % Fe (preferably 1-2 wt %) in oxide, sulfate or hydroxide form and 0.05 to 1 wt % Sb in oxide, sulfate or hydroxide form. Preferably Sb is added as an oxide. Preferably the total is within 5-40 wt % range mentioned above. 

Other Applications for Capacitor Electrodes 

The additive-containing capacitor electrodes may be used with a battery type electrode (lead or lead dioxide) and an electrolyte to form an asymmetric capacitor, without any battery positive and battery negative electrode pair defining a battery part. This asymmetric capacitor containing novel components can be externally connected to a battery in the conventional manner, but without any extra electronic device. 

Other Electrodes 

As described in further detail below, the battery may include electrodes of other types in addition to or as a replacement of the electrodes described above. In particular, the battery may comprise one or more mixed capacitor-battery electrodes, such as a capacitor-battery positive electrode. 

In the situation where the capacitor positive electrode (as described above) comprises lead oxide, this is converted into lead dioxide during charging of the battery. Thus, the capacitor electrode comprising a lead source which is converted into lead dioxide in operation of the battery may be considered to be a capacitor-battery electrode having some qualities of both a capacitor electrode and a battery electrode. 

The incorporation of high surface area material such as carbon into some positive electrodes may be undertaken to address the need to balance the surface area ratio of the positive to negative electrodes. In the absence of any capacitor positive electrodes, the high surface area capacitor negative electrodes will add to a greater overall surface area for negative electrodes compared to positive electrodes. When there is a surface area imbalance, failure of the lower surface area electrodes. By making the surface area of the positive electrode greater, by incorporating high surface area carbon into some positive electrodes, the balance is addressed. 

As a consequence of the above, it will be appreciated to persons in the art that the battery may comprise an alternating series of positive and negative electrodes, with an electrolyte in contact with the electrodes, and a first conductor for directly connecting the positive electrodes and a second conductor for directly connecting the negative electrodes, wherein at least one pair of the adjacent positive and negative electrode regions form a capacitor (by storing capacitive energy), and at least one pair of adjacent positive and negative electrode regions form a battery (by storing energy as electrochemical potential between the two electrode pairs). 

Regions 

The electrodes of the present invention may be composite electrodes (i.e. they may be composites of battery electrode materials and capacitor electrode materials). The references to "lead-based", "lead dioxide-based" and "capacitor" electrodes encompass the regions of an electrode that have the specified function, irrespective of whether or not the single electrode has other regions of a different type. 

According to one embodiment of the invention, electrodes having regions of different types are deliberately used. According to this embodiment, one or more of the negative electrodes has at least two regions, including a battery-electrode material region and a capacitor-electrode material region. As one example, the electrode having two regions comprises an electrode current collector, which may be of the type described above, having one face pasted with battery electrode material (such as lead) and the opposite face pasted with capacitor negative electrode material. Alternatively, a battery-type electrode containing battery electrode material on both sides may be coated on one face or any other region thereof by a capacitor electrode material. 

Other Battery Electrode Types 

According to the aspect of the invention in which the capacitor electrode comprises carbon with an additive to avoid hydrogen gassing, the battery electrodes may be of types other than lead lead-acid battery electrodes. The battery types of this embodiment are nickel rechargeable batteries, lithium metal or lithium ion rechargeable batteries, and so forth. Suitable battery-type positive electrode materials in this case include nickel oxide, silver oxide, manganese oxide, lithium polymer materials, mixed lithium oxides including lithium nickel oxides, lithium cobalt oxides, lithium manganese oxides and lithium vanadium oxides, and lithium conductive polymer cathode materials. Suitable battery-type negative electrode materials in this class include zinc, cadium, metal hydrides, lithium in metal or alloy form with other metals such as aluminium, and lithium ion intercalation materials. The details of, and alternatives for, these electrode materials used in various battery types can be gathered from various publications in the art of the invention. 

Physical Configuration 

The electrodes may be of any suitable shape, and therefore may be in flat-plate form or in the form of a spirally-wound plate for the formation of either prismatic or spirally-wound cells. For simplicity of design, flat plates are preferred. 

Electrolyte 

In the case of lead-acid batteries, any suitable acid electrolyte may be used. The electrolyte may, for instance, be in the form of a liquid or a gel. Sulphuric acid electrolyte is preferred. 

In the case of other battery types, the electrolyte may be an aqueous or organic electrolyte, including alkalis such as potassium and other hydroxides, lithium-ion containing organic solvents, polymer electrolytes, ionic liquid electrolytes in liquid or solid state and so forth. Suitable electrolytes for the chosen battery positive and negative electrode materials can be routinely selected by a person skilled in the art. 

Busbars or Conductors 

The busbar of the lead-acid battery may be of any suitable construction, and may be made from any suitable conductive material known in the art. The term "connected to" used in the context of the busbars refers to electrical connection, although direct physical contact is preferred. In the case where the battery is not of a typical lead-acid battery configuration with busbars, any conductor may be used that does not involve circuitry external to the battery. 

Other Battery Features 

Generally, the components of the battery will be contained within a battery case with further features appropriate to the type of battery employed. For example, in the case of lead-acid batteries, the lead-acid battery may be either of a flooded-electrolyte design or of a valve-regulated design. Where the lead-acid battery is a valve-regulated lead-acid battery, the battery may be of any suitable design, and may for instance contain gel electrolyte. Specific features of the battery unit appropriate to such designs are well known in the art of the invention. 

The pressure that may be applied to the lead-acid battery may lie in the range of 5-20 kPa for flooded electrolyte design, and from 20-80 kPa for valve regulated lead-acid battery design. 

Separators 

Generally, each of the positive and negative electrodes is separated from adjacent electrodes by porous separators. 

The separators maintain an appropriate separation distance between adjacent electrodes. Separators located between immediately adjacent lead-based negative electrodes and lead dioxide-based positive electrodes may be made from any suitable porous material commonly used in the art, such as porous polymer materials or absorptive glass microfibre ("AGM"). The separation distance (corresponding to separator thickness) is generally from 1-2.5 millimeters for these separators. Suitable polymer materials useful for forming the separators between the positive and negative electrodes forming the battery part are polyethylene and AGM. Polyethylene separators are suitably between 1 and 1.5 millimeters thick, whereas AGM separators are appropriately between 1.2 and 2.5 millimeters thick. 

In the case of separators located between the positive electrode and the capacitor negative electrode, these are suitably much thinner than the separators of the battery part of the lead-acid battery. Advantageously, the separators are between 0.01 and 0.1 millimeters thick, and most preferably between 0.03 and 0.07 millimeters thick. These separators are suitably made from microporous polymer material such as microporous polypropylene. Other separators are AGM and the thickness of this type of separators is between 0.1 and 1 millimeters, and preferably between 0.1 and 0.5 millimeters. 

Formation of Lead Acid Batteries 

After assembling of the appropriate components together in a battery case, the lead-acid battery generally needs to be formed. The formation operation is well known in the field. It is to be understood that the references to "lead-based" and "lead dioxide-based" materials are used to refer to lead or lead dioxide itself, materials containing the metal/metal dioxide or to materials that are converted into lead or lead dioxide, as the case may be, at the given electrode. 

As is indicated by the language used above, the lead-acid battery contains at least one of each type of electrode. The number of individual cells (made up of a negative and positive plate) in the battery depends on the desired voltage of each battery. For a 36-volt battery appropriate for use as a mild hybrid electric vehicle battery (which may be charged up to 42 volt), this would involve the use of 18 cells. 

Electrode Arrangement 

For best operation according to one embodiment, the positive and negative electrodes are interleaved, so that each positive electrode has one lead-based negative electrode to one side of it, and one capacitor negative electrode to the opposite side. Accordingly, the arrangement of one embodiment has alternating positive and negative electrodes, with the negative electrodes being alternately a lead-based electrode and a capacitor negative electrode. All of the negative electrodes (lead and carbon) are connected to the negative busbar, and the positive electrodes are connected to the positive busbar, so that each battery cell and ultracapacitor cell is connected in parallel in the common lead-acid battery. 

