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(57) Abstract: An alternating current impedance-estimating section (106) estimates an alternating current impedance (Rh) of the
secondary battery based on electric current (I) and voltage (V) of the secondary battery detected when a ripple generating section
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SECONDARY BATTERY TEMPERATURE-ESTIMATING APPARATUS

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The invention relates to a secondary battery temperature-estimating apparatué
for estimating a temperature of a secondary battery, and particularly to a technology for
accurately estimating the temperature of the secondary battery without using a

temperature sensor.

2. Description of the Related Art

[0002] In general, in secondary batteries, typified by lithium-ion batteries and
nickel-hydrogen batteries, charging and discharging characteristics are degraded as the
temperature decreases. When the temperature of the battery is low, it is required to
quickly increase the temperature of the battery. |

[0003] Japanese Patent Application Publication No. H11-329516 (JP-A-11-329516)
describes an apparatus for increasing the temperature of a battery. In the temperaturé
increasing appvaratus, a resonance circuit is formed by connecting a series circuit
consisting of an inductor, a capacitor, and an alternating-current power supply across the
battery. The temperature of the battery is increased by making the alternating-current
power supply generate an alternating current voltage at the resonance frequency of the
resonance circuit.

[0004] In the temperature increasing apparatus, almost all the electric power is
consumed in the internal resistance during resonance and the temperature of the battery is
increased by self-heat generation. It is insisted that this temperature increasing
apparatus is capable of effectively increasing the temperature of the battery with
minimum electric power consumption (see JP-A-11-329516).

[0005] In order to increase the temperature of the secondary battery to a target

CONFIRMATION COPY
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temperature safely and accurately, it is important to accurately determine the temperature
of the secondary battery. The temperature sensor however measures the temperature of
the surface of the battery and therefore, the actual temperature of the inside of the battery
is not accurately reflected on the result of the detection. In addition, using a temperature
sensor leads to an increase of costs. JP-A-11-329516 merely discloses the technology
for increasing the temperature of the battery and the above publication includes no
teaching concerning the method of accurately estimating the temperature of the battery

while the temperature of the battery is increased. -

SUMMARY OF THE INVENTION

[0006] The invention provides a secondary battery temperature estimating apparatus
capable of accurately estimating the temperature of a secondary battery without using a
temperature sensor.

[0007] A secondary battefy temperature-estimating apparatus according to a ﬁrst
aspect of the invention includes a ripple generating section, an electric current detectiné
section, a voltage detecting section, an impedance estimating section, and a temperature
estimating section. The ripple generating section is connected to the secondary battery
and adapted to cause a ripple current at a predetermined frequency to flow in the
secondary battéi’y. The electric current detecﬁng section detects an electric current
charging or discharging the secondary battery. The voltage detecting section detects a
voltage of the secondary battery. The impedance estimating section estimates an
impedance of the secondary battery based on the electric current detected by the electric
current detecting section and the voltage detected by the voltage detecting section when
the ripple generating section causes the ripple current to flow in the 'secondary battery.
The temperature estimating section estimates the temperature of the secondary battery
based on the impedance estimated by the impedance estimating section with the use of
the relation, obtained in advance, between the temperaturé of the secondary battery and
the impedance of the secondary battery.

[0008] In the first aspect, a-configuration may be employed, in which the impedance
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estimating section estimates an alternating current impedance of the secondary battery at
the prédetermined frequency based oﬁ the electric current detected by the electric current
detecting section and the voltage detected by the voltage detecting section when the
ripple generating section causes the ripple current to flow in the secondary battery, and
the temperature estimating section estimates thc temperature> of the secondary battery
based on the altefnating current impedanée estimated by the impedance estimating
section with the use of the relation, obtained in advance, between the temperature of the
secondary battery and the alternating current impedance of the secondary battéry at the
predetermined frequency.

[0009] In the first aspect, aﬂ configuration may be employed, in which the impedance
estimating section includes an offset electric current calculating section, an offset Voitage
calculating séctibn, and a di“rectz-‘cﬁrrent resistance estimating section. The offset electric
current calculating sectidn calculates an offset electric current represented by an average
value of the detected electric current, based on the electric current detected by the electric
current detecting section when the ripple generating section causes the ripple current to
flow in the secondary battery. The offset voltage calculating section calculates an offset
voltage that is a difference between an open-circuit voltage of the secondary battery and
an average value of the detected voltage, based on the voltage detected by the voltage
detecting section when the ripple generating section causes the ripple current to flow in
the secondary batteq. The direct-current resistance estimating section estimates a direct
current resistance of the secondary battery based on the offset electric current and the
offset voltage. The temperature estimating section estimates the temperature of the
secondary battery based on the direct current resistance estimated by the direct-current
resistance estimating section with the use of the relation, obtained in advance, between
the temperature of the secondary battery and the direct current resistance of the secondary
battery.

[0010] In the first aspect; gach of the electric current detecting section and the
voltage detecting section may include a peak value acquiring section that acquires a peak

value of the detected value.
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[0011] A secondary battery temperature-estimating apparatus according to a second
aspect of the invention includes a ripple generating section, an electric current detecting
section, a state of charge (SOC) estimating section, a loss estimating section, and a
temperature eatimating section The ripple generating section is connected to the
secondary battery and adapted to cause a ripple current at a predetermined frequency to
flow in the secondary battery The electric current detectlng section detects an electric
current charging or dlschargmg the secondary battery. The SOC estimating section
estimates an SOC of the secondary battery based on the electric current detected by the
electrlc current detectlng sectlon The loss estimating section estimates an energy loss
of the secondary battery based on the SOC estimated when the ripple generating section
causes the r1pp1e current to ﬂow in the secondary battery. The temperature estimating
section estimates the amount of change in the temperature of the secondary battery based
on the energy loss of the secondary battery estimated by the loss estimating section and
estimates the temperature of the secondary battery based on the estimated amount of
change in the temperature.

[0012] In the second aspect; the SOC estimating section may include an offset
electric current calculating section, a discharge amount estimating section, and a change
amount estimating section. The offset electric current calculating section calculates an
offset electric current represented by an average value of the detected electric current,
based on the electric current detected by the electric current detecting section when the
ripple generating section causes the ripple current to flow in the secondary battery. The
discharge amount estimating section estimates the amount of discharge from the
secondary battery obtained by integrating the offset electric current. The change amount
estimating section estimates the amount of change in the SOC of the secondary battery by
dividing the amount of discharge from the secondary battery estimated by the discharge
amount estimating séction by a capacity of the secondary battery.

