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DESCRIPTION 

TITLE OF THE INVENTION: POWER STORAGE DEVICE 

 

FIELD 

[0001]    Embodiments of the present invention relates to a power storage device. 5 

 

BACKGROUND 

[0002]    A DC feeding system being an electric power supply system of a DC electric 

railroad is said to have wide load variation and large voltage variation of an overhead line.  

Recently, a regenerative car, which returns generated power (regenerative power) to a 10 

feeding side by a motor functioning as a power generator when a moving car is decelerated 

(braked), is increasingly introduced also into the DC electric railroad. 

[0003]    The regenerative power returned to the feeding side requires a load which 

absorbs (uses) the regenerative power such as an accelerating car existing in its 

surroundings.  In the case where such a load does not exist, the regenerative car results in 15 

a regenerative invalidation. 

[0004]    On the other hand, the DC feeding system creates a DC power source from an 

AC electric power system using a diode rectifier, and therefore a regenerative inverter 

needs to be installed in order to return the regenerative power to the AC electric power 

system. 20 

[0005]    Besides, unless the load consuming the power regenerated by the regenerative 

inverter exists in an AC power source system if the regenerative inverter is installed, the 

power reversely flows to an upstream transmission network (an electric power system of 

an electric power company), resulting in that a railway operator fails to obtain an effect of 

reducing the purchased electric energy. 25 

[0006]    On the other hand, to absorb the regenerative power of the car, a power storage 

facility is installed in the DC feeding system in some cases.  In this case, excessive 

regenerative power of the regenerative car can be absorbed by the power storage facility, 
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and energy accumulated in the power storage facility can be discharged to reduce the input 

energy to a transformer station for feeding.  Further, installation of the power storage 

facility makes it possible to suppress the variation in overhead line voltage. 

[0007]    On the other hand, it is necessary to connect a converter for voltage conversion 

between a storage battery used for the power storage facility and the overhead line. 5 

[0008]    An example of a conventional technique using the converter for voltage 

conversion between the storage battery and the overhead line is a technique of charging 

and discharging the storage battery by a step-up/down chopper circuit that steps up the 

voltage of the power storage element and interconnects it with the feeding line.  In this 

technique, the output of the converter and the power flowing through the feeding line 10 

become equal to each other, and a converter having a step-up/down chopper circuit 

equivalent to the rating output of the power storage facility becomes necessary. 

[0009]    This technique has a problem of unlimited current flowing to the overhead line 

via a reflux diode of a step-up chopper circuit when the voltage of the overhead line lowers 

unless the voltage of the storage battery is set to be lower than the minimum variable value 15 

of the voltage of the overhead line. 

[0010]    Therefore, it is necessary to set the voltage of the storage battery to a voltage 

lower than the lowest limit value of variation in the voltage of the overhead line, requiring 

a high current rating as the converter.  Further, this technique causes noise from a reactor, 

and therefore requires taking a countermeasure for noise on an apparatus or a building 20 

where the apparatus is installed. 

[0011]    In contrast to the above, there is a technique of inserting a converter in series 

with a converter to make a bias voltage borne by the converter a constant voltage for 

control.  In this technique, each of the converters can be reduced in size because the 

converter for series compensation bears the load. 25 
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control circuit controls the variable voltage source using the current detected by the current 

detector to adjust a difference between output voltages of a whole circuit and the charging 

element. 

 

BRIEF DESCRIPTION OF THE DRAWINGS 5 

[0017]    Fig. 1 is a diagram illustrating a configuration of a power storage device in a 

first embodiment; 

Fig. 2 is a diagram illustrating a configuration of a power storage device in a second 

embodiment. 

Fig. 3 is a diagram illustrating a configuration of a power storage device in a third 10 

embodiment. 

Fig. 4 is a diagram illustrating a configuration of a power storage device in a fourth 

embodiment. 

Fig. 5 is a diagram illustrating a configuration example of a semiconductor circuit breaker. 

Fig. 6 is a diagram illustrating a first configuration example (fifth embodiment) of a 15 

control circuit of the power storage device. 

Fig. 7 is a diagram illustrating a second configuration example (fifth embodiment) of the 

control circuit of the power storage device. 

 

DETAILED DESCRIPTION 20 

[0018]    Hereinafter, embodiments will be described in detail referring to the drawings. 

(First Embodiment) 

A power storage device in one embodiment will be described referring to Fig. 1. 

A DC feeding system being an electric power supply system of a DC electric railroad 

constitutes a DC electric line 1 by an overhead line as a power transmission line, a rail, and 25 

a car (not illustrated) such as a train.  In this DC electric line 1, the overhead line is an 

electric line at a potential on the positive electrode side and is a positive electrode 1a as a 

first electrode.  The rail is an electric line at a potential on the negative electrode side and 
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is a negative electrode 1b as a second electrode. 

[0019]    To the DC electric line 1, a diode rectifier and a car capable of regeneration 

(regenerative car) are connected.  The regenerative car is referred to also as a car load. 

[0020]    As illustrated in Fig. 1, a power storage device 2 in this embodiment has a 

power storage element 10, a variable voltage source 9, an interconnection reactor 4, a 5 

current detector 24, a control circuit 25 and so on. 

[0021]    The power storage element 10 is a storage battery capable of charge from and 

discharge to the DC electric line 1 and having characteristics close to those of a constant 

voltage source, namely, a so-called battery.  The power storage element 10 may be, for 

example, a capacitor having large electrostatic capacity, other than the storage battery. 10 

[0022]    The variable voltage source 9 is connected in series between the positive 

electrode 1a of the DC electric line 1 and the positive electrode of the power storage 

element 10.  The variable voltage source 9 is an AC-DC converter that generates voltage, 

for example, by converting external AC voltage into DC voltage, namely, an inverter 

circuit.  The variable voltage source 9 is of a small-size circuit configuration, capable of 15 

generating a DC voltage in a range of a difference between the DC electric line 1 and the 

power storage element 10. 