Operation 

As explained above, the ultracapacitor cell in the lead-acid battery arrangement described has a lower internal resistance than the lead-acid battery cell, and therefore it will first absorb a release charge during high-rate charging (for generative braking) or during high-rate discharge (vehicle acceleration and engine cranking). Consequently, the asymmetric capacitor cell will share the high-rate operation of the lead-acid battery cell and will provide the lead-acid battery with significantly longer life. More specifically, lead sulphate formation on the battery cell electrodes which generally occurs during high-current charging and discharging of the battery is minimised because the high-current charging and discharging is generally taken up by the asymmetric capacitor. 

Each battery cell of one embodiment of the invention provides a voltage of 2-volts. A lead-acid battery of one embodiment suitable for use in the broad range of electric vehicle battery applications will contain 8 negative electrodes and 9 positive electrodes, with 4 of the negative electrodes being lead-based negative electrodes, and the other 4 being capacitor electrodes, in an alternating arrangement. Variations in this arrangement and relative numbers of electrodes are also suitable, provided that there is a minimum of one of each electrode. 

EXAMPLES 

Example 1 

A lead-acid battery of one embodiment of the invention suitable for testing purposes was made in the arrangement as illustrated schematically in FIGS. 1 and 2. 

Two sponge lead (negative plate) electrodes (1), two lead dioxide positive plate electrodes (2) and one high surface-area negative carbon electrode plate (3) were positioned in an alternating arrangement as illustrated in FIG. 1 in a battery case (4). The positive lead dioxide electrodes (2) and negative lead electrodes (1) were 40 millimeters wide by 68 millimeters high by 3.3 millimeters thick. The carbon electrode (3) was 40 millimeters wide by 68 millimeters high by 1.4 millimeters thick. The battery electrodes were of a standard configuration and composition for lead-acid batteries, and were made by the methods described in the detailed description above. The lead electrode formation techniques used in this example are more fully described in our copending application PCT/AU2003/001404, the entire contents of which are incorporated by reference. In brief, the paste composition for the lead negative electrode comprised lead oxide (1 kg), fibre 0.6 g, BaSO.sub.4 4.93 g, Carbon black 0.26 g, H.sub.2SO.sub.4 (1.400 rel.dens.) 57 cm.sup.3, water 110 cm.sup.3, acid to oxide ratio 4% and paste density 4.7 g/cm.sup.3. The paste composition for the lead dioxide positive electrode comprised lead oxide 1 kg, fibre 0.3 g, H.sub.2SO.sub.4 (1.400 rel.dens.) 57 cm.sup.3, water 130 cm.sup.3, acid to oxide ratio 4% and paste density 4.5 g/cm.sup.3. The lead oxide was converted into lead dioxide and lead by the formation techniques described in our co-pending application. 

The capacitor electrode (3) was made from 20 wt % carbon black with specific surface area of 60 m.sup.2 g (Denki Kagaku, Japan), 7.5 wt % carboxymethyl cellulose, 7.5 wt % neoprene, and 65 wt % activated carbon with specific surface area of 2000 m.sup.2 g.sup.-1 (Kurarekemikaru Co. Ltd. Japan). 

Separators (5, 6) were located between the adjacent. electrodes. Absorptive glass microfibre (AGM) separators (5) of 2 millimeters in thickness were positioned between the lead-dioxide (2) and lead (1) electrodes, and microporous polypropylene separators (6) of 0.05 millimeters thickness were sandwiched between the positive electrodes (2) and carbon electrode (3). 

The battery case (4) was filled with sulfuric acid solution (7). The positive electrodes were connected to a positive busbar (8), and the negative electrodes connected to a negative busbar (9). As noted below, for comparison purposes, for simulation of a battery containing no ultracapacitor cell component, the capacitor negative plate could be disconnected from the negative busbar. 

For testing purposes, a charging and discharging profile was developed to simulate typical charge and discharge demands on a 42-volt mild HEV battery typically used in mild HEV applications. The profile has short duration (2.35 minutes) and is composed of several current steps that simulate the power requirements of the battery during vehicle operation. These are, in order: (a) an idle stop section involving a discharge of 2A over a 60 second period; (b) a high current discharge of 17.5A, lasting 0.5 seconds, simulating cranking; (c) an 8.5A power assistance discharge of 0.5 seconds; (d) a 14-volt/2A maximum, 70 second long engine charging section simulating charging of the battery during standard driving conditions; (e) a 5 second rest period; and (f) a 14-volt/2A maximum period correlating to regenerative charging (regenerative braking) lasting 5 seconds. 

The critical step is the cranking period over which the cell must deliver a current of 17.5A for 0.5 seconds. 

Testing 

To test the life span of the battery of the example, two identical batteries were made, and one was thereafter modified to disconnect the capacitor carbon negative electrode from the negative busbar, to correspond to an equivalent battery without the integral ultracapacitor feature, hereafter referred to as the "comparison battery". 

Each battery was subjected to repeated cycles of the profile illustrated in FIG. 3 and described above. A cut-off voltage of 1.6-volts, which is a common cut-off voltage value for batteries in the field of the invention, was set, and the batteries were subjected to repetitive cycling through the charge cycle until the lowest voltage during discharge reached the cut-off value. 

The results of the test are illustrated in FIG. 4. In this figure, line 10 is the comparison battery internal resistance profile, line 11 is the Example 1 battery internal resistance profile, line 12 is the comparison battery minimum discharge voltage profile and line 13 is the Example 1 battery minimum discharge voltage profile. 

During cycling, the following observations were made: (i) the maximum charge voltages of the comparison battery and the battery of Example 1 are maintained at 2.35-volts, as represented by line 14. (ii) the internal resistances of both batteries increase with cycling. Nevertheless, the internal resistance of the comparison battery increases faster than that of the battery of Example 1, for example, from 19 to 25 m.OMEGA. for the comparison battery and from 18 to 25 m.OMEGA. for the battery of Example 1. (iii) The minimum discharge voltages of the comparison battery and the battery of Example 1 decrease with cycling, but the rate of decrease is faster for the comparison battery. 

The comparison battery performs about 2150 cycles, while the battery of Example 1 performs 8940 cycles before the minimum discharge voltages of each battery reaches the cut-off value of 1.6-volts (represented by line 15. Thus, the cycling performance of the battery of Example 1 is at least four times better than that of the comparison battery. 

Example 2 

A variation on the battery of Example 1 is illustrated in FIGS. 5 and 6. For ease of comparison, the same numerals are used to refer to common features of the two batteries. 

The embodiment of this Example comprises three lead dioxide positive plate electrodes (2) and two composite negative electrodes (16). The composite negative electrodes comprise a current collector or grid (17) with the lead-containing paste composition described above applied to one region (the face) thereof (18) and capacitor high surface-area carbon electrode material-containing paste applied to the opposite face (19). Formation of the electrode is conducted in the manner known in the art. In a variation on this embodiment that is simpler to manufacture, a lead based negative electrode is prepared with lead pasted by conventional dipping techniques to the main body section in lead paste material, followed by formation, and then the capacitor material is pasted to a region or regions of this lead based negative electrode, such as one face thereof. The positive (2) and negative composite electrodes (16) are positioned in an alternating arrangement as illustrated in FIG. 5 in a battery case (4). 

The positive lead dioxide electrodes (2) and negative composite electrodes (16) of the embodiment illustrated in FIG. 5 are 40 millimeters wide by 68 millimeters high by 3.3 millimeters thick. The carbon electrode region (19) of the negative electrode takes up 1.4 millimeters of the thickness of the negative electrode. 

Separators (5, 6) are located between the adjacent electrodes. Absorptive glass microfibre (AGM) separators (5) of 2 millimeters in thickness are positioned between the lead-dioxide (2) and lead face (18) of the negative electrode, and microporous polypropylene separators (6) of 0.05 millimeters thickness are sandwiched between the positive electrodes (2) and carbon face of the negative electrode (19). 

The battery case (4) is filled with sulfuric acid solution (7). The positive electrodes are connected to a positive busbar (8), and the negative electrodes connected to a negative busbar (9). 