[0013] In the second aspect, the electric current detecting section may include a peak
value acquiring section that acquires a peak value of the detected value.

[0014] A secondary battery temperature-estimating method according to a third
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aspect of the inventign includes: causing a ripple current at a predetermined frequency to
flow in the secondary battery§ détecting an electric current charging or discharging the
secondary battery; detecting‘a'.voltage of the secondary battery; estimating an impedance
of the secondary battery basedlon the electric current and the voltage detected when the
ripple current is caused to flow in the secondary battery; and estimating the temperature
of the secondary battery basedon the estimated impedance with the use of the relafion,
obtained in advance, bet\}véeﬁ'(tﬁé vt{emperature of the secondary baftery and the impedance
of th‘e.secondarwy batiery. o

[0015] In the tﬁird aspect, a mode may be employed, in which, in estimating the
impedance, an alternating current impedance of the secondary battery at the
predetermined frequency is estimated based on the electric current and the voltage
detected when the ripple current is caused to flow in the secondary battery, and in
estimating the temperature, the temperature of the secondary battery is estimated based
on the estimated alternating current impedance with the use of the relation, obtained in
advance, between the temperature of the secondary b_attery and the alternating current
impedance of the secondary battery at the predetermined frequency.

[0016] In' the “third aspect, a mode may be employed, in which estimating the
impedance includes: calculating an offset electric current represented by an average value
of the detected electric current, based on the electric current detected when the ripple
current is caused to flow in the secondary battery; calculating an offset voltage that is a
difference between an open~§iréuit voltage of the secondary battery and an average value
of the detected f/dltag“e, based oﬁ fhe voltage detected when the ripple current is caused to
flow in the secondary battery; and estimating a direct current resistance of the secondary
battery based on the offset electric current and the offset voltage, and in estimating the
temperature, the temperature of the secondary battery is estimated based on the estimated
direct current resistance with the use of the relation, obtained in advance, between the
temperature of the secondary battery and the direct current resistance of the secondary
battery.

[0017] A secondary battery temperature-estimating method according to a fourth
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aspect of the invention includes: caueing a ripple current at a predetermined frequency to
ﬂow in the secondary battery, detectlng an electric current charging or discharging the
secondary battery, estlmatlng a state of charge (SOC) of the secondary battery based on
the detected electrlc current, estlmatlng an energy loss of the secondary battery based on
the SOC estimated when the ripi)le current is caused to flow in the secondary battery; and
estimating the amount of change in the temperature of the secondary battery based on the
estimated energy loss of the secondary battery and estimating the temperature of the
secondary battery based on the estimated amount of change in the temperature.

[0018] In the fourth aspect, the estimating the SOC may include: calculating an
offset electric current represented by an average value of the detected electric current,
based on the electric current detected when the ripple current is caused to flow in the
secondary battery; estimating the amount of discharge from the secondary battery
obtained by integrating the offset electric current; and estimating the amount of change in
the SOC of the secondary battery by dividing the estimated amount of discharge from the
secondary battery by a capacity of the secondary battery. |

[0019] In the invention, the temperature of a secondary battery is increased by
causing a ripple current at‘a‘predetermined frequency to flow in the secondary battery.
The impedance of the 'secondary Battery is estimated based on the electric current and the
voltage of the secondarylbattery detected when the ripple current is caused to flow in the
secondary battery. The temperature of the secondary battery is estimated based on the
estimated impedance with the use of the relation, obtained in advance, between the
temperature of the secondary battery and the impedance of the secondary battery.

[0020] In the invention, the SOC of the secondary battery is estimated based on the
detected electric current and the energy loss of the secondary battery is estimated based
on the SOC estimated when the ripple current is caused to flow in the secondary battery.
The érnount of change in the temperature of the secondary battery is then estimated based
on the estimated energy loss and the temperature of the secondary battery is estimated
based on the estimated amount of change in the temperature.

[0021] Thus, according to the invention, it is possible to accurately estimate the
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temperature of the secondary battery without using a temperature sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] The foregoing. and further objects, features and advantages of the invention
will become apparent from the following description of example embodiments with
reference to the accompanying drawings, wherein like numerals are used to represent like
elements and wherein:

FIG. 1 is a block diagram of the whole of an electric vehicle that is given as an
application example of a secondéry battery temﬁerature-estimating apparatus according
to a first embodiment of the invention;

FIG. 2 is a diagram shov&ihé a system configuration of part of the electric vehicle
shown in FIG. 1, the péﬁ :fclcting to fipple temperature increase operation on the
secondary battery;

FIG. 3 is a diagram showing a breakdown of the voltage of the secondary battery;

FIG. 4 is a Bode diagram showing impedance characteristics (absolute value) of the
secondary battery; -

FIG 5 is a Bode diagram showing impedance characteristics (phase) of the secondary
battery;

FIG. 6 is a diagram showing a peak value of a ripple current that can be caused to flow
in the secondary battery under extremely low temperature conditions, where the voltage
generated across an internal resistance of the secondary battery is a constraint;

FIG. 7 is a diagram showing an average amount of heat that can be generated in the
secondary battery under extremely low temperature conditions, where the voltage
generated across the internal resistance of the secondary battery is a constraint;

FIG. 8 is a waveform diagram of electric current and voltage in the secondary battery
during the ripple temperature increase operation;

FIG. 9 is a functional block diagram of a state estimating section shown in FIG. 2;

FIG. 10 is a functional block diagram showing a state estimating section of a second

embodiment;
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FIG. 11 is a functional block diagram of a state estimating section of a third
embodiment;

FIG. 12 is a more detailed, functional block diagram showing a state of charge(SOC)
estimating section shown in FIG. 11;

FIG. 13 is a diagram showing the relation between the period of ripple current and the
sampling period of a sensor;

FIG. 14 is a diagram, in which a ripple waveform of one period after a sampling at a
certain time and a ripple waveform of the same phase after N periods, are superimposed
on each other; and |

FIG. 15 is a diagram, in which a plurality of sampling points are plotted.

4 | DETAILE]j.DESCRIPTION OF EMBODIMENTS

[0023] Embodiments of the inQention will be described in detail below with
reference to drawings. Note that the same or the corresponding portions in fhe drawings
are designated by the same reference numeral and the description thereof is not repeated.
(First Embodiment)

[0024] FIG. 1 is a block diagram of the whole of an electric vehicle that is given as
an application example of a secondary battery temperature-estimating apparatus for a
secondary battery according to a first embodiment of the invention. Referring to FIG. 1,
the electric vehicle 100 includes the secondary battery 10, a boost converter 22, a
capacitor CH, an inverter 30, a motor generator 40, and a driving wheel 50. The electric
vehicle 100 further includes an electronic control unit (ECU) 60, an electric current
sensor 72, and voltage sensors 74 and 76.