[0023]    The interconnection reactor 4 is connected to a circuit between the positive 

electrode 1a of the DC electric line 1 and the variable voltage source 9.  The 

interconnection reactor 4 is a reactor (a coil made by winding an insulated wire in a spiral 20 

shape) connected in series between the DC electric line 1 and the variable voltage source 9 

for interconnecting the variable voltage source 9 to the DC electric line 1, and is provided 

to remove the ripple contained in a current from the variable voltage source 9.  The 

current detector 24 is connected to a circuit between the interconnection reactor 4 and the 

variable voltage source 9.  The current detector 24 detects a current flowing through the 25 

interconnection reactor 4. 

[0024]    The control circuit 25 adjusts the difference between an output voltage of the 

whole circuit (a voltage between the positive electrode 1a and the negative electrode 1b of 
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the DC electric line 1) and an output voltage of the power storage element 10, using the 

current detected by the current detector 24, thereby performing drive control of the variable 

voltage source 9 so that the power storage device 2 can output a desired current.  The 

control circuit 25 performs drive control of the variable voltage source 9 so that the output 

voltage of the variable voltage source 9 becomes lower than the voltage of the power 5 

storage element 10. 

[0025]    The drive control mentioned here means changing the voltage generated by the 

variable voltage source 9 by controlling the variable voltage source 9.  The variable 

voltage source 9 can generate both positive and negative voltages.  Note that the detailed 

configuration of the variable voltage source 9 will be described in the next and subsequent 10 

embodiments. 

[0026]    When the voltage of the DC electric line 1 becomes higher than the voltage of 

the power storage element 10, the control circuit 25 performs drive control of the variable 

voltage source 9 to generate negative voltage.  The control circuit 25 further performs 

drive control of the variable voltage source 9 so that the output voltage of the variable 15 

voltage source 9 becomes lower than the voltage of the power storage element 10. 

[0027]    In the first embodiment, when a load variation or a voltage variation occurs in 

the DC electric line 1, the varied load or voltage is detected as current by the current 

detector 24.  Therefore, the control circuit 25 performs drive control of the variable 

voltage source 9 so as to adjust the difference between the output voltages of the DC 20 

electric line 1 and the power storage element 10 according to the current detected by the 

current detector 24 and thereby causes the variable voltage source 9 to generate a voltage 

corresponding to the variation (excess or deficiency), thus making it possible to stably 

supply power to the DC electric line 1. 

[0028]    As described above, according to the first embodiment, the small-size variable 25 

voltage source 9 capable of generating the DC voltage in a range of the difference between 

the DC electric line 1 and the power storage element 10 is installed in the power storage 

device 2, and the control circuit 25 performs drive control of the variable voltage source 9 
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to generate the DC voltage in the range of the difference, thereby making it possible to 

reduce the size of the whole power storage device 2 including the variable voltage source 9 

while coping with the voltage variation or load variation of the overhead line of the DC 

feeding system, and to improve the controllability of a power storage facility while 

reducing the facility introduction cost of the power storage device. 5 

[0029]    Consequently, constituting the aforementioned power storage device 2 enables 

control of the current in the interconnection reactor 4 according to a current command, and 

reduction of the power capacity of the variable voltage source 9 because the variable 

voltage source 9 only needs to generate, at that time, power corresponding to the difference 

between the output point voltage and the output voltage of the power storage element 10. 10 

[0030]    (Second Embodiment) 

Hereinafter, second to sixth embodiments in which the first embodiment is embodied will 

be described referring to Fig. 2 to Fig.5.  First of all, the second embodiment will be 

described referring to Fig. 2.  Note that in the second and subsequent embodiments, the 

same configurations as those in the first embodiment will be denoted by the same numerals 15 

in the first embodiment, and their description will be omitted. 

As illustrated in Fig. 2, the second embodiment has a first circuit breaker 3, a 

semiconductor circuit breaker 5, a voltage detector 6, a variable voltage source 9, a 

contactor 11, a second circuit breaker 12, a fuse 13, a first voltage detector 20, a power 

storage element state detection unit 22 as a state detection unit, a diode 23 and so on. 20 

[0031]    The first circuit breaker 3 is connected between a DC electric line 1 and a 

power storage element 10, and a control circuit 25 controls opening of the first circuit 

breaker 3 to separate the DC electric line 1 and the power storage element 10.  The 

voltage detector 6 detects an output end voltage of a power storage device 2.  The first 

voltage detector 20 detects a voltage on the DC electric line 1 side. 25 

[0032]    The second circuit breaker 12 is connected to a circuit between the variable 

voltage source 10 and the power storage element 9.  The fuse 13 is connected between the 

second circuit breaker 12 and the voltage source 10.  Note that provision of the fuse 13 is 
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not essential but is preferable in terms of further enhancing the safety of the circuit. 

[0033]    The contactor 11 is connected to a negative electrode of the power storage 

element 10.  Provision of the contactor 11 is not essential but is preferable as with the 

above fuse 13. 

[0034]    The power storage element state detection unit 22 detects the states (state of 5 

charge (SOC), temperature and so on) of the power storage element 10.  The control 

circuit 25 performs drive control of the variable voltage source 9 according to the states of 

the SOC and temperature of the power storage element 10 detected by the power storage 

element state detection unit 22. 

[0035]    More specifically, when the states of the SOC and temperature of the power 10 

storage element 10 are higher than predetermined threshold values (levels at normal drive) 

set in advance, the generated voltage of the variable voltage source 9 is suppressed 

(narrowed down) in a direction to lower the SOC and temperature.  The first voltage 

detector 20 detects the voltage of the DC electric line 1 (the voltage between the positive 

electrode 1a and the negative electrode 1b). 15 

[0036]    The diode 23 has a cathode end connected to a circuit between an 

interconnection reactor 4 and the variable voltage source 9, and an anode end connected to 

a circuit on a negative electrode side of the power storage element 10.  In short, the diode 

23 is installed between the electrodes of the power storage element 10. 