Example 3 

Further testing on the battery of Example 1 showed that improvements in electrolyte dry-out could be achieved by matching the hydrogen evolution rate of the carbon electrode (3) during battery charging to be similar to that of the lead negative electrode (1). This was achieved by replacing the carbon electrode of Example 1 with a modified carbon electrode (103) with 2.5 wt % PbO and 2.5 wt % ZnO, 65 wt % activated carbon, 20 wt % carbon black and binder (10 wt %) in the paste composition. 

The hydrogen evolution rates for this electrode were tested and compared to the electrode used in Example 1, as well as the hydrogen evolution rates of the lead negative electrode of example 1. The results are shown in FIG. 7, in which curve 20 represents the carbon electrode hydrogen evolution rate, curve 21 represents the lead-acid negative plate hydrogen evolution rate, and the curve 22 represents the carbon plus additives electrode hydrogen evolution rate. The higher current density levels recorded for the carbon electrode with no oxide additive rise considerably at potentials falling below -1.2V, and even more so by -1.3V. By more closely matching the hydrogen evolution rate of the two electrodes, the battery can be operated at higher potentials without earlier failure due to electrolyte dry-out. 

Inclusion of the oxide CdO would have a similar effect to ZnO and PbO, but for toxicity reasons was not used in the testing. AgO has a similar effect, but is an expensive additive and not as effective on its own. In other tests the levels of ZnO and PbO were varied within the range 1-10% and 1-20% respectively, and the AgO between 1-5%. The other oxides mentioned in the detailed description above have a similar impact to AgO. 

Example 4 

A further variation on the battery of Example 1 is illustrated in FIG. 8. For ease of comparison, the same numerals are used to refer to common features of the two batteries. In addition, for simplicity, only the battery electrodes are illustrated. It will be understood that the battery further includes the separators, case, electrolyte, busbars, terminals and other features of batteries common in the art. 

The battery of this Example comprises an alternating series of positive and negative electrodes. The electrodes are, in order from left to right, a lead dioxide battery positive electrode (2), a lead-based battery negative electrode (3), a second lead dioxide battery positive electrode (2), a capacitor carbon and additive negative electrode of the type described in Example 3 (103), a capacitor-battery positive electrode as described further below (23), a second capacitor carbon and additive negative electrode of the type described in Example 3 (103), a second lead based battery negative electrode (3) and a third lead dioxide battery positive electrode (2). Each of the positive and negative electrodes, respectively, are connected to a positive conductor and a negative conductor, and to the positive and negative terminals of the battery. 

The capacitor-battery electrode (23) comprises a metal current collector, with a mixture of activated carbon (60 wt %), carbon black (20 wt %) and 10 wt % of lead oxide pasted thereon. The paste composition is formed with 10 wt %[5 wt % carboxymethyl cellulose and 5 wt % neoprene] binder and sintered onto the current collector. The electrode is about 0.8 mm thick. In gassing tests it was shown that the inclusion of SbO and red lead in this capacitor positive electrode has an advantageous effect on gassing, and therefore these additives may further be contained in the capacitor positive electrode. 

The battery of this Example can contain further alternating positive and negative electrodes of any type. Generally it is desirable to ensure that there is some level of matching the surface areas and hydrogen gassing rates of the sum of the positive and negative electrodes, and to include the requisite number of positive and negative electrodes to provide a battery of the desired voltage. 

Thus, many modifications may be made to the embodiments and examples described above without departing from the spirit and scope of the invention. 

6 7,910,250  System and method for recharging a metal-air converter used for vehicle propulsion  
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Abstract
A power supply system for powering an electric motor (16) in an electric vehicle includes a metal-air converter (12) connected to the motor (16) for driving the motor (16) and a generator (10) connected to the metal-air converter (12) for recharging the metal-air converter (12). The generator (10) may also directly provide electricity to the motor (16) simultaneously with the metal-air converter (12). The system further includes a structure for providing a supply of fuel to the generator (10) that in turn converts the fuel to electricity. 
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RELATED APPLICATIONS 

The present application claims priority to U.S. Provisional Patent Application Ser. No. 60/402,447, filed Aug. 8, 2002 and entitled "Fuel Cell/Metal-Air Converter for Automotive Propulsion", the contents of which are herein incorporated by reference. 



Claims




The invention claimed is:

1. A power supply system for powering an electric motor in an electric vehicle, the system comprising: a generator for converting a fuel to electricity, a metal-air converter electrically coupled to the electric motor and the generator for receiving electricity produced by the generator, and a fuel supply for supplying fuel to the generator. 

2. The power supply system of claim 1, wherein the metal-air converter comprises one of a zinc-air battery, an aluminum-air battery, a magnesium-air battery, a lithium-air battery, a calcium-air battery and an iron-air battery. 

3. The power supply system of claim 1, wherein said metal-air converter is adapted to be operated: as a rechargeable battery for receiving electricity from the generator; as a rechargeable battery for receiving electricity from an off board electric source; and as a fuel cell with replenished metal fuel. 

4. The power supply system of claim 1, wherein the generator is selected from the group consisting of a fuel cell, a combustion engine, a gas turbine, and combinations thereof. 

5. The power supply system of claim 1, wherein the generator comprises a hybrid power source including a gas turbine and a fuel cell. 

6. The power supply system of claim 4, wherein said fuel cell is selected from the group consisting of solid oxide, solid state, molten carbonate, phosphoric acid and alkaline and proton electrolyte membrane fuel cells. 

7. The power supply system of claim 1, wherein the metal-air converter has an energy density greater than 200 Wh/kg or 500 Wh/l and power density greater than 200 W/kg or 500 W/l. 

8. The power supply system of claim 1, wherein the generator produces power in excess of the needs for metal-air converter recharging or on board use and can offer power for off board use. 



Description




FIELD OF THE INVENTION 

The present invention relates generally to the field of vehicle propulsion systems. In particular, the present invention relates to an electric vehicle propulsion system including an on-board power source in combination with a battery. 

BACKGROUND OF THE INVENTION 

As concerns surrounding traditional energy sources persist, investigation into alternative forms of energy are becoming increasingly important. In particular, environmental and political concerns associated with emissions of combustion based energy systems can not be ignored. In an effort to reduce dependence on these types of energy supplies and methods, therefore, the focus is likely to be on devices capable of generating electricity by consuming plentiful or renewable supplies of fuels with low or zero emissions. 

Alternatives to internal combustion engine powered vehicles have included various types of battery powered electric vehicles. Batteries are commonly used electrical energy sources. A battery contains a negative electrode, typically called the anode, and a positive electrode, typically called the cathode. The anode contains an active material that can be oxidized; the cathode contains or consumes an active material that can be reduced. The anode active material is capable of reducing the cathode active material. In order to prevent direct reaction of the anode material and the cathode material, the anode and the cathode are electrically isolated from each other by a separator. 

When a battery is used as an electrical energy source in a device, such as a vehicle, electrical contact is made to the anode and the cathode, allowing electrons to flow through the device and permitting the respective oxidation and reduction reactions to occur to provide electrical power. An electrolyte in contact with the anode and the cathode contains ions that flow through the separator between the electrodes to maintain charge balance throughout the battery during discharge. 

A problem associated with most known battery powered vehicles, however, is the constant need for recharging, due to the limited amount of energy a battery can hold in a single charge. In the current state of the art, recharging a battery requires taking the vehicle out of service. Current methods of recharging require the vehicle to be brought to a standstill, and are time-consuming and tedious, particularly since they must be performed frequently. 

Fuel cells, therefore, have been explored as a means for powering electric vehicles and reducing the constant need to recharge the vehicle from off-board sources. Fuel cells electrochemically convert hydrocarbons or hydrogen to electricity with low or zero emissions. Because they are compact in structure, high in efficiency, and low in pollutants, fuel cells provide several advantages for use in vehicle transportation. Accordingly, fuel cells appear to be well suited for adaption to vehicle applications. 