[0025] The secondary battery 10 is a rechargeable battery, typified by a lithium ion
battery or a nickel-hydrogen battery. A positive terminal and a negative terminal of the
secondary battery 10 are. connected to a positive line PL1 and a negative line NL,
respectively.

[0026] The boost converter 22 includes power semiconductor switching devices

(hereinafter also referred to merely as "the switching devices") Q1 and Q2, diodes D1 and



10

15

20

25

WO 2011/004249 9 PCT/1B2010/001668

D2, and a reactor L. The switching devices Q1 and Q2 are connected in series between
a positive line PL2 and the negative line NL. A collector of the switching device Q1 is
connected to the positive line PL2 and an emitter of the switching device Q2 is connected
to the negative line NL. The diodes D1 and D2 are connected in anti-parallel to the
switching devices Q1 and Q2,"respectively. One terminal of the reactor L is connected
to the positive line PL1 and the other terminal thereof is connected to a node ND between
the switching devices Q1 and Q2

[0027] As the above switcﬁing devices Q1 and Q2, insulated gate bipolar transistors
(IGBTs), power metal oxide ‘sevmiconductor (MOS) transistors, etc. can be used, for
example. | | | |

[0028] The boost coﬁVeﬁer 422 can boost the voltage between the positive line PL2
and the negative line NL (hereinafter also referred to as "the system voltage") to or above
the output voltage of the secondary battery 10, based on a control signal PWMC from the
ECU 60. When the system voltage is lower than the desired voltage, by increasing the
duty factor of the switching device Q2, an electric current is caused to flow from the
positive line PL1 to the positive line PL2, so that it is possible to raise the system voltage.
Meanwhile, when the system voltage is higher than the desired voltage, by increasing the
duty factor of the switching device Q1, an electric current is caused to flow from the
positive line PL2 to the positive line PL1, so that it is possible to reduce the system
voltage.

[0029] The boost converter 22 and the capacitor CH form a ripple generating section
20 to be described later. The boost converter 22 causes a ripple current at a
predetermined frequency to flow in the secondary battery 10 based on the control signal
PWMC from the ECU 60, thereby increasing the temperature of the secondary battery 10
from its inside (such an operation for increasing temperature is hereinafter also referred to
as "the ripple temperature increase operation"). Specifically, in the boost converter 22,
the switching deviCéé Q1 and Q2 are complementarily turned on and off according to the
control signal PWMC from the ECU 60, whereby the boost converter 22 causes a ripple

current to flow in the secondary battery 10 depending on the switching frequency of the
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switching devices Q1 and Q2. | ‘The ripple témperature increase operation will be
described in détaii later.

[0030] The capacitor CH is connected between the positive line PL2 and the negative
line NL to smooth the v'oltagb‘ev between the positive line PL2 and the negative line NL.
The capacitor CH is used ‘as an electric power buffer that‘temporarily stores the electric
power output from the s¢cpndaq battery 10 when the ripple temperature increase
operation on the secondary ‘ba‘ittéfrgl' 10 is performed.

[0031] The invef;ér 30 coﬁveﬁs the diréct-current power supplied from the positive
line PL2 and the negative line NL into three-phase alternating current based on the
control signal PWMI from thé ECU 60 and outputs the three-phase alternating current to
the motor generator 40 to drive the motor generator 40. The inverter 30 converts the
three-phase alternating current generated by the motor generator 40 into a direct current
based on the control signal PWMI to output the direct current to the positive line PL2 and
the negative line NL during braking of the vehicle.

[0032] The motor generator 40 is an alternating current motor, which is, for example,
a three-phase alternating current motor providéd with a rotor, in which permanent
magnets are embedded. The motor generator 40 is mechanically connected to the
driving wheel 50 and generatés the torque for driving the vehicle. In addition, the motor
generator 40 receives tHe kinetic energy of the vehicle from the driving wheel 50 to
generate electricity during braking of the vehicle.

[0033] The electric current.‘séhsor 72 detects an electric current I input and output to
and from the secondary battefy"lO and the detected value is output to the ECU 60. The
sign of the: electric current I is hereinafter positive when the electric current I flows in the
direction such that the secondary battery 10 is charged. The electric voltage sensor 74
detects an electric voltage V between the positive line PL1 and the negative line NL that
corresponds to the output voltage of the secondary battery 10, and outputs the detected
value to the ECU 60. The voltage sensor 76 detects a voltage VH between the positive
line PL2 and the negative line NL and outputs the detected value to the ECU 60.

[0034] The ECU 60 generates a pulse width modulation (PWM) sfgnal for driving
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the boost converter 22 base'dwon the detected values of the voltages V and VH supplied
from the voltage sensors 74 and 76, respectively. The generated PWM signals are
output to the boost converter 22 as the control signal PWMC.

[0035] When predetermrned conditions for performmg the ripple temperature
increase operatlon on the secondary battery 10 are satisfied, the ECU 60 generates the
control signal PWMC for causing a ripple current at a predetermined frequency to flow in
the secondary battery 10 and the generated control signal PWMC is output to the boost
converter 22. As an example, the ECU 60 sets the frequency of the carrier signal to the
predetermined frequency (hereinafter also referred to as "the ripple frequency") and
generates the control signal PWMC for turning on and off the switching devices Q1 and
Q2 of the boost converter 22 at the ripple frequency.

[0036] In addition, the ECU 60 estimates the temperature of the secondary battery 10
based on the value of the electric current I detected by and supplied from the electric
current sensor 72 and the value of the voltage V detected by and supplied from the
voltage sensor 74 when the ripple current is caused to flow in the secondary battery 10.

[0037] The ripple temperature increase operation on the secondary battery 10 by the
ripple generating section 20 formed of the boost converter 22 and the capacitor CH and a
method of estimating the temperature of the secondary battery 10 based on the detected
values of the electrlc current I and the voltage V during the ripple temperature increase
operation, will be described in deta11 later.

[0038] The ECU 60 generates the control signal PWMI for driving the motor
generator 40 and outputs the generated control signal PWMI to the inverter 30.

[0039] FIG. 2 is a diagram showing a system configuration of part of the electric
vehicle 100 shown in FIG. 1, the part relating to the ripple temperature increase operation
on the secondary battery 10. Referring to FIG. 2, the secondary battery 10 includes an
internal resistance 12. The internal resistance 12 has a temperature dependence and
significantly varies depending also on the frequency of the electric current that flows in
the battery aa described later.