[0037]    Installation of the diode 23 between the electrodes of the power storage 20 

element 10 makes it possible to suppress an increase in voltage of the capacitor in a third 

circuit 21, and protect the circuit from overvoltage in earth fault.  Besides, for example, 

the diodes 23 and a resistor element connected in series with the diode 23 may be 

connected. 

[0038]    The voltage detector 6 is connected between the first circuit breaker 3 and the 25 

power storage element 10, and detects a voltage on the power storage element 10 side 

between the first circuit breaker 3 and the power storage element 10. 

[0039]    The semiconductor circuit breaker 5 is connected between the positive 
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electrode 1a of the DC electric line 1 and the variable voltage source 9, and can pass 

current in a positive direction (forward direction) and/or a backward direction and break 

the flow of the current, by control from the control circuit 25.  In other words, the 

semiconductor circuit breaker 5 can switch among three states such as a state where the 

current is passed in one of the forward and backward directions, a state where the current is 5 

passed through in both directions, and a break state where the current is not passed through 

either of the directions. 

[0040]    The variable voltage source 9 includes a first current detection unit 17, a 

second voltage detector 8, a plurality of first circuits 14 connected to the positive electrode 

side of the DC electric line 1, a plurality of second circuits 16 connected in parallel to the 10 

power storage element 10, a transformer 15 and so on. 

[0041]    The variable voltage source 9 is connected in series with the power storage 

element 10, and the control circuit 25 variably controls the voltage outputted from the 

variable voltage source 9 to thereby control the current to be passed to the side of the DC 

electric line 1. 15 

[0042]    A plurality of third circuits 21 connected to the transformer 15 are provided for 

the first circuits 14 respectively and connected in parallel.  The third circuit 21 has a 

switching element, a capacitor, a reactor 18 and so on. 

[0043]    The third circuit 21 is a single-phase full bridge circuit and, for example, an 

IGBT element or the like is used therefor.  An element constituting the bridge circuit is 20 

not limited to the IGBT element but may be, for example, a MOSFET. 

[0044]    The third circuit 21 is connected to the transformer 15 via the reactor 18.  The 

configuration of the third circuit 21 is the same as that of the second circuit 16.  A full 

bridge circuit capable of generating negative voltage is provided in the circuit on the DC 

electric line 1 side of the third circuit 21. 25 

[0045]    Connecting the interconnection reactor 4 between the first circuit breaker 3 and 

the variable voltage source 9 here makes it possible to decrease the current rise rate ( I/ t) 

to facilitate break of the first circuit breaker 3.  Further, the interconnection reactor 4 
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constitutes an LC filter circuit, together with the capacitors in the third circuit 21 and the 

second circuit 16 to suppress harmonics. 

[0046]    The second voltage detector 8 detects a voltage outputted from the power 

storage element 10.  The control circuit 25 controls charge/discharge of the power storage 

element 10 by changing the generated voltage of the variable voltage source 9 so that the 5 

output voltage of the power storage element 10 detected by the second voltage detector 8 

reaches a predetermined threshold value of the charge/discharge voltage set or designated 

in advance.  The control circuit 25 performs drive control of the variable voltage source 9 

so that the output voltage of the variable voltage source 9 becomes lower than the voltage 

of the power storage element 10 detected by the second voltage detector 8. 10 

[0047]    The first current detection unit 17 detects a current flowing through the power 

storage element 10.  The control circuit 25 adjusts the output voltage of the variable 

voltage source 9 according to the current detected by the first current detection unit 17 to 

control the current. 

[0048]    At the time when large current flows from the power storage element 10, the 15 

first current detection unit 17 detects the current and the control circuit 25 performs drive 

control of the variable voltage source 9 so as to suppress the current, thereby making it 

possible to prevent the fuse 13 from fusing and the second circuit breaker 12 from opening 

so as to steadily and safely operating the whole power storage device 2. 

[0049]    Further, the control circuit 25 varies the output voltage of the variable voltage 20 

source 9 to suppress the current flowing through the power storage element 10 using the 

temperature and SOC of the power storage element 10 detected by the power storage 

element state detection unit 22.  More specifically, when the detected state (for example, 

temperature) of the power storage element 10 exceeds the predetermined threshold value, 

the control circuit 25 performs drive control to narrow down the generated voltage of the 25 

variable voltage source 9. 

[0050]    The control circuit 25 performs drive control of the variable voltage source 9 

according to the SOC of the power storage element 10 detected by the power storage 
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element state detection unit 22.  More specifically, when the detected SOC of the power 

storage element 10 exceeds the predetermined threshold value (for example, 90%), the 

control circuit 25 performs drive control to narrow down the generated voltage of the 

variable voltage source 9. 

[0051]    This makes it possible to narrow down the current according to a management 5 

value of the SOC and the temperature of the power storage element 10 to protect the power 

storage element 10 from overtemperature (overheating). 

[0052]    On the other hand, a short circuit may occur in the DC electric line 1 depending 

on the inductance of the interconnection reactor 4 and the capacity of the power storage 

element 10. 10 

[0053]    It has been found that a phenomenon that the first circuit breaker 3 cannot 

detect overcurrent and therefore cannot break fault current occurs in the above case.  

Therefore, the second current detector 24 detects the time rate of change in the current 

flowing through the DC electric line 1 and the circuit breaker 3 is tripped to break the 

current. 15 

[0054]    Further, the semiconductor circuit breaker 5 may be installed to break the 

current flowing through the circuit connected with the semiconductor circuit breaker 5.  