A drawback associated with known fuel cell systems, however, is that they are not economically viable for applications in which the power rating of the fuel cell must meet propulsion demands. In motor vehicle applications, for example, a fuel cell system designed to provide sufficient power required by the vehicle for cruising, let alone for peak surge, would be prohibitively expensive. While various known systems have attempted to exploit the advantages of designating a surge battery to meet peak demand in motor vehicle applications, none has satisfactorily overcome the size-constraints for on-board integration. 

SUMMARY OF THE INVENTION 

The present invention provides hybrid vehicle propulsion system for powering a vehicle. The system includes a metal-air converter connected to an electric motor in the vehicle for propulsion of the vehicle. The metal-air converter generates electricity for driving the motor by reacting a metal, such as zinc, with air to produce a metal oxide and release electrons to generate electricity. An on-board generator is connected to the metal-air converter for recharging the metal-air converter. The system further includes a structure for supplying fuel to the generator that in turn converts the fuel to electricity. 

The hybrid vehicle propulsion system has a range comparable with that of traditional combustion engines without requiring frequent interruptive recharging from off-board sources. The hybrid propulsion system is economically feasible and can accommodate typical surge and range demands of a vehicle. 

By integrating a generator as an on-board recharging system for a metal-air converter powered electric vehicle, the range of the vehicle can be extended to over 300 miles. This is competitive with vehicles powered by traditional combustion engines and greatly improves the commercial viability of battery-powered electric vehicles. Improved system weight is also achieved by using a metal-air battery, which has much higher energy and power density by volume or weight than the traditional lead acid battery or other advanced batteries. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 is schematic diagram of an electric vehicle constructed in accordance with the teachings of the present invention. 

FIG. 2 is a schematic diagram of a metal-air converter suitable for use in the electric vehicle of FIG. 1. 

FIG. 3 is a schematic diagram of a hybrid propulsion system for the electric vehicle of FIG. 1, according to an illustrative embodiment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides a hybrid propulsion system for a vehicle that employs a rechargeable metal-air converter coupled to a generator for powering a driving motor. The generator also serves to provide on-board recharging of the metal-air converter. The present invention will be described below relative to an illustrative embodiment. Those skilled in the art will appreciate that the present invention may be implemented in a number of different applications and embodiments and is not, specifically limited in its application to the particular embodiments depicted herein. 

A metal-air electrochemical converter is a type of battery that uses a metal fuel to produce energy. In conventional metal-air electrochemical converters, the energy released by the metal fuel is based on well known electrochemistry principles. In a metal-air electrochemical converter, oxygen is supplied to the cathode of the converter from the atmospheric air external to the converter through one or more air access opening(s). A metal fuel, e.g., zinc, aluminum, magnesium, lithium, iron, calcium or another suitable metal, is made available to the anode of the converter, or the anode is formed of the metal fuel. As a load is imposed on the converter, the metal is converted to metal oxide with a corresponding release of electrons, which provide electricity. For example, in the specific case of zinc being used as the metal fuel, the overall reaction is: Zn.fwdarw.ZnO+2e 

The reaction for aluminum, magnesium, lithium, iron, calcium and other metals for a metal-air converter is similar. 

A metal-air converter is rechargeable by providing an electric charge from an off-board source to reverse the electrochemical process, or by supplying new metal fuel to replace the spent metal fuel. 

Electric vehicles are well known in the art. For example, typical electric vehicles can be powered by nickel-cadmium batteries, which power electric motors of anywhere from twenty to over two-hundred horsepower. The batteries are generally rechargeable by off-board DC power supplies. A problem with known systems, however, is that they offer limited range between required recharging stops. Most known battery powered vehicles require frequent recharging and have a severe limitation in the range of travel, typically less than 100 miles. Solar rechargeable systems can reduce the need for frequent off-board recharging. However, drawbacks associated with the solar generation of electricity include its usefulness being limited to clear weather and daylight hours. 

The present invention provides a hybrid propulsion system that is suitable for powering an electric motor in an electric vehicle. According to an illustrative embodiment of the invention, an electric vehicle includes a rechargeable metal-air converter, illustrated as a metal-air battery, together with an on-board generator, for powering the motor of the vehicle. The on-board generator is also connected to the metal-air converter for recharging the metal-air converter to extend the distance the vehicle can-travel without requiring the vehicle to stop for refueling, recharging or replacement of the metal-air converter. The term "generator" as used herein is intended to include general types of power-sources for supplying energy to or on-board a mobile vehicle, such as fuel cells, internal combustion engines, sand solar cells, as well as gas and steam turbines of micro and macro sizes and combinations thereof. The integration of fuel cells with a gas turbine, including both micro and macro gas turbines, is clearly set forth in U.S. Pat. No. 5,693,201 and U.S. Pat. No. 5,976,332, to the assignee hereof, the contents of which are herein incorporated by reference. The term "metal-air converter" as used herein refers to a device that releases electrons to produce electricity by converting a metal in a metal fuel to a metal oxide. Examples include, but are not limited to: a zinc-air battery, an aluminum-air battery, a magnesium-air battery, a lithium-air battery, an iron-air battery and a calcium-air battery. Metal-air battery having an anode formed of a material including a metal that releases electrons when oxidized. A "metal-air battery" is a battery having an anode that is formed of a metal (or a material including metal) that releases electrons when oxidized. 

Accordingly, FIG. 1 is a block diagram of an electrically powered vehicle V including the improved propulsion system of an illustrative embodiment of the present invention. The system includes a generator 10, which is electrically and/or mechanically coupled or connected to a rechargeable metal-air converter 12. As shown, the metal-air converter 12 is connected or coupled to an electric motor 16, which drives a motor vehicle drive train T. A fuel supply tank 18 is also provided on-board the vehicle for delivering a supply of fuel to the generator 10. Arranged between the generator 10 and the battery 12 can be an optional voltage regulator 14. The generator 10 may be connected to the motor via the voltage regulator, as shown. For purposes of illustration, the generator 10, metal-air converter 12, and electric motor 16 are shown as being interconnected in series. However, the specific arrangement of the illustrated components and other circuitry or parts are well known to those skilled in the art of motor vehicles in general and electrically powered motor vehicles in particular. 

The generator 10, under steady operation, may be primarily utilized for on-board recharging of the metal-air converter 12, and can also, be used to power the motor. The generator 10 receives generator fuel from the fuel supply tank 18 and converts the generator fuel, in a manner described in greater detail herein below, to produce electricity for recharging the converter 12, which is typically under a variable load demand, depending on the terrain, the speed of the vehicle, the driving requirements and environment, and so on. Positive and negative electrical leads of the generator 10 are connected to corresponding leads on the converter 12 to transfer recharging energy, as required, from the generator 10 to the metal-air converter 12. According to an illustrative embodiment, the generator 10 may also directly provide power to the electric motor 16. By integrating a continuous output, on-board power-supply, i.e., the generator, with an electric vehicle, the hybrid propulsion system of the present invention significantly reduces or eliminates the dependence of such vehicles on off board-recharging. 

In one embodiment of the invention, the generator 10 comprises a fuel cell, such as a proton electrolyte membrane (PEM) fuel cell. Solid oxide fuel cells, molten carbonate fuel cells, phosphoric acid fuel cells and alkaline fuel cells are suitable as well. Other types of fuel cells will be apparent to those skilled in the art. Suitable fuel cells are described at least for example in U.S. Pat. No. 5,332,630, the contents of which are herein incorporated by reference. Other suitable fuel cells are described, for example, in U.S. Pat. No. 4,614,628 (Sep. 30, 1986 to Hsu et al.), U.S. Pat. No. 4,721,556 issued to Hsu on Jan. 26, 1988, U.S. Pat. No. 4,853,100 issued to Hsu on Aug. 1, 1989, U.S. Pat. No. 5,462,817, U.S. Pat. No. 5,501,781, U.S. Pat. No. 5,693,201, U.S. Pat. No. 5,976,332, U.S. Pat. No. 5,833,822, U.S. Pat. No. 5,747,185, U.S. Pat. No. 5,948,221, U.S. Pat. No. 5,858,568 and U.S. Pat. No. 6,083,636. The contents of the foregoing references are hereby incorporated herein by reference. 