[0040] The ripple generating section 20 is, as described above, formed of the boost
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12

converter 22 and the capacitor CH shown in FIG. 1 (not shown in FIG. 2). In the ripple
generating section 20, the switching devices Q1 and Q2 (not shown in FIG. 2) are
complementarily turned on and ;)ff according to the control signal PWMC from the ECU
60, whereby the ripple generating section 20 generates the ripple current depending on
the switching frequencies of the switqhing devices Q1 and Q2.

[0041] The ECU 60 includes a state estimating section 62 and a ripple control
section 64. The state estimating >section 62 estimates the temperature T of the secondary
battery 10 based on the values of the electric current I and the voltage V detected when
the ripple generating section 20 causes the ripple current to flow in the secondary battefy
10. More specifically, the state estimating section 62 estimates the impedance of the
secondary battery 10 based on the detected values of the electric current I and the voltage
V and estimates the temperafufe T of the secondary battery 10 based on the estimated
impedance with the use of the map prepared in advance that defines the relation between
the temperature and the impedance of the secondary battery 10. The state estimating
section 62 then outputs the estimate of the temperature T to the ripple control section 64.

[0042] The ripple control"sé.étion 64 controls the ripple generating section 20 so as to
increase the tefnperaturev of the s?:condary battery 10 from the inside thereof by causing
the ripple current to flow in the secondary battery 10, based on the temperature T of the
secondary battery 10 received from the state estimating section 62. The ripple control
section 64 controls the ripple generating section 20 so as to cause the ripple currenf ata
frequency within the range, in which the absolute value of the impedance of the
secondary battery 10 is relatively reduced, to flow in the secondary battery 10, based on
the frequency characteristics of the impedance of the secondary battery 10.

[0043] A brief description of the ripple temperature increase operation will be
provided below and then, the configuration of the state estimating section 62 that
estimates the temperature of the secondary battery 10 will be described in detail.

(Brief Description of Ripple Témperature Increase Operation)
[0044] FIG. 3 is a diagram showing a breakdown of the voltage of the secondary

battery 10. In FIG. 3, for the sake of simplicity, the internal resistance has the real part
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only and there is no imaginary part caused by L, C etc. Referring to FIG. 3, the voltage
V generated between the terminals of the secondary battery 10 is obtained by adding or
subtracting a voltage AV, generated across the internal resistance 12 during energization,
to or from an open-circuit voltage OCV. Specifically, V = OCV + AV when the
charging electric current flows, and V = OCV - AV when the discharging electric current
flows (AV > 0).

[0045] When the resistance value of the internal resistance 12 is R, the amount of
heat Q generated when an electric current I flows in the secondary battery 10 is expressed

by the following equation:

Q=PxR..(Q1)
=Ix AV ... (2)
=AV?/R..(3)

[0046] These equations (1) to (3) are equivalent to each other. According to the
equation (1), it seems thét thé temperature of the secondary battery 10 is effectively
increased by increasing the ripple current I generated with the use of the ripple generating
section 20. In actuality, however, with regard to the voltage V of the secondary battery
10, it is required to conform to the upper and lower limit voltage in view of the safety and
the durability. In particular, under extremely low temperature conditions, the resistance
value R of the internal resistance 12 increases and the voltage AV therefore increases, so
that there is a possibility that a situation occurs where it becomes impossible to cause a
sufficient ripple current I for generating heat to flow while the voltage V of the secondary
battery 10 is restrained within the range between the upper and lower limits.

[0047] Specifically, under low temperature conditions (especially under extremely
low temperature conditions), in which the resistance value R of the internal resistance 12
increases, there is a possibility that a situation occurs where the voltage AV becomes a
restriction and makes it impossible to cause the ripple current I to flow in the secondary
battery 10, which prevents the temperature of the secondary battery 10 from being
effectively increased. Thus, focus is put on the equation (3) and the frequency

characteristics of the imf)edan"'ce of the secondary battery 10 and the ripple current at a
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frequency within the range, in which the absolute value of the impedance of the
secondary battery 10 (resistaﬁce value R of the internal resistance 12) is relatively lower
as compared to the absolute value of the same impedance in the case of the frequency out
of this range, is céused to flow by the ripple generating section 20. In this way, the heat
generation amount Q in the secondafy battery 10 increases and it becomes possible to
effectively increase the tempefattire of the secondary battery 10.

[0048] FIGS. 4 and 5 are Bode diagrams showing the impedance characteristics of
the secondary battefy 10. As a method of analyzing the electrical characteristics of the
secondary battery, the electrochémical impedance spectroscopy (EIS) is known. The
Bode diagrams show the 1mpedance characteristics of the secondary battery 10 with the
use of the EIS. FIG. 4 shows thé frequency characteristics of the absolute value |Z| of
the impedance’ Z. FIG 5' éh&vs the frequency characteristics of the phase. 0 of the
impedance Z.

[0049] In FIGS. 4 and 5, the horizontal axis, which is graduated logarithmically,
indicates the frequency of the alternating current (ripple current) generated in the
secondary battery 10. The vertical axis, which is graduated logarithmically, indicates
the aBsolute value |Z] of the impedance Z in FIG. 4. The vertical axis indicates the phase
0 of the impedance Z in FIG. 5.

[0050] As shown in FIG. 4, under low temperature conditions, in which it is required
to increase the temperature of the sécondary battery 10, the absolute value |Z| of the
impedance Z increases as compared to that under non-low temperature conditions.
However, such increase is significant when the frequency of the ripple current is low. In
particular, around the frequency of 1 kHz, the absolute value |Z| of the impedance Z is
smaller than that when the frequéncy is away from such a frequency range (around 1
kHz). In addition, even under extremely low temperature conditions, the absolute value
is at most three times as High as that under the non-low temperature conditions (at room
temperature, for example) (portion A in FIG. 4). In addition, as shown in FIG. 5, in such
a frequency range (around 1 kHz), the phase 6 of the impedance Z is near zero and

therefore, the power factor is 1, which means good efficiency.
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{0051] Thus, based on the frequency characteristics of the impedance of the
secondary battery 10, the ripple current at a frequency within the range (around 1 kHz
based on FIG. 4, for examplle)‘,‘ in which the absolute value |Z| of the impedance Z of the
secondary battefy 10 is relati.\;dy low, is generated by the ripple generating section 20.
In this way, it is possible to e'ﬁ'ectively cause the ripple current to flow in the secondary
battery 10 even ﬁnder the restﬁction imposed by the voltage AV generated across the
internal resistance 12 ij\'“tvh,e éépondary battery 10, so that the temperature of the
secondary battefy 10 is eﬁfe(i:t'ive{lym‘incr-eased.