The semiconductor circuit breaker 5 can break the current faster, and therefore suppress 

fault current. 

[0055]    A capacitor 19 may be installed between the positive electrode side on the DC 20 

electric line 1 to which the variable voltage source 9 is connected and the negative 

electrode side of the power storage element 10 to increase the short circuit current flowing 

through the first circuit breaker 3 by the current flowing from the capacitor 19 so as to 

automatically break the first circuit breaker 3 by the overcurrent. 

[0056]    Further, for overvoltage protection performed based on the voltages detected 25 

by the first voltage detector 20 and the second voltage detector 8, the semiconductor circuit 

breaker 5 can break the current flowing through the circuit.  Further, opening/closing the 

mechanical circuit breakers such as the first circuit breaker 3 and the second circuit breaker 
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12 after the operation of the semiconductor circuit breaker 5 enables a breaking operation 

without breaking the current, thus offering an advantage that the electrode contact of the 

contactor 11 is less likely to become rough. 

[0057]    Further, the loss of the variable voltage source 9 increases if the switching 

operation of the variable voltage source 9 is performed at all times, the switching operation 5 

of the variable voltage source 9 needs to be stopped when charge/discharge is unnecessary. 

[0058]    However, when the operation of the variable voltage source 9 is stopped in the 

configuration of Fig. 2, the power storage element 10 is configured to be directly 

connected to the DC electric line 1, resulting in that the current flowing through the power 

storage element 10 cannot be controlled any longer. 10 

[0059]    In this second embodiment, since the control circuit 25 controls the variable 

voltage source 9 connected in series with the power storage element 10 to generate 

negative voltage when the voltage of the DC electric line 1 becomes lower than the voltage 

of the power storage element 10, the current flowing through the DC electric line 1 can be 

controlled by causing the variable voltage source 9 to generate the negative voltage in this 15 

second embodiment, whereas a conventional step-up chopper circuit has a problem of 

current flowing through the DC electric line 1 via a reflux diode of a step-up chopper 

without control. 

[0060]    Flowing of the current without control is synonymous with the impossibility of 

control of the current flowing through the power storage element 10, and it is possible to 20 

prevent fusing of the fuse 13 connected to the power storage element 10 and trip of the 

second circuit breaker 12 similarly to the above. 

[0061]    To prevent such an uncontrolled state in the conventional power storage facility, 

the voltage of the power storage element 10 needs to be set lower than the lowest voltage 

that can be generated in the DC electric line 1, so that the power storage element 10 has to 25 

be set to low voltage.  This requires a boosting circuit of large current in order to 

discharge current to the DC electric line 1, and resultingly requires as a matter of course 

charge/discharge in a steady state with high voltage of the DC electric line 1, leading to the 
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necessity of a high-voltage large-current circuit to increase the size of the apparatus. 

[0062]    Hence, in this second embodiment, use of the power storage element 10 with 

high voltage for charge/discharge can reduce the size of a charge/discharge circuit.  In 

this case, it is desirable to set the ratio between the voltage of the power storage element 10 

and the output voltage of the variable voltage source 9 so that the variable voltage source 9 5 

outputs a voltage lower than the voltage of the power storage element 10 in order to reduce 

the size of the variable voltage source 9. 

[0063]    Since the semiconductor circuit breaker 5 is installed in this second 

embodiment, the control circuit 25 turns off the semiconductor circuit breaker 5 and 

thereby separates the DC electric line 1 side and the variable voltage source 9 to break the 10 

flow of the current and simultaneously performs drive control of the variable voltage 

source 9 to stop the drive of the variable voltage source 9, thereby stropping the switching 

operation of the variable voltage source 9. 

[0064]    As conditions of stopping the switching operation of the variable voltage 

source 9 are current and voltage.  The control circuit 25 stops drive of the variable voltage 15 

source 9 at the time when the detected value of the current outputted from the power 

storage element 10 detected by the current detector 17 falls within a predetermined range, 

at the time when the current outputted from the power storage element 10 to the DC 

electric line 1 detected by the current detector 24 falls within a predetermined range, or at 

the time when the voltage of the power storage element 10 detected by the voltage detector 20 

8 falls within a predetermined range. 

[0065]    The variable voltage source 9 is further provided with a load state detection 

unit 28.  The load state detection unit 28 monitors the temperature of the elements 

constituting the variable voltage source 9 and the current and voltage outputted from the 

variable voltage source 9 and determines its load state (operating state).  Information on 25 

the load state is outputted to the control circuit 25.  The control circuit 25 performs drive 

control so that the voltage outputted from the variable voltage source 9 is changed 

according to the predetermined threshold value of the load state. 
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[0066]    When the time change rates of the current detected by the current detectors 17, 

24 exceed predetermined values, the control circuit 25 turns off at least one of the 

semiconductor circuit breaker 5 and the circuit breaker 3. 

[0067]    The semiconductor circuit breaker 5 is further configured such that two 

semiconductor switches (a semiconductor switch 51 and a semiconductor switch 52) are 5 

oppositely connected as illustrated in Fig. 5 to constitute a function of controlling the 

current to one direction, both directions, and break, so that the control circuit 25 switches 

an element to be operated according to the directions of charging current and discharging 

current of the power storage element 10. 

[0068]    In this case, for example, at the time of charging, the semiconductor switch 52 10 

is turned on and the semiconductor switch 51 is turned off.  Conversely, at the time of 

discharging, the semiconductor switch 51 is turned on and the semiconductor switch 52 is 

turned off.  By causing the semiconductor switches 51, 52 to perform such operations, the 

charging current flows through the power storage element 10 when the voltage of the DC 

electric line 1 is higher than the voltage on the variable voltage source 9 side of the 15 

semiconductor circuit breaker 5, namely, the voltage obtained by adding the voltage of the 

variable voltage source 9 to the voltage of the power storage element 10, for example, at 

the time of charging. 