The metal-air converter can comprise a zinc-air converter, aluminum-air, magnesium-air and other converter types. Suitable metal-air converters are available from eVionyx, of Hawthorne, N.Y., USA. FIG. 2 is a schematic drawing of an example of a zinc-air battery 200 suitable for use in the electric vehicle of FIG. 1. One skilled in the art will recognize that the zinc-air battery is an example of one of many types of metal-air converters that may be implemented in the hybrid propulsion system of the present invention and that the invention is not limited to the illustrative metal-air converter. The metal-air converter of the present invention can include any compact lightweight converter suitable for operating with a generator, such as a fuel cell in an electric vehicle. According to an illustrative embodiment, the metal-air converter used in the present invention has an energy-density greater than 200 Wh/kg or 500 Wh/l and power density greater than 200 W/kg or 500 W/l, though one skilled in the art will recognize that the invention is not limited to these ranges. 

As shown, the zinc-air battery 200 includes an anode 210 formed of zinc, a cathode or air electrode 220 made of a porous carbon structure or metal mesh covered with a proper catalyst and an electrolyte 230. The electrolyte comprises a liquid or solid polymer membrane material that conducts OH-- ions, such as KOH. As the zinc reacts with the oxygen supplied from the cathode to form zinc oxide, electrons are released. The anode 210 and the cathode 220 connect to a discharge circuit 240, which conducts the generated electrons from the anode to a load 241. 

As shown in FIG. 2, to enhance the cost-efficiency of the metal-air converter, the metal fuel may be regenerated from the metal oxide by a chemical recycling process, to extend the lifetime of the converter. For example, in the illustrative zinc-air battery 200, the anode and cathode also connect to a recharging circuit 250, which converts the zinc oxide produced by the electrochemical reaction back to zinc to recharge the battery. The recharging circuit recharges the battery by applying an electric charge to the zinc oxide to reverse the electrochemical reaction. The converted zinc may then be reused to produce additional electrons. 

The use of a metal type fuel for powering the electric motor provides favorable economic scale while concomitantly providing flexibility in the manner and type of use. In the specific case of zinc as a fuel, zinc ore is abundantly available and is mined and converted to relatively low-cost zinc metal. Within the converter, energy is extracted from the zinc as it is electrochemically converted to zinc oxide. Metal-air converters also have a high energy-to-weight ratio, are compact, are safe to use, and are relatively inexpensive. Metal-air converters also do not cause the harmful environmental effects associated with other fuels, as no toxic byproducts are produced by the chemical reaction. 

Several commercially attractive options exist which help in lowering the cost of the original zinc fuel. These options include recharging the converter, which converts the zinc oxide back to zinc metal, or reclaiming or reprocessing the zinc oxide for use in other industries (e.g. pharmaceuticals or agricultural industries). Some benefits of the using a metal fuel converter include that it is refuelable, rechargeable, and does not generate harmful emissions or by-products. Moreover, the converter provides more power and energy than any current or foreseeable technology. Further, the converter can be operated at room temperatures and pressures, is environmentally friendly, abundant and recyclable. 

In the current state of the art, delivering a metal fuel or electric charge to a metal-air converter to replenish a metal fuel supply is difficult, unwieldy and inefficient. Prior metal-air converters rely on replenishing the metal fuel or providing an electric charge at an off-board refueling or recharging station. For wide spread use, a metal-air converter used as a propulsion source requires many accessible service stations dedicated to refueling and recharging of metal-air converters. Additionally, the metal fuel is significantly more expensive, by a factor of five, than conventional fuels, such as gasoline and natural gas. 

As shown in FIGS. 1 and 3, an on-board generator 10 is utilized to continuously provide power for recharging a rechargeable metal-air converter 12 that powers the motor. In this regard, the generator 10 acts as a trickle charger for the metal-air battery 12. Because the generator 10 is not required as the sole source to provide full power to the drive train of the vehicle, the power rating required of the generator is advantageously reduced. The energy drain on the battery determines the steady power output of the generator. In some applications, the generator can be operated to produce more electricity than that required for operation of the vehicle or recharging the battery. This excess electricity can be delivered off-board for various uses such as, for example, household and/or commercial uses. 

As schematically shown in FIG. 3, a metal-air converter 12 in the illustrative propulsion system for a vehicle according to the present invention can be used in a plurality of different modes. In the present invention, the metal-air converter 12 may be operated as a rechargeable energy source, similar to traditional batteries. The metal-air converter may also be operated as a refuelable energy source, similar to a fuel cell, by replenishing the metal fuel used to produce electricity. Alternatively, the metal-air converter may comprise an energy device that is both refuelable and rechargeable. 

The present invention provides a hybrid propulsion system for a vehicle that employs a generator, such as a proton exchange membrane (PEM) type fuel cell, and a metal-air converter, which, as set forth above, can be operated as a battery. As shown in FIG. 2, the metal-air battery 12 may be recharged from an onboard power source, i.e., the generator, to extend the travel range of a vehicle. The metal-air battery may also be recharged by applying an electric charge to the metal-air battery from an off-board charging source 38. Alternatively, the metal-air battery maybe refueled from an off-board fuel source 28, which supplies new metal fuel to the battery. The use of the generator to provide on-board recharging reduces the need to take the vehicle out of commission to refuel or recharge using one of the off-board sources 28 or 38. 

In the illustrative hybrid propulsion system, the metal-air converter, which can employ zinc, aluminum or magnesium metal, is operated as a battery for use in a hybrid system capable of consuming petrochemical fuels or hydrogen. The vehicle utilized the battery as a primary power source for acceleration and other demand modes, and the * generator, such as a fuel cell, as an energy source for propelling the vehicle to travel distances. Conventional batteries, such as lead-acid or NI-MH, are heavy and bulky, and hence are unsuitable for a vehicle that employs a fuel cell. When the traditional battery is replaced by a metal air converter, the vehicle is capable of storing more fuel on-board. 

The Table below compares a prior art system that includes a fuel-cell in conjunction with a lead-acid battery and a system of an illustrative embodiment of the invention, comprising a fuel-cell and a zinc-air battery. One skilled in the art will recognize that the generator is not limited to a fuel cell and the metal-air converter is not limited to a zinc-air battery. 

TABLE-US-00001 TABLE 1 Fuel-cell/Lead-Acid Fuel-cell/Zinc-Air Fuel Cell Weight lb 500 500 Battery Weight lb 500 50-100 (lead-Acid) (Metal-Air) Fuel Storage Weight lb 500 950-900 Hydrogen Fuel Weight lb 10 >18 Travel Range miles 200 >360 

As shown, a hybrid propulsion system comprising a fuel cell and a zinc-air battery can have a travel range of more than 360 miles, compared to the significantly lower, travel range of 200 miles for the system including a lead-acid battery. As shown, the hybrid propulsion system comprising a fuel cell and a zinc-air battery weighs substantially the same as the lead-acid battery system, but, since the zinc-air battery is much lighter than the lead-acid battery, the hybrid propulsion system comprising a fuel cell and a zinc-air battery can carry more fuel, enabling a much higher travel range. Furthermore, unlike the lead-acid battery, the zinc-air battery does not contain harmful chemicals, such as acid. 

Other alterations to the above described embodiments of the invention will be readily apparent to those ordinarily skilled in the art and are intended, therefore, to be embraced within the spirit and scope of the invention. The invention is to be defined, therefore, not by the preceding description but by the claims that follow. 

7 7,898,103  Power supply apparatus for vehicle and vehicle incorporating the same  
Abstract
A power supply apparatus for a vehicle includes first and second batteries, a power supply line, first and second boost converters, a system main relay, a capacitor, and a control device controlling the first and second boost converters and a connecting portion. Upon receiving a startup instruction IGON, the control device controls the first boost converter such that a feeding node capacitor is charged from the first battery, and controls the second boost converter such that the capacitor is charged from the power supply line. After the charging of the capacitor is completed, the control device switches the system main relay from a disconnected state to a connected state. 