[0052] FIG. 6is a diag;rarr'l‘showing the peak. value of the ripple current that can be
caused to flow in the secondary battery 10 under extremely low temperature conditions,
where the voltage AV generated across the internal fesistance 12 of the secondary battery
10 is a constraint. Referring to FIG. 6, the horizontal axis indicates the frequency of the
ripple current and the vertical axis indicates the peak value of the ripple current (assumed
to be sinusoidal) that can be caused to flow in the secondary battery 10 under the
constraint of the voltége AV. Note that a case is shown by way of example, in which the
voltage AV equals 0.5V, and the temperature T of the secondary battery 10 equals -30°C
(extremely low temperature).

[0053] As shown in FIG. 6, within the frequency range (around 1 kHz), in which the
absolute value of the impe_danc':é of the secondary battery 10 is relatively small, the
electric current that can be caused to flow in the secondary battery 10 increases. When
the frequency is low or the electric current is a direct current, it is hardly possible to cause
an electric current to ﬂow_i_'n‘ thé's'écondary battery 10 to increase the temperature of the
secondary battery. A .

[0054] FIG. 7 is a diagram showing the average amount of heat that can be generated
in the secondary battery 10 under extremely low temperature conditions where the
voltage AV generated across the internal resistance 12 of the secondary battery 10 is a
constraint. Referring to FIG. 7, the horizontal axis indicates the frequency of the ripple
current and the vertical axis indicates the average amount of heat generated in the

secondary battery 10 in one cycle of the ripple. Note that also in FIG. 7, a case is shown
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by way of example, in which tne voltage AV equals 0.5V, and the temperature T of the
secondary battery 10 equals -30°C (extremely low temperature).

[0055] As shown in FIG. 7, the amount of heat generated by the secondary battery 10
increases within a frequency range (around 1 kHz), in which the absolute value of the
1mpedance of the secondary battery 10 is relatively low. When the frequency is low or
the electric current is a direct current it is hardly possible to cause an electric current to
flow in the secondary battery 10 to increase the temperature of the secondary battery
under the constraint, voltage AV = 0.5 V.

[0056] As described above, based on the frequency characteristics of the impedance
of the secondary battery 10, the ripple current at a frequency within the range (around 1
kHz, for example), in which the absolute value of the impedance of the secondary battery
10 is relatively low, is caused to flow by the ripple generating section 20. In this way, it
is possible to increase the heat generation amount Q of the secondary battery 10 and it is
possible to effectively increase the temperature of the secondary battery 10.

[0057] FIG. 8isa waveform diagrarn of the electric current I and the voltage V in the
secondary battery 10 during'-th-e ripple temperature increase operation. Referring to FIG.
8, during the ripple temperature increase operation, the frequency of a carrier signal CR
of the ripple generating section' 20 (boost converter 22) is set to a ripple frequency f
(around 1 kHz, for example). - 'When the carrier signal CR exceeds a duty command
value d (= 0.5) at time t1, the switching device Q1 of the upper arm is turned off and the
switching device Q2 of the lower arm is turned on. When this occurs, the electric
current I (positive when the battery is being charged) that flows in the secondary battery
10 is reversed and increased in the negative direction. At the timing when the energy
stored in the reactor L has been discharged, the sign of the electric current I is turned
from positive to negative. The voltage V is reduced.

[0058] When the carrier signal CR falls below the duty command value d at time t2,
the switching device Q1 of the upper arm is turned on and the switching device Q2 of the
lower arm is turned off. Then, the electric current I is reversed and increased in the

positive direction. At the timing when the energy stored in the reactor L has been
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discharged, the sign of the, e}ec_:ih;ic current I is turned from negative to positive. The
voltage V increases. o

[0059] When the caniér‘ sigl_nal CR again exceeds the duty command value d at time
t3, the switching de;/ices Q1 and Q2 are turned off and on, respectively. The electric
current I is again reversed and increased in the negative direction and the voltage V is
reduced. In this way, the electric curreﬁt I and the voltage V vary at the ripple frequency
f.

(Estimation of Temperature of Secondary Battery 10)

[0060] Next, a method of estimating the temperature of the secondary battery 10
with the use of the data measured during the ripple temperature increase operation will be
described. First, some parameters to be used in a calculation for estimating the
temperature of the secondary battery 10 are defined with the use of the waveform
diagram shown in FIG. 8.

[0061] When it is assumed that the positive-side peak value of the electric current I is
a charging maximum electric current AII (>0) and the negative-side peak value of the
electric current [ is a diAschar‘ging‘rriaximum electric current AI2 (<0), the amplitude of the
electric current I, that is, the amplitude Al of the ripple current is expressed by the
following equation:

Al=AIl - AI2 ... (4)

[0062] Because a loss occurs in the ripple generating section 20 (boost converter 22),
the average value of the electric current I is offset to the discharge side. When the
amount of offset is Alos, the offset electric current Alos can be expressed by the
following equation:

Alos = (AIl + AI2) /2 ... (5)

[0063] When a maximum peak value of the vbltage V is a maximum voltage V1 and
a minimum peak value of the voltage V is a minimum voltage V2, the amplitude of the
voltage V, that is, the amplitude AV of the ripple voltage can be expressed by the
following equation:

AV=V1-V2..(6)
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[0064] An average value Vave of the voltage V and an amplitude AV1 on the charge
side and an amplitude AV2 on the discharge side with respect to the average value Vave
can be expressed by the following equations:

Vave=(V1+V2)/2..(7)
AV1=V1-Vave=(V1-V2)/2..(8)
=AV2

[0065] When an electric current flows in the secondary battery 10, the average value
Vave of the voltaée V is offset from the open-circuit voltage OCV of the secondary
battery 10. When the offset amount is AVos, the offset voltage AVos can be expressed
by the following equation: -

AVos = 0OCV -Vave =0CV - (V1+V2)/2..(9)

[0066] FIG. 9 is a functional block diagram of the state estimating section 62 shown
in FIG. 2. Referrmg to FIG. 9, the state estimating section 62 includes peak hold circuits
102 and 104, an alternatlng current impedance-estimating section 106, and a temperature
estimating section 108.