[0069]    Besides, when the voltage of the DC electric line 1 becomes lower, the 

charging current is reversely blocked by the diode of the semiconductor switch 51 and does 20 

not flow any longer. 

[0070]    Similarly, at the time of discharging, the control circuit 25 makes the voltage 

on the power storage element 10 side higher than the voltage of the DC electric line 1 by 

drive control of the variable voltage source 9 to discharge energy accumulated in the power 

storage element 10 to the DC electric line 1.  In this event, the semiconductor switch 51 is 25 

turned on and the semiconductor switch 52 is turned off by the control circuit 25.  Thus, 

the current from the power storage device 2 flows through the DC electric line 1. 

[0071]    Conversely, when the voltage of the DC electric line 1 becomes higher than the 
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voltage of the power storage device 2, the discharging current is blocked by the diode of 

the semiconductor switch 52 and does not flow any longer.  In this manner, the 

semiconductor circuit breaker 5 is used for controlling charge/discharge. 

[0072]    On the other hand, when a short circuit of the DC electric line 1 occurs, the 

voltage of the capacitor in the third circuit 21 sometimes increases to generate overvoltage.  5 

Occurrence of the overvoltage causes element breakdown to make it impossible to 

continue the operation by restart thereafter. 

[0073]    Therefore, in this embodiment, the diode 23 is installed to suppress the increase 

in voltage of the capacitor in the third circuit 21, thereby enabling application of a 

low-withstand voltage switching element to the third circuit 21 to reduce the switching loss 10 

of the variable voltage source 9, and enabling increase of the switching frequency to 

reduce the size of the transformer 15.  It also becomes possible to suppress noise by 

high-frequency switching. 

[0074]    Note that a circuit configuration in which a load such as a resistor is connected 

in series with the diode 23 may be employed to consume the energy accumulated in the 15 

interconnection reactor 4 by the resistor. 

[0075]    In this circuit configuration, an IGBT element or a MOSFET may be applicable 

as the switching element of the variable voltage source 9, and an SiC device may be used 

to reduce the loss and reduce the size of an isolating transformer. 

[0076]    In the case of using the SiC device, if a module having an SiC element (chip) 20 

with large area through which large current can flow is employed, the module becomes 

expensive because the SiC element itself is poor in yield. 

[0077]    For this reason, a plurality of SiC elements with small area and high yield, 

namely, SiC modules with small current capacity are connected in parallel to secure the 

current capacity, thereby realizing a variable voltage source 9 inexpensive and smaller in 25 

size than the conventional step-up chopper circuit using the IGBT element. 

[0078]    The control function of the control circuit 25 will be described here. 

The control circuit 25 outputs a command for charge/discharge to the variable voltage 
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source 9 based on the states of the power storage element 10 (the temperature and SOC of 

the power storage element) and on the voltage of the DC electric line 1 to thereby perform 

voltage control and current control of the variable voltage source 9. 

[0079]    The control circuit 25 gives a command for voltage which the power storage 

element 10 should output, according to the state, for example, the SOC of the power 5 

storage element 10.  As for the voltage command, voltage commands which are different 

for discharge and charge may be continuously given at the same time.  Note that the 

control circuit 25 may control the current or power which the power storage element 10 

should output, based on the voltage of the DC electric line 1 and the SOC of the power 

storage element 10. 10 

[0080]    Note that the control circuit 25 is installed outside the variable voltage source 9 

in the example in Fig. 2 and may be installed inside the variable voltage source 9, and the 

function of the control circuit 25 may be divided to a charge/discharge command unit and a 

converter control unit so that the charge/discharge command unit may be installed outside 

the variable voltage source 9 and the converter control unit may be installed inside the 15 

variable voltage source 9. 

[0081]    Further, the control circuit 25 may give a control command of narrowing down 

the current of the power storage element 10.  This is a narrowing signal for suppressing 

the current flowing through the power storage element 10 when the temperature of the 

power storage element 10 increases beyond or decreases below a predetermined range.  20 

This enables use of the power storage element 10 without excessive deterioration. 

[0082]    Further, when the outputted current or power or the voltage outputted from the 

power storage element 10 becomes a magnitude in the predetermined range, drive 

(switching operation) of the variable voltage source 9 is stopped to suppress the loss of the 

variable voltage source 9, thereby making it possible to form a separately provided cooler 25 

(not illustrated) into the one with low radiation capacity for reduction in size. 

[0083]    Note that the circuit constituted of the second circuit 16, the third circuit 21, 

and the transformer 15 in this embodiment may be constituted using an LC resonance 
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circuit composed of a reactor L and a capacitor C which are publicly-known technique. 

[0084]    As described above, according to the second embodiment, the variable voltage 

source 9 only needs to generate power (output the charge/discharge power) corresponding 

to the output voltage of the variable voltage source 9 to be added to the voltage of the 

power storage element 10 (the voltage of a difference between the voltage of the DC 5 

electric line 1 and the voltage of the power storage element 10), a variable voltage source 9 

with low rating can be used, and a charge/discharge circuit reduced in size as compared 

with that in a standard step-up chopper mode can be constituted. 

[0085]    In other words, the variable voltage source 9 such as an inverter required for 

charge/discharge of the power storage element 10 can be reduced in size and the noise of 10 

the power storage element 10 can be reduced, and the operation continuity required as the 

power storage source facility can be maintained even after an earth fault accident on the 

DC feeding side. 

[0086]    Consequently, introduction of the small-size power storage device enables 

enhancement of safety and improvement in controllability of the power storage facility 15 

while coping with the load variation and the voltage variation of the overhead line. 