8 7,893,652  Battery control apparatus, electric vehicle, and computer-readable medium storing a program that causes a computer to execute processing for estimating a state of charge of a secondary battery  
Abstract
The present invention can speedily and accurately estimate an SOC of a secondary battery immediately after a charge/discharge operation resumes. A determination unit determines whether a dormant period is longer than a predetermined time in response to an initiation of power supply from a secondary battery to a motor generator. The dormant period is equivalent to the duration from a previous stop of power supply to a present initiation of power supply. If the dormant period is longer than the predetermined time, a state-of-charge estimating unit sets an initial SOC based on a peak battery voltage drop .DELTA.Vs and a peak discharge current Is, wherein the peak battery voltage drop .DELTA.Vs represents a difference between a battery voltage Vo measured before initiating power supply and a lowest battery voltage Vs measured after initiating power supply and the peak discharge current Is represents a maximum current value measured after initiating power supply. The state-of-charge estimating unit estimates a state of charge of the secondary battery 30 based on the initial SOC as a value effective immediately after initiating power supply. 

9 7,880,439  Battery-capacity management device  
Abstract
A battery-capacity management device comprises a charged/discharged-capacity integrating unit that detects a voltage and a current of a driving battery and that calculates a discharged capacity of the driving battery. The device also comprises a battery temperature sensor that detects a temperature of the driving battery, a memory, and an available-capacity calculating unit. Map data that represents relationships among voltages, currents, and temperatures of the driving battery at states in which remaining capacity of the driving battery has reached a preset value can be stored in the memory. The available-capacity calculating unit calculates a renewed available capacity of the driving battery based on a discharge capacity discharged over a period between a time when the driving battery is charged and a time when the voltage value detected by the charged/discharged-capacity integrating unit reaches a voltage value corresponding to the current value and the battery temperature in the map data. 

10 7,863,843  Cold rattle reduction control system  
Abstract
A control system for controlling an electric machine (EM) of a hybrid electric vehicle is provided. The system includes: an enable module that selectively enables a motoring mode of the EM based on ambient air temperature; and an EM control module that commands the EM to provide motoring torque as a function of engine speed during the motoring mode. 

11 7,839,013  Power supply device for vehicle and method of controlling the same  
Abstract
A power supply device for a vehicle includes a battery (B1) which serves as a first power storage device, a battery (B2) which serves as a second power storage device, a vehicle load, a selection switch (RY0) which selects one of the first and second power storage devices and connects the selected power storage device to the vehicle load, and a control device (60) which, when a current flowing through the selection switch (RY0) is larger than a prescribed value, controls the vehicle load so that the current flowing through the selection switch (RY0) is made smaller than the prescribed value, and switches the selection switch. Preferably, when the control device (60) switches the selection switch (RY0), the control device controls inverters (20, 30) to achieve a balance between electric power generated in a first motor generator (MG2) and electric power consumed in a second motor generator (MG1). 

12 7,820,321  Redox flow battery system for distributed energy storage  
Abstract
A large stack redox flow battery system provides a solution to the energy storage challenge of many types of renewable energy systems. Independent reaction cells arranged in a cascade configuration are configured according to state of charge conditions expected in each cell. The large stack redox flow battery system can support multi-megawatt implementations suitable for use with power grid applications. Thermal integration with energy generating systems, such as fuel cell, wind and solar systems, further maximize total energy efficiency. The redox flow battery system can also be scaled down to smaller applications, such as a gravity feed system suitable for small and remote site applications. 

13 7,811,701  Battery assembly  
Abstract
A battery pack includes multiple power bus lines connecting a quantity of cell strings in parallel, wherein each cell string includes multiple cells connected in series. The battery pack further has multiple conductors providing electrical communication between the cell strings such that a cell in one cell string is connected in parallel with a cell in other battery strings. 

14 7,808,211  System and method for charging batteries  
Abstract
A high frequency battery charger includes a converter, drive logic, and control logic. The converter transforms a DC voltage into a high frequency AC voltage. The drive logic controls a conversion of the high frequency AC voltage through a train of pulses. The control logic adjusts the output of the converter to maximize a charging cycle of a battery. The method of transforming an AC input into a direct current output used to charge a rechargeable battery includes transforming an AC input into a first DC output; transforming the first DC output into a high frequency AC output; transforming the high frequency AC output into a second DC output; and passing a charging current to an external load when the load is correctly connected to an output. 

15 7,755,331  Storage battery managing apparatus and vehicle controlling apparatus providing the same  
Abstract
A storage battery managing apparatus which ensures charge-discharge control of a storage battery in consideration of state variation of each unit cell even if the battery pack includes a number of component unit cells, and a vehicle controlling apparatus providing the same. A storage battery includes a plurality of chargeable-dischargeable unit cells connected in which battery management ICs detect the cell voltage of each unit cell, a voltage sensor detects a storage battery voltage and a current sensor detects currents to be charged and discharged in the storage battery. A degree of SOC imbalance is obtained by use of detected cell voltage of each unit cell when the storage battery is being neither charged nor discharged. 

16 7,755,306  Electric power control device, electric powered vehicle including the same, and method for controlling electric power of electric vehicle  
Abstract
A load on a vehicle is connected to first and second neutral points in first and second motor generators through a relay circuit and power output lines. A control device controls inverters depending on a requested voltage of the load on a vehicle such that a potential at the first neutral point becomes higher than a potential at the second neutral point by that requested voltage. 

17 7,755,213  Power supply device and vehicle equipped with the same  
Abstract
A power supply device includes a current sensor detecting a current flowing between a junction, where an output of a first boost converter and an output of a second boost converter are joined together, and a load circuit, and a control device controlling the first and second boost converters and monitoring a current value detected by the current sensor. The control device performs pulse width modulation control over the first and second boost converters based on carrier signals equal in frequency and different in phase. The control device obtains an individual value of currents flowing through the first and second boost converters by sampling the detected current value with a time difference corresponding to phase difference. 

18 7,745,953  Energy storage system for powering vehicle electric user devices  
Abstract
An energy storage system for powering electric user devices of a vehicle, the energy storage system having a battery; a capacitive element connected parallel to the terminals of the battery; and an inductive element connected in series to the battery, between the battery and the capacitive element; to effectively regulate power/energy flow between the battery and the capacitive element during transients, the ratio between the capacity of the battery measured in (Ah) and the capacitance of the capacitive element measured in (F) is less than 1, and the ratio between the capacity of the battery measured in (Ah) and the inductance of the inductive element measured in (.mu.H) is less than 1. 

19 7,710,120  Abnormal voltage detector apparatus for detecting voltage abnormality in assembled battery  
Abstract
An abnormal voltage detector apparatus is provided for an assembled battery including a plurality of battery blocks connected in series to each other. In the abnormal voltage detector apparatus, a detecting part detects whether or not each of the battery blocks is in a voltage abnormality state by comparing either one of a voltage of each battery block and each battery measuring voltage, that is a voltage lowered from the voltage of each battery block, with a predetermined reference voltage, generates each of abnormality detecting signals containing information about a detected result, calculates a time ratio of a time interval, for which the assembled battery is in a voltage abnormality state, to a predetermined time interval, based on the abnormality detecting signals, and detects a voltage abnormality of the assembled battery based on a calculated time ratio. 

20 7,710,073  Secondary battery module, battery information management device, battery information management system, secondary battery reuse system, secondary battery recovery and sales system, secondary battery reuse method, and secondary battery recovery and sales method  
Abstract
A secondary battery module includes a battery information storage unit for storing electric characteristic information and usage history information of the secondary battery module. A battery information management device and a terminal device respectively include interfaces to be connected to the secondary battery module. The battery information management device is provided with a battery information database. The battery information management device is connected to the terminal device through a communications network. In this way, battery information stored in the battery information storage unit, which is acquired by the battery information management device and the terminal device, is accumulated in the battery information database. Moreover, the battery information management device grades the secondary battery module for reuse based on the battery information and a predetermined threshold. 