[0067] The peak hold circuit 102 receives the detected value of the electric current I
from the electric current sensor 72 (FIG. 2). The peak hold circuit 102 holds the peak
values of the electric current I to output the charging maximum electric current AIl and
the discharging maximum electric current AI2 (FIG. 8). The peak hold circuit 104
receives the detected value of the voltage V from the voltage sensor 74 (FIG. 2). The
peak hold circuit 104 holds the peak values of the voltage V to output the maximum
voltage V1 and the minimum voltage V2 (FIG. 8). Note that as the peak hold circuits
102 and 104, publicly available circuits are used, in which the time constant or the reset
interval is set equal to or greater than a few dozen seconds, for example.

[0068] The alternating current impedance-estimating section 106 estimates the
alternating current impedance Rh of the secondary battery 10 at the ripple frequency,
based on the charging maximum electric current AIl and the discharging maximum
electric current AI2 received ffo;'ri the peak hold circuit 102 and on the maximum voltage

V1 and the minimum voltage V2 teceived from the peak hold circuit 104 when the ripple
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current is caused to flow in the secondary battery 10 by the ripple generating section 20
(FIG. 2). Specifically, the alternating current ir’npédance—estimating section 106
estimates an alternating current impedance Rh with the use of one of the following
equations:

Rh=AV/AI.. (10)

Rh=AV1/All .. (11)

Rh=AV2/AL2 ... (12)

[0069] Note that AV, Al AV1 (AV2) are calculated based on the above equations (6),
(4), and (8), respectively. The alternating current impedance-estimating section 106
outputs the estimated alternatinig current impedance Rh to the temperature estimating
section 108. A "

[0070] The tempéra‘tﬁfe‘eéfirﬁating section 108 estimates the temperature T of the
secondary battery 10 based on the alternating current impedance Rh received from the
alternating current impedance-estimating section 106. More specifically, the
temperature estimating section 108 estimates the temperature T of the secondary battery

10 based on the alternating current impedance Rh estimated by the alternating current

impedance-estimating section 106 with the use of the map, prepared in advance, that

defines the relation between the temperature of the secondary battery 10 and the
alternating current impedance of the secondary battery 10 at the ripple frequency.

[0071] The map showing the relation betwéen the temperature of the secondary
battery 10 and the alternating current impedance of the secondary battery 10 at the ripple
frequency is generated based on fhé impedance characteristics of the secondary battery 10
shown in FIG. 4, for example; Specifically, the portion A in FIG. 4 shows the relation
between the temperature and the impedance at the ripple frequency. The above map can
be created by extracting data of ‘flhiis portion from the Bode diagram of FIG. 4.

[0072] As described abé)yé, in the first embodiment, with the use of the ripple
generating section 20, tlfé fippl'e' Cﬁrrent is caused to flow in the secondary battery 10 to
increase the temperature of the secondary battery 10. Based on the electric current I and

the voltage V of the secondary battery 10 that occur when the ripple current is caused to
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flow in the secondary battery 10, the alternating current impedance Rh of the secondary
battery 10 at the ripple' frequency is estimated. Then, the temperature of the secondary
battery 10 is estimated based ion .the esﬁmated alternating current impedance Rh with the
use of the relation, obtained 1n advance, between the temperature of the secondary battery
10 and the altemaﬁ_ng current impedance at the ripple frequency. Thus, according to the
first embodiment, it is possibie to accurately estimate the temperature of the secondary
battery 10 without using a temperature sensor.

(Second Embodiment) |

[0073] In the abOve"ﬁrsf He“:-:mbodiment, the alternating current impedance Rh of the
secondary battéry 10 at thé ripple frequency is estimated and the temperature T of the
secondary battery 16 is estimated based on the estimated alternating current impedance
Rh. In a second embodiment, however, the direct-current resistance of the secondary
battery 10 is estimated and the temperature of the secondary battery 10 is estimated based
on the estimated direct-current resistance.

[0074] An overall configuration of a system according to the second embodiment is
the same as the system .show'n in FIGS. 1 and 2.

[0075] FIG. 10 is a functional block diagram'showiﬁg a state estimating section 62A
of the second embodiment. Referring to FIG. 10, the state estimating section 62A
includes the peak hold circuits 102 and 104, an offset electric current calculating section
116, an offset voltage calculating section 118, a direct-current resistance estimating
section 120, and a temperature estimating section 122.

[0076] The offset electric current calculating section 116 calculates the offset electric
current Alos with the use of the .‘_above equation (5) based on the charging maximum
electric current All and the ‘disc'harging maximum electric current AI2 received from the
peak hold circuit 102 when the ripple current is caused to flow in the secondary battery
10 by the ripple generating section 20 (FIG. 2).

[0077] The offset voltage calculating section 118 calculates the offset voltage AVos
with the use of the above equation (9) based on the maximum voltage V1 and the

minimum voltage V2 received from the peak hold circuit 104 when the ripple current is
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caused to flow in the secondafjr battery 10 by the ripple generating section 20.

[0078] The direct-curre;ﬁt res'istance estimating section 120 estimates a direct-current
resistance Rd of fhe secondaliy baftery 10 based on an offset electric current Alos
calculated by the offset eléétric current calculating section 116 and an offset voltage AVos
calculated by the offs_et véliégé';éaibulating section 118. Specifically, the direct-current
resistance estimeiting 'seczt‘ion’ 120'estimates the direct-current resistance Rd with the use
of the following equation:

Rd = AVos / |Alos| ... (13)

[0079] The temperature estimating section 122 estimates the temperature T of the
secondary battery 10 based on the direct-current resistance Rd estimated by the
direct-current resistance estimating section 120. More specifically, the temperature
estimating section 122 estimates the temperature T of the secondary battery 10 based on
the diréct-current resistance Rd received from the direct-current resistance estimating
section 120 with the use of the map prepared in advance that defines the relation between
the temperature of the secondary battery 10 and the direct-current resistance of the
secondary battery 10. |

[0080] The map that deﬁne's the relation between the temperature of the secondary
battery 10 and the direct-current resistance of the secondary battery 10 is created based
on the impedénce characferis’tiés ‘of bthe secondary battery 10 shown in FIG 4, for
example. Specifically, it 'c'éh-zb“é:"séid' that the extremely low frequency region in FIG. 4
substantially ShO;NS the relation :‘t.>e'tween the temperature and the impedance in the case of
the direct current and therefore, by extracting the data in the extremely low frequency
region from FIG. 4, the above map is created.