[0087]    (Third Embodiment) 

A third embodiment will be described referring to Fig. 3.  The third embodiment is a 

configuration to cope with the case where the potential on the negative electrode side of a 

DC electric line 1 is lower than the ground voltage.  More specifically, the third 20 

embodiment is the case where the potential on an electric line 1b on the negative electrode 

side of the DC electric line 1 is lower than the ground potential in a circuit illustrated in Fig. 

3. 

[0088]    As illustrated in Fig. 3, the third embodiment includes a capacitor 19, a voltage 

detector 30, a third circuit breaker 31, a voltage-dividing resistor 32, and a reactor 34. 25 

[0089]    The capacitor 19 is installed between electrodes of a power storage element 10 

as with a diode 23.  The capacitor 19 has one end connected to a circuit between an 

interconnection reactor 4 and a variable voltage source 9 and another end connected to a 
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circuit on the negative electrode side of the power storage element 10.  Further, the 

capacitor 19 is connected between the electrodes of the power storage element 10 to 

constitute an LC filter, together with the interconnection reactor 4 to thereby suppress 

harmonics. 

[0090]    In particular, the harmonics generated on the power storage element 10 side by 5 

a second circuit 16 possibly flow through a fuse 13 and deteriorate the fuse 13.  Therefore, 

the LC filter is constituted as in the third embodiment to suppress a harmonic current, 

thereby preventing fusing of the fuse 13. 

[0091]    Normally, when the harmonic current flows, a fuse 13 with high rating needs to 

be used in order to prevent blowing of the fuse 13 and extend the life of the fuse 13.  10 

Constituting the LC filter as described above to suppress the harmonics enables use of a 

fuse 13 with low rating, thus contributing to the reduction in size and cost of the apparatus. 

[0092]    Two voltage detectors 30 are provided between a positive electrode 1a and the 

negative electrode 1b of the DC electric line 1, and a grounding point 30a is provided 

between the voltage detectors 30.  Note that the voltage detectors 30 are for detecting the 15 

potentials of the electrodes from the grounding point 30a respectively, and the potential 

between the positive electrode and the negative electrode of the DC electric line 1 may be 

directly measured without grounding. 

[0093]    The voltage-dividing resistor 32 divides the output voltage of the power storage 

device 2 and its voltage division point 32a is grounded.  The third circuit breaker 31 is 20 

connected to the negative electrode side of the DC electric line 1.  The reactor 34 is 

connected to a circuit between the negative electrode side of the DC electric line 1 and the 

negative electrode side of the power storage element 10.  This reactor 34 is the same as 

the interconnection reactor 4 installed on the positive electrode side. 

[0094]    In the third embodiment, when the potential on the negative electrode side of 25 

the DC electric line 1 is lower than the ground voltage, the voltage detectors 30 detect the 

voltages divided by the voltage-dividing resistor 32 and notify a control circuit 25 of the 

voltages, and the control circuit 25 controls the third circuit breaker 31 to break the circuit 
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on the negative electrode side of the DC electric line 1, thereby normally breaking the 

circuit when overcurrent flows. 

[0095]    The control circuit 25 turns off the third circuit breaker 31 when the time 

change rates of currents detected by current detectors 17, 24 exceed predetermined values. 

[0096]    According to this third embodiment, it is possible to cope with the case where 5 

the potential on the negative electrode side of the DC electric line 1 is lower than the 

ground voltage, without using the semiconductor circuit breaker. 

[0097]    Note that the circuit constituted of the second circuit 16, a third circuit 21, and 

a transformer 15 in this embodiment may be constituted using an LC resonance circuit 

composed of a reactor L and a capacitor C which are publicly-known technique. 10 

[0098]    (Fourth Embodiment) 

A fourth embodiment will be described referring to Fig. 4.  The fourth embodiment 

includes a second power source 26.  The second power source 26 is connected to a third 

circuit 21 via a transformer 15.  In this case, supply of power from the second power 

source 26 to a variable voltage source 9 so that the variable voltage source 9 generates 15 

power to be inputted/outputted to/from a DC electric line 1 side. 

[0099]    The third circuit 21 is a three-phase inverter circuit, and the transformer 15 and 

the second power source 26 are also three-phase ones.  Use of not single-phase ones but 

three-phase ones as described above enables suppression of the ripple of a capacitor inside 

the third circuit 21.  This makes it possible to increase the DC voltage which a variable 20 

voltage source 9 can output to the DC electric line 1 side while reducing the capacity of the 

capacitor, thus realizing a small-size circuit. 

[0100]    Further, the third circuit 21 used in this example is a circuit capable of inverse 

conversion, and can increase the maximum regeneration capability because the 

regenerative power to an AC power source is added to the input power to a power storage 25 

device 2 as the regenerative power from the DC electric line 1 to the power storage device 

2.  This can contribute to a reduction in size of the apparatus in the application in which 

the apparatus rating is decided depending on the magnitude of the regenerative power. 
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[0101]    According to the fourth embodiment, taking the power to be supplied to the 

variable voltage source 9 generating the DC voltage as three-phase AC from the external 

second power source 26 contributes to a reduction in size of the apparatus in the 

application in which the apparatus rating is decided depending on the magnitude of the 

regenerative power. 5 

[0102]    (Fifth Embodiment) 

The control circuit 25 performs drive control of the variable voltage source 9 according to 

the current detected by the current detector 24 in the circuit configuration of the power 

storage device 2 illustrated in Fig. 1, and may perform drive control of the variable voltage 

source 9 in consideration of also elements other than the current.  Its examples will be 10 

described below. 

[0103]    The control circuit 25 in a first example has a subtractor 41 and a proportional 

integral controller 42 (hereinafter, referred to as a "PI controller 42") as illustrated in Fig. 

6. 

[0104]    The subtractor 41 takes a difference between a current command S1 inputted 15 

from a higher system (not illustrated) or the like and a detected current S2 detected by the 

current detector 24, and outputs a current deviation signal S3 to the PI 42. 