21 7,701,167  System and method for supervising battery for vehicle  

22 7,690,453  Electric vehicle  

23 7,675,291  Method and device for monitoring deterioration of battery  

24 7,667,438  Energy storage system with ultracapacitor and switched battery 

25 7,661,370  Design of a large low maintenance battery pack for a hybrid locomotive  

26 7,659,680  Motor battery systems  

27 7,652,448  Vehicle battery state of charge indicator  

28 7,642,001  Non-aqueous secondary battery and its control method  

29 7,622,894  Status detector for power supply, power supply, and initial characteristic extracting device for use with power supply  

30 7,595,109  Electrical-energy-storage unit (EESU) utilizing ceramic and integrated-circuit technologies for replacement of electrochemical batteries  

31 7,592,815  Leakage detection circuit for electric vehicle  

32 7,576,507  Motor battery systems  

33 7,570,022  Variable battery refresh charging cycles  

34 7,570,012  Energy storage device for loads having variable power rates  

35 7,565,867  Multiple engine locomotive configuration  

36 7,557,585  Abnormal voltage detection apparatus for detecting voltage abnormality in assembled battery  

37 7,528,579  System and method for charging batteries  

38 7,521,896  Abnormal voltage detector apparatus for detecting voltage abnormality in assembled battery  

39 7,518,254  Multiple prime power source locomotive control  

40 7,514,905  Battery management system  

41 7,514,807  Alternator boost method  

42 7,507,500  Design of a large battery pack for a hybrid locomotive  

43 7,498,772  Method and system of modeling energy flow for vehicle battery diagnostic monitoring  

44 7,486,034  Power supply device for vehicle and method of controlling the same  

45 7,476,987  Stand-alone wind turbine system, apparatus, and method suitable for operating the same  

46 7,469,760  Hybrid electric vehicles using a stirling engine  

47 7,467,830  Managing wheel slip in a locomotive  

48 7,466,536  Utilization of poly(ethylene terephthalate) plastic and composition-modified barium titanate powders in a matrix that allows polarization and the use of integrated-circuit technologies for the production of lightweight ultrahigh electrical energy storage units (EESU)  

49 7,443,651  Organic electrolyte capacitor  

50 7,420,295  Power unit for conveyance and conveyance provided with the power unit  

51 7,384,704  Methods and apparatus for controlling the temperature of an automobile battery  

52 7,358,701  Method and system for modeling energy transfer  

53 7,349,797  Emission management for a hybrid locomotive  

54 7,332,881  AC drive system for electrically operated vehicle  

55 7,325,638  Motor vehicle with a primary engine for acceleration and secondary engine augmented by an electric motor for cruising  

56 7,309,929  Locomotive engine start method  

57 7,304,445  Locomotive power train architecture  

58 RE39,908  Secondary battery power storage system  

59 RE39,749  Electric vehicle with secondary battery power storage system  

60 7,217,473  Mechanical and thermal improvements in metal hydride batteries, battery modules, and battery packs  

61 7,132,195  Separator for sealed lead-acid battery  

62 7,049,792  Method and apparatus for a hybrid battery configuration for use in an electric or hybrid electric motive power system  

63 7,033,406  Electrical-energy-storage unit (EESU) utilizing ceramic and integrated-circuit technologies for replacement of electrochemical batteries  

64 6,994,737  High-capacity polymeric Li-ion cell and its production method  

65 6,972,164  Lithium secondary battery for use in electric vehicle  

66 6,953,638  Fluid-cooled battery pack system  

67 6,951,699  Non-aqueous secondary battery and its control method  

68 6,949,313  Battery with a microcorrugated, microthin sheet of highly porous corroded metal  

69 6,902,847  Non-aqueous secondary cell and method for controlling the same  

70 6,878,485  Mechanical and thermal improvements in metal hydride batteries, battery modules and battery packs  

71 6,811,919  Lithium secondary battery and transportation method thereof  

72 6,744,237  Hybrid power system for an electric vehicle  

73 6,737,822  Traction motor drive system  

74 6,720,107  Redox gel battery  

75 6,664,006  All-solid-state electrochemical device and method of manufacturing  

76 6,653,002  Quick charge battery with thermal management  

77 6,646,419  State of charge algorithm for lead-acid battery in a hybrid electric vehicle  

78 6,617,071  Active material for high power and high energy lead acid batteries and method of manufacture  

79 6,608,467  Replacement battery formation system  

80 6,596,430  Lithium secondary battery and transportation method thereof  

81 6,575,258  Electric current and controlled heat co-generation system for a hybrid electric vehicle  

82 6,573,685  Method of replacing secondary battery  

83 6,563,291  Set battery charging condition detecting apparatus  

84 6,562,494  Electro-chemical power generation systems employing arrays of electronically-controllable discharging and/or recharging cells within a unitary support structure  

85 6,556,424  Supercapacitor with magnetized parts  

86 6,545,449  Method for controlling charge to secondary battery for automated guided vehicle  

87 6,536,207  Auxiliary power unit  

88 6,534,954  Method and apparatus for a battery state of charge estimator  

89 6,518,732  System and method for optimal battery usage in electric and hybrid vehicles  

90 6,509,720  Vehicle battery charge control apparatus and a vehicle battery charge control method  

91 6,507,169  Energy storage system  

92 6,506,518  Lithium secondary battery  

93 6,497,973  Electroconversion cell  

94 6,495,990  Method and apparatus for evaluating stored charge in an electrochemical cell or battery  

95 6,495,288  Lead-acid battery having tin in positive active material and silica in separator  

96 6,492,059  Separator for sealed lead-acid battery  

97 6,485,850  Metal-air fuel cell battery system with multiple cells and integrated apparatus for producing power signals with stepped-up voltage levels by selectively discharging the multiple cells  

98 6,479,186  Lithium secondary battery for use in electric vehicle  

99 6,479,179  Source of electrical power for an electric vehicle and other purposes, and related methods  

100 6,469,471  Battery charge measurement and discharge reserve time prediction technique and apparatus  
101 6,468,692  Lithium secondary battery with sealed casing members  

102 6,462,511  Pseudo-parallel charging systems and methods  

103 6,458,489  Lead acid battery with improved performance  

104 6,452,286  Control device of a hybrid vehicle  

105 6,451,485  Electrical energy devices  

106 6,451,463  Electro-chemical power generation systems employing arrays of electronically-controllable discharging and/or recharging cells within a unity support structure  

107 6,447,555  Method of fabricating double-layer capacitor with lower contact resistance  

108 6,437,542  Pressure-based battery charging  

109 6,424,156  Storage capacitor power supply  

110 6,423,451  Lead-acid cell and positive plate and alloy therefor  

111 6,417,577  Phase change assisted heat sink  

112 RE37,678  Secondary battery power storage system  

113 6,372,377  Mechanical and thermal improvements in metal hydride batteries, battery modules and battery packs  

114 6,331,365  Traction motor drive system  

115 6,329,096  Process and apparatus for recovering components of sealed type battery  

116 6,321,145  Method and apparatus for a fuel cell propulsion system  

117 6,313,607  Method and apparatus for evaluating stored charge in an electrochemical cell or battery  

118 6,307,349  Battery pack having memory  

119 6,296,966  One-piece battery containing a device for measuring the internal temperature  

120 6,271,643  Battery pack having memory  

121 6,265,098  Electrical energy storage device  

122 6,265,091  Modular electric storage battery  

123 6,255,801  System and method for assessing a capacity of a battery and power plant incorporating the same  

124 6,255,015  Monoblock battery assembly  

125 6,252,380  Battery pack having memory  

126 6,239,502  Phase change assisted heat sink  

127 6,225,005  Lead-acid battery and producing method thereof  

128 6,194,093  Magnetized current collectors combined with magnetic shielding means  

129 6,191,935  Electric double-layer capacitor having hard granular carbon material penetrating into the aluminum collector electrodes  

130 6,187,479  Ambient temperature, rechargeable cells with metal salt-based electrodes and a system of cell component materials for use therein  

131 6,184,656  Radio frequency energy management system  

132 6,116,368  Electric vehicle with battery regeneration dependent on battery charge state  