[0081] As described above, in the second embodiment, the direct-current resistance
Rd of the secondary battery 10 is estimated based on the offset electric current Alos and
the offset voltage AVos when the ripple current is caused to flow in the secondary battery
10. Then, the temperature of the secondary battery 10 is estimated based on the
estimated direct-current resistance Rd with the use of the relation between the

temperature and the direct-current resistance of the secondary battery 10, the relation
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being obtained in advance. Thus, the second embodiment also makes it possible to
accurately estimate the temperature of the secondary battery 10 without using a
temperature sensor. o

[6082] In additien, as can ee-seen from FIG. 4, the impedance in the extremely low
frequency region is more temperature dependent than the impedance at the ripple
frequency, which is a high frequency. Thus, .there is a possibility that the temperature of
the secondary battery 10 can be estimated with higher accuracy.

(Third Embodiment) |

[0083] In a third embodiment, the energy loss in the secondary battery 10 due to the
ripple temperature increase operation is estimated and the temperature of the secondary
battery 10 is estimated based on the estimated energy loss.

[0084] An overall configuration of a system according to the third embodiment is the
same as the system shown in FIGS. 1 and 2.

[008S] FIG. 11 is.a functional block diagram of a state estimating section 63B of the
third embodiment. Referring to FIG. 11, the state estimating section 62B includes an
SOC estimating section 132, gri*énergy loss estimating section 134, and a temperature
estimating section 136.

[0086] The SOC esti:m-ating.section 132 estimates the remaining capacity (hereinafter
also referred to as the "SOC", v&;hich is the abbreviation of "state of charge") of the
secondary battery 10 when the ripple current is caused to flow in the secondary battery 10
by the ripple generating section 20 (FIG. 2).

[0087] FIG. 12 is a more detailed, functional block diagram showing the SOC
estimating section 132 shown in FIG. 11. Referring to FIG. 12, the SOC estimating
section 132 includes the peak hold circuit 102, the offset electric current calculating
section 116, a discharge amount estimating section 142, and a ASOC estimating section
144.

[0088] The discharge amount estimating section 142 estimates a discharge amount
AAh during ripple temperature;increase operation by integrating the offset electric current

Alos calculated by the offset electric current calculating section 116.
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AAh = [(Alos)dt ... (14)

[0089] The ASdC estimating section 144 estimates the amount of variation ASOC of
SOC during the ripple temperature increase operation by dividing the discharge amounf
AA estimated by the discharge amount estimating section 142 by the capacity C of the
secondary battery 10.

ASOC=AAh/C...(15) |

| [0090] Then, the SOC of the secondary battery 10 is calculated by adding the
estimated variation amount ASOC of the SOC to the SOC before the ripple temperature
increase operation is performed.

[0091] Referring again to FIG 11, the SOC estimating section 132 outputs, to the
energy loss estimating section 134, the estimated SOC and the discharge amount AAh
during the ripple temperatﬁre increase operation that is estimated in the course of
calculation. | |

[0092] The energy loss estimating section 134 estimates the OCV of the secondary
battery 10 based on the SOC estimated by the SOC estimating section 132 with the use of
an SCC-OCV (opeq-circuit voltage) map prepared in advance. Then, the energy loss
estimating section 134 estimates the energy loss AWh of the secondary battery 10
accompanying the ripple temperature increase operation based on both the OCV
estimated based on the SOC estimated by the SOC estimating section 132 and the
discharge amount AAh estimated by the SOC estimating section 132 because the product
of the OCV and the discharge amount AAh corresponds to the energy loss AWh of the
secondary battery 10 accompanying the ripple temperature increase operation.

[0093] The temperature estimating section 136 estimates the temperature T of the
secondary battery 10 based on the energy loss AWh estimated by the energy loss
estimating section 134. More specifically, the temperature estimating section 136
estimates the temperature variation amount AT of the secondary battery 10 by dividing
the energy loss AWh by the heat capacity of the secondary battery 10 and multiplying the
resultant value by an efficiency n. Then, the estimated temperature variation amount

AT is added to the temperature ‘before the ripple temperature increase operation is
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performed, whereby the temperature T of the secondary battery 10 is estimated.

[0094] As described above, in the third embodiment, the SOC of the secondary
battery 10 is estimated based on the electric current I of the secondary battery 10 during
the ripple temperature increase operation, and the energy loss AWh of the secondary
battery 10 is estimated based on the estimated SOC. Subsequently, the temperature of
the secondary battery 10 is estimated by estimating the amount of change in the
temperature of the secondary battery 10 based on the estimated energy loss AWh. Thus,
the third embodiment also makes it possible to accurately estimate the temperature of the
secondary battery 10 without ﬁsing a temperature sensor.

(Fourth Embodinient)

[0095] For the purpose of measuring the charging maximum electric current AIl and
the discharging maximum electfic current AI2, as well as the maximum voltage V1 and
the minimum voltage V2 of the secondary battery 10 during the ripple temperature
increase operation, in which the temperature of the secondary battery 10 is increased by
causing the ripple current at a frequency of approximately 1 kHz to flow, using a peak
hold circuit used in the above embodiments or using a high-speed sensor is an easy way,
which however leads to an increase of costs. Thus, in a fourth embodiment, a method of
accurately measuring the charging maximum electric current AIl and the charging
minimum electric current AI2, as well as the maximum voltage V1 and the minimum
voltage V2 with the use of the conventional voltage sensor and the conventional electric
current sensor, such as sensors whose sampling period is about 10 milliseconds.

[0096] FIG. 13 is a diagram showing the relation between the period of the ripple
current and the sampling period of the Sensor. Although, in the following description,
the electric current sensor will be representatively described, the description also applies
to the voltage sensor. Referring to FIG. 13, the period tr is the period of the ripple
current and the period ts l‘is the ‘éi‘ectric current sampling period of the electric current
Sensor. Tee

[0097] The time ta is defined as follows:

ts=1urxN+1a... (16)



10

15

20

25

WO 2011/004249 25 PCT/IB2010/001668

where 0 <ta <trand N is a natural number. The time ta will be described with the use
of FIG. 14.

[0098] FIG. 14 is a diagram, in which a ripple waveform of one period after a
sampling at a certain time and a rippIe waveform of the same phase after N periods are
superimposed on each other. Referring to FIG. 14, the point P1 is a sampling point at a
certain time and the .'point P2 is a subsequent sampling point. The interval between the
point P1 and the point P2 is the time Ta defined by the equation (16). The phase
difference AO between the point P1 and the point P2 on the ripple waveform is expréssed
by the following equation: ‘

AO=1a/rx360°...(17)

[0099] When the time ta or the phase difference A is calculated with the use of the
equations (16) and (i7), based on the sampling period ts and the ripple period tr that are
known in advance, and the sampling points are sequentially plotted while shifting the
time ta or the phase A6 from that of the preceding sampling point, the data as shown in
FIG. 15-is obtained. The shape of the ripple waveform (triangular waveform or
sawtooth waveform) is determined in advance based on the configuration of the ripple
generating section 20 and the control performed by the ripple generating section 20 and
therefore, the ripple waveform is estimated based on the data shown in FIG. 15. Based
on the estimated ripple waveform, it is possible to calculate the charging maximum
electric current AIl and the discharging maximum electric current AI2, as well as the
maximum voltage V1 ana the minimum voltage V2.