[0105]    Note that what is inputted from the higher system to the control circuit 25 is not 

the current command S1 but a power command in some cases, and in this case the power 

command is converted to the current command S1 by dividing the power command by the 20 

voltage at an output point. 

[0106]    The PI controller 42 generates a variable voltage command S4 using the 

inputted current deviation signal S3, and outputs the variable voltage command S4 to the 

variable voltage source 9.  Note that the proportional integral controller 42 is used here, 

but a proportional integral differential controller (PID controller) may be used. 25 

[0107]    The control circuit 25 in a second example has a subtractor 41, a proportioning 

controller 43 (hereinafter, referred to as a "P controller 43"), an adder 44, and a subtractor 

45 as illustrated in Fig. 7. 
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[0108]    The subtractor 41 takes a difference between a current command S1 inputted 

from a higher system (not illustrated) or the like and a detected current S2 detected by the 

current detector 24, and outputs a current deviation signal S3 to the P controller 43. 

[0109]    The P controller 43 multiplies the inputted current deviation signal S3 by a 

preset gain to generate a current deviation signal S5, and outputs the current deviation 5 

signal S5 to the adder 44. 

[0110]    The adder 44 adds the inputted current deviation signal S5 and the output 

voltage of the whole power storage device 2 (hereinafter, referred to as an "output point 

voltage V1") detected by the voltage detector 6 to generate a first signal S6, and outputs 

the first signal S6 to the subtractor 45. 10 

[0111]    The subtractor 45 takes a difference between the inputted first signal S6 and an 

output voltage V2 of the power storage element 10 detected by the second voltage detector 

8 to generate a variable voltage command S4, and outputs the variable voltage command 

S4 to the variable voltage source 9. 

[0112]    According to the fifth embodiment, the control circuit 25 is configured as 15 

described above to perform drive control of the variable voltage source 9 in consideration 

of not only the current flowing through the interconnection reactor 4 but also the current 

command S1 from the higher system, the output point voltage V1, and the output voltage 

V2 of the power storage device 10, and can thereby control the variable voltage source 9 

with higher accuracy.  Further, it is possible to overcome the instability of the circuit 20 

output occurring in an initial operation. 

[0113]    Note that the configuration of the control circuit 25 in this fifth embodiment is 

applicable not only to the first embodiment but also to the other second to fourth 

embodiments. 

[0114]    (Sixth Embodiment) 25 

It is assumed that the DC electric line 1 is, for example, a feeder line and a rail of a DC 

electric railroad in each of the embodiments illustrated in Fig. 1 to Fig. 4, and the DC 

electric line 1 of the DC electric railroad is not limited only to such a configuration but is 
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also configured such that a return current does not flow through the rail but flows through a 

rail dedicated to a return line, which is provided separately from the rail, in some cases.  

Other than the above, the DC electric line 1 may be a DC bus in which, for example, a 

plurality of solar power generation elements are connected in parallel, and the DC electric 

line 1 includes their lines. 5 

[0115]    Each of the embodiments illustrated in Fig. 1 to Fig. 4 is an example in which 

the negative electrode of the power storage element 10 is connected to the negative 

electrode 1b side of the DC electric line 1, but the positive electrode side of the power 

storage element 10 may be connected to the positive electrode side of the DC electric line 1 

and the negative electrode side of the variable voltage source 9 may be connected to the 10 

negative electrode side of the DC electric line 1. 

[0116]    In this case, the withstand voltage between the terminal of the element used for 

the variable voltage source 9 and the ground can be decreased.  Besides, when the 

withstand voltage between the terminal of the element and the ground cannot stand, each 

cooling fin for cooling the element needs to be insulated to float the potential from the 15 

ground.  Bringing the potential on the variable voltage source 9 side closer to the ground 

potential eliminates the need to float the cooling fin, thereby reducing the size of the 

variable voltage source 9 including the cooling fin. 

[0117]    According to this sixth embodiment, it is possible to decrease the withstand 

voltage between the terminal of the element used for the variable voltage source 9 and the 20 

ground by connecting the positive electrode side of the power storage element 10 to the 

positive electrode side of the DC electric line 1 and connecting the negative electrode side 

of the variable voltage source 9 to the negative electrode side of the DC electric line 1. 

[0118]    According to at least one of the above-described embodiments, it is possible to 

realize the power storage device 2 capable of reducing the size and noise of the facility for 25 

interconnecting the power storage element 10 and the DC electric line 1 and continuing the 

operation even after occurrence of an earth fault of the DC electric line 1. 

[0119]    While certain embodiments have been described, these embodiments have been 
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presented by way of example only, and are not intended to limit the scope of the inventions.  

Indeed, the novel embodiments described herein may be embodied in a variety of other 

forms; furthermore, various omissions, substitutions and changes in the form of the 

embodiments described herein may be made without departing from the spirit of the 

inventions.  The accompanying claims and their equivalents are intended to cover such 5 

forms or modifications as would fall within the scope and spirit of the inventions. 

Note that the above-described power storage device may be used installed on (connected 

to) a DC power transmission line of a solar power generation system such as a mega solar 

system. 