133 6,114,834  Remote charging system for a vehicle  

134 6,100,663  Inductively powered battery charger  

135 6,081,095  Voltage balancer device for combination battery  

136 6,075,346  Secondary battery charge and discharge control device  

137 6,074,774  Sealed recharge battery plenum stabilized with state changeable substance  

138 6,063,525  Source of electrical power for an electric vehicle and other purposes, and related methods  

139 6,057,050  Quick charge battery with thermal management  

140 6,054,838  Pressurized electric charging  

141 6,053,842  Drive system for hybrid drive vehicle  

142 6,037,751  Method and apparatus for charging batteries  

143 6,037,081  Expanded grid for electrode plate of lead-acid battery  

144 6,034,507  Electric vehicle with secondary battery power storage system 

145 6,023,146  Battery system electrical connection apparatus and method  

146 5,985,485  Solid state battery having a disordered hydrogenated carbon negative electrode  

147 5,982,139  Remote charging system for a vehicle  

148 5,977,748  Storage capacitor power supply and method of operating same  

149 5,969,507  Battery life extender apparatus  

150 5,958,625  Positive lead-acid battery grids and cells and batteries using such grids  
151 5,949,219  Optical state-of-charge monitor for batteries  

152 5,945,808  Hybrid electric vehicle with battery management  

153 5,941,328  Electric vehicle with variable efficiency regenerative braking depending upon battery charge state  

154 5,932,991  System and method for battery charging with acoustic excitation  

155 5,929,595  Hybrid electric vehicle with traction motor drive allocated between battery and auxiliary source depending upon battery charge state  

156 5,910,722  Hybrid electric vehicle with reduced auxiliary power to batteries during regenerative braking  

157 5,896,283  Controller for electric vehicle  

158 5,881,559  Hybrid electric vehicle  

159 5,879,831  Mechanical and thermal improvements in metal hydride batteries, battery modules and battery packs  

160 5,871,859  Quick charge battery with thermal management  

161 5,869,950  Method for equalizing the voltage of traction battery modules of a hybrid electric vehicle  

162 5,869,200  Magnetic slurry fueled battery system  

163 5,864,223  Battery life extender apparatus  

164 5,847,566  Battery capacity calculation method  

165 5,834,922  Secondary battery power storage system  

166 5,828,201  Method for maintaining the charge capacity of traction battery modules of a hybrid electric vehicle  

167 5,808,445  Method for monitoring remaining battery capacity  

168 5,804,329  Electroconversion cell  

169 5,783,928  Storage capacitor power supply  

170 5,766,789  Electrical energy devices  

171 5,761,072  Battery state of charge sensing system  

172 5,734,205  Power supply using batteries undergoing great voltage variations  

173 5,705,265  Coated substrates useful as catalysts  

174 5,703,464  Radio frequency energy management system  

175 5,701,068  Battery management system  

176 5,698,967  Battery management system  

177 5,690,580  Neutral apparatus for electric vehicle  

178 5,678,410  Combined system of fuel cell and air-conditioning apparatus  

179 5,667,917  Electrode with conductive fillers  

180 5,667,907  Electrical energy storage device for a motor vehicle  

181 5,659,240  Intelligent battery charger for electric drive system batteries  

182 5,635,820  Battery charging control device and method for accurately detecting a charging end state  

183 5,618,641  Bipolar battery construction  

184 5,593,797  Electrode plate construction  

185 5,580,675  Method and apparatus for indicating electric charge remaining in batteries based on electrode weight and center of gravity  

186 5,569,555  Recharging of zinc batteries  

187 5,569,552  Lead-acid battery having a fluid compartment for reducing convection-induced heat transfer  

188 5,567,544  Battery  

189 5,552,242  Solid state battery using a hydrogenated silicon nitride electrolyte  

190 5,548,200  Universal charging station and method for charging electric vehicle batteries  

191 5,543,243  Battery electrolyte circulation system  

192 5,532,572  Storage capacitor power supply  

193 5,516,599  Means for storage and transportation of electric fuel  

194 5,512,387  Thin-film, solid state battery employing an electrically insulating, ion conducting electrolyte material  

195 5,510,213  Method of preparing electrodes for lead-acid electrode battery  

196 5,498,951  Method and apparatus for charging electric double layer capacitor  

197 5,460,900  Lead-acid battery having a fluid compartment for reducing convection-induced heat transfer  

198 5,449,571  Encapsulations for thermal management system for battery  

199 5,441,824  Quasi-bipolar battery requiring no casing  

200 5,439,488  Apparatus for making an electrical energy storage device  
201 5,411,815  Transport and storage vessel for electric fuel  

202 5,405,713  Refueling system  

203 5,374,490  Rechargeable battery  

204 5,370,711  Method for making an electrical energy storage device  

205 5,349,535  Battery condition monitoring and recording system for electric vehicles  

206 5,348,817  Bipolar lead-acid battery  

207 5,343,970  Hybrid electric vehicle  

208 5,326,633  Coated substrates  

209 5,317,132  Heating elements containing electrically conductive tin oxide containing coatings  

210 5,316,846  Coated substrates  

211 5,304,433  Capacity indicator for lead-acid batteries  

212 5,269,935  Porous membranes and methods for using same  

213 5,266,204  Catalytic process  

214 5,264,012  Gas separation process  

215 5,232,797  Bipolar plate battery  

216 5,208,526  Electrical power storage apparatus  

217 5,204,140  Process for coating a substrate with tin oxide  

218 5,196,275  Electrical power storage apparatus  

219 5,184,058  Method and system for electricity storage and discharge  

220 5,182,165  Coating compositions  

221 5,167,820  Porous membranes and methods for using same  

222 5,121,044  Electrical energy system  

223 5,114,807  Lightweight bipolar storage battery  

224 5,112,706  Coated substrates  

225 5,107,191  Traction motor current control battery monitoring system  

226 5,070,283  Traction motor controller for forklift vehicles  

227 5,068,160  Bipolar plate battery  

228 5,039,924  Traction motor optimizing system for forklift vehicles  

229 5,039,845  Resistance heating element and methods for resistance heating  

230 5,015,545  Method and apparatus for cooling an array of rechargeable batteries  

231 4,873,161  Positive paste with lead-coated glass fibers  

232 4,861,689  Battery element and method for making same  

233 4,787,125  Battery element and battery incorporating doped tin oxide coated substrate  

234 4,735,870  Lead-acid battery construction  

235 4,713,306  Battery element and battery incorporating doped tin oxide coated substrate  

236 4,708,918  Battery element and battery incorporating polar polymer system  

237 4,625,395  Battery plate containing filler with conductive coating  

238 4,603,093  Lead-acid battery  

239 4,564,798  Battery performance control  

240 4,547,443  Unitary plate electrode  

241 4,520,353  State of charge indicator  

242 4,510,219  Battery plate containing filler with conductive coating  

243 4,507,372  Positive battery plate  

244 4,484,130  Battery monitoring systems  

245 4,433,278  Battery state of charge evaluator system  

246 4,429,442  Method of producing a lead-acid battery utilizing vibrational energy  

247 4,401,730  Sealed deep cycle lead acid battery  

248 4,395,469  Low pressure nickel hydrogen battery  

249 4,394,741  Battery monitoring system  

250 4,388,618  Battery state of charge indicator operating on bidirectional integrations of terminal voltage  

251 4,358,892  Method of producing battery and electrolytic cell electrodes 

252 4,336,314  Pasted type lead-acid battery  

253 4,323,470  Battery paste for lead-acid storage batteries  

254 4,320,334  Battery state-of-charge indicator  

255 4,316,242  Wide input range, transient-immune regulated flyback switching power supply  

256 4,297,421  Battery and electrolytic cell electrodes  

257 4,289,835  Lead acid battery having cellular matrix positive electrode  

258 4,267,243  Bipolar storage battery of extended surface electrode type  

259 4,234,840  Battery state-of-charge indicator  

260 4,170,752  System for determining and calculating the work done by a mobile electrical machine at an energy supply station  

261 4,066,936  Hybrid battery electric drive  

262 4,045,721  Electro-chemical concentration transducer and its use to measure and control acid strength and storage battery charge  

263 4,021,718  Battery monitoring apparatus  