 10 

EXPLANATION OF REFERENCE SIGNS 

[0120]    1 ... DC electric line, 1a ... positive electrode, 1b ... negative electrode, 1b ... 

electric line, 2 ... power storage device, 3 ... first circuit breaker, 4 ... interconnection 

reactor, 5 ... semiconductor circuit breaker, 6 ... voltage detector, 8 ... second voltage 

detector, 9 ... variable voltage source, 10 ... power storage element, 11 ... contactor, 12 ... 15 

second circuit breaker, 13 ... fuse, 14 ... first circuit, 15 ... transformer, 16 ... second circuit, 

17 ... current detection unit, 17 ... capacitor, 18 ... reactor, 19 ... capacitor, 20 ... voltage 

detector, 21 ... third circuit, 22 ... power storage element state detection unit, 23 ... diode, 

24 ... second current detector, 25 ... control circuit, 26 ... second power source, 30 ... first 

voltage detector, 30a ... grounding point, 31 ... third circuit breaker, 32 ... voltage-dividing 20 

resistor, 34 ... reactor, 41 ... subtractor, 42 ... proportional integral controller (PI controller), 

43 ... proportional controller (P controller), 44... adder, 45 ... subtractor, 51, 52 ... 

semiconductor switch. 
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WHAT IS CLAIMED IS: 

 

 1.   A power storage device comprising: 

 a power storage element connected to a DC electric line having a first electrode 

and a second electrode and capable of being charged from and discharging to the DC 5 

electric line; 

 a variable voltage source connected in series between the first electrode of the 

DC electric line and a positive electrode of the power storage element and capable of 

generating a DC voltage in a range of differences between output voltages of the DC 

electric line and the power storage element; 10 

 an interconnection reactor connected between the first electrode of the DC 

electric line and the variable voltage source; 

 a current detector configured to detect a current flowing through the 

interconnection reactor; and 

 a control circuit configured to control the variable voltage source using the 15 

current detected by the current detector to adjust a difference between output voltages of a 

whole circuit and the power storage element. 

 2.   The power storage device according to claim 1, further comprising: 

 a load state detection unit configured to monitor a load state of the variable 

voltage source, wherein  20 

 the control circuit controls the variable voltage source according to the load state 

of the variable voltage source detected by the load state detection unit. 

 3.   The power storage device according to claim 1 or 2, wherein 

 the control circuit controls the variable voltage source such that a current flowing 

through the power storage element becomes a constant value or less. 25 

 4.   The power storage device according to any one of claims 1 to 3, wherein 

 the control circuit controls such that the variable voltage source generates a 

negative voltage when voltage of the DC electric line becomes higher than voltage of the 
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power storage element. 

 5.   The power storage device according to any one of claims 1 to 4, wherein 

 the control circuit controls such that the output voltage of the variable voltage 

source becomes lower than the voltage of the power storage element. 

 6.   The power storage device according to any one of claims 1 to 5, wherein 5 

 the control circuit controls the variable voltage source to suppress current flowing 

through the power storage element when a detected state of the power storage element 

exceeds a predetermined threshold. 

 7.   The power storage device according to any one of claims 1 to 6, wherein 

 the control circuit receives a power command from a higher system, and changes 10 

voltage generated by the variable voltage source based on the power command to control 

charge/discharge of the power storage element. 

 8.   The power storage device according to any one of claims 1 to 7, wherein 

 the control circuit outputs a charge/discharge command to the variable voltage 

source based on a state of the power storage element and the voltage of the DC electric line, 15 

to control such that output voltages of the power storage element and the variable voltage 

source correspond to the charge/discharge command. 

 9.   The power storage device according to any one of claims 1 to 8, wherein 

 the control circuit controls such that the variable voltage source supplies power to 

the DC electric line using the power storage device as a power source. 20 

 10.   The power storage device according to any one of claims 1 to 9, wherein 

 the control circuit controls the charge and discharge of the variable voltage 

source according to the voltage of the DC electric line, and changes a voltage threshold of 

the DC electric line at which the power storage device starts the charge and a voltage 

threshold of the DC electric line at which the power storage device starts the discharge, 25 

according to a detected state of charge of the power storage element. 

 11.   The power storage device according to any one of claims 1 to 10, wherein 

 the control circuit stops the variable voltage source at a time when a detected 
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value of a current outputted from the power storage element detected by the current 

detector falls within a predetermined range, at a time when a current outputted from the 

power storage element and the variable voltage source to the DC electric line detected by 

the current detection unit falls within a predetermined range, or at a time when the voltage 

of the power storage element falls within a predetermined range. 5 

 12.   The power storage device according to any one of claims 1 to 11, wherein 

 the control circuit controls the variable voltage source according to a detected 

temperature of the power storage element. 

 13.   The power storage device according to any one of claims 1 to 12, wherein 

 the variable voltage source includes an IGBT element or a MOSFET. 10 

 14.   The power storage device according to any one of claims 1 to 13, further 

comprising:  

 a circuit breaker connected between the second electrode of the DC electric line 

and a negative electrode of the power storage element. 

 15.   The power storage device according to any one of claims 1 to 14, further 15 

comprising:  

 a semiconductor circuit breaker connected between the first electrode of the DC 

electric line and the variable voltage source and capable of being controlled by the control 

circuit to pass current in a forward direction or a backward direction and break the flow of 

the current. 20 

 16.   The power storage device according to claim 15, wherein 

 the control circuit controls the variable voltage source to stop the variable voltage 

source when the semiconductor circuit breaker is turned off. 

 17.   The power storage device according to claim 15 or 16, wherein 

 the control circuit turns off the semiconductor circuit breaker when the output 25 

voltage of the whole circuit exceeds a predetermined threshold. 

 18.   The power storage device according to any one of claims 15 to 17, 

wherein 
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 the control circuit turns off the semiconductor circuit breaker when a time rate of 

change in the current detected by the current detection unit exceeds a predetermined 

threshold. 

 19.   The power storage device according to any one of claims 1 to 18, further 

comprising:  5 

 a diode having a cathode end connected to a circuit between the interconnection 

reactor and the variable voltage source and an anode end connected to a circuit on the 

negative electrode side of the power storage element, or the diode and a resistor connected 

in series with the diode. 

 20.   The power storage device according to any one of claims 1 to 19, further 10 

comprising:  

 a capacitor having one end connected to a circuit between the interconnection 

reactor and the variable voltage source and another end connected to a circuit on the 

negative electrode side of the power storage element. 

 15 