[0100] The shorter the time ta is as compared to the fipple period tr, the shorter the
intervals of acquisition of data shown in FIG. 15 can be set. In this case, however, the
time taken to acquire the data .ofi one period of the ripple waveform increases. Thus, the
number of data M that are acquired during one period of the ripple waveform may be
determined according to the predetermined, desired accuracy and the relation between the
ripple period tr and the time ta may be determined with the use of the following equation
to set the ripple period tr and/or the sampling period ts with the use of the above

equation (16).
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tr / ta=M and a reminder of L (18)
where M is a natural number and 0<L<1.

[0101] When the relation between the ripple period tr and the time ta is defined
based on the equation (1 8) a tlme period of (1s x M) is required to acquire the data of the
one perlod of rlpple waveform The time period (that is, the value of M) is determmed
based on the requ1red accuracy dependlng on the battery, that is, for example, the cycle of
detection of the Voltage overrun and underrun, the overcurrent, etc. in the secondary
battery 10 and the C);cle of contfol thereof.

| [0102] When L is zero in the equation (18), the sampling at the same phase point is
performed after M samplings are performed. In order to more accurately estimate the
ripple waveform, it is preferable that the phase of the sampling point be shifted after M
samplings are performed. Thus,-the equation (18) is modified to the following equation:
tr/ ta= M and areminder of p/q ... (19)
where p and q each are a natural number and p / q.is an irreducible fraction.

[0103] In this way, it is possible to set the intervals, at which the sampling is again
performed at the same phase point, to (ts x M x q). Thus, it is preferable that the ripple
period tr and/or the sampling period ts be set so that q in the equation (19) is maximized.
This makes it possible to increase the sampling points at-different phases on the ripple
waveform and therefore to increase the accuracy in estimating the ripple waveform.

[0104] In addition, by "ch'angifrllg' the sampling timing at intervals of (fs x M x q)
seconds (or (ts'x M) seconds) ‘bs":'anamount between 0 and ta seconds exclusive, it is
possible to shift the phase of tﬁe sampling point after (ts x M x q) seconds (or (ts x M)
seconds). The timel period, by which the sampling timing is shifted, is set different from
L x ta and is preferably different from the preceding shifting time period. Alternatively,
the time period, by which the sampling timing is shifted, may be determined by a random
number between 0 and ta exclusive.

[0105] As described above, according to the fourth embodiment, the charging
maximum electric current All and the discharging maximum electric current AI2, as well

as the maximum voltage V1 and the minimum voltage V2 are accurately measured with
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the use of the conventional voltage sensor and the conventional electric current sensor,
such as sensors whose seiinpling period is about 10 milliseconds. As a result, the
estimation of thé temp_e_:ra‘t‘vl»:iré;‘ ofthe secondary battery. 10 can be performed at low costs. -

[0106] In the above erﬁbodiments, the electric vehicle 100 may be an electric vehicle,
in which the ‘motor" generator 40 is the only drive power source or may be a hybrid
vehicle, on which an engine is additionally mounted as the drive power source. In
addition, the electric vehicle 100 may be a fuel cell vehicle, on which a fuel cell in
addition to the secondary battery 10 ié mounted as the direct-current power source.

[0107] In the first to third embodiments, instead of the peak hold circuits 102 and
104, a means for selecting the maximum value and the minimum value of electfic current
values and vbltage values sampled by an analog-digital converter circuit may be provided,
for example.

[0108] The electric current sensor 72 and the peak hold circuit 102 are an example of
the "electric current detecting section” of the invention. The voltage sensor 74 and the
peak hold circuit 104 are an example of the "voltage detecting section" of the invention.
The alternating current impedance-estimating section 106 is an example of the
"impedance estimating sec_:tiqn";_lof the invention. The peak hold circuits 102 and 104
are an example of the "peak ve_’ﬂt‘fe acquiring section" of the invention. The energy loss
estimating section 134 is an example of the "loss estimating section" of the invention.

[0109] It should be understood that the embodiments described above are for
illustration purpose only and not intended to be restrictive. The scope of the invention is
defined not by the above description of the embodiments but by the claims and it is
intended to include all modifications within the scope of the claims and the equivalent

thereof.
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CLAIMS:

1. A secondary battery temperature-estimating apparatus for estimating a temperature
of a secondary battery, comprising:

a ripple generating section that is connected to the secondary battery and adapted to

.cause a ripple current at a predetermined frequency to flow in the secondary battery;

an electric current detecting section that detects an electric current charging or
discharging the secondary battery;

a voltage detecting section that detects a voltage of the secondary battery;

an impedance estimating section that estimates an impedance of the secondary battery
based on the electric cﬁrrent detected by the electric current detecting section and the
voltage detected by the voltage detecting section when the ripple generating sectioﬁ
causes the ripple current to ﬂéw in the secondary battery; a.nd

a temperature estimating se;:tion that estimates the temperature of the secondary
battery based on the impedar}ge estimated by the impedance estimating section with the
use of a relation, obtained.in z;dvance, between the temperature of the secondary battery

and the impedance of the secondary battery.

2. The secondary batfery temperature-estimating apparatus according to claim 1,
wherein:

the impedanée estimating section estimates an alternating current impedance of the
secondary battery at the predetermined frequency based on the electric current detected
by the electric current detecting section and the voltage detected by the voltage detecting
section when the ripple generating section caﬁses the ripple current to flow in the
secondary battery; and

the temperature estimating section estimates the temperature of the secondary battery
based on the alternating current impedance estimated by the impedance estimating
section with the use of a relation, obtained in advance, between the temperature of the

secondary battery and the 'alteméting current impedance of the secondary battery at the
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predetermined frequency. -

3. The secondary battery temperature-estimating apparatus according to claim 1,

wherein the impedance estfmating section includes: an offset electric current
calculating section that calculates an offset electric current represented by aﬁ average
value of the detected electric current, based on the electric current detected by the electric
current detecting section when the ripple generating section causes the ripple current to
flow in the secondary battery; an offset voltage calculating section that calculatés an
offset voltage that is a difference between an open-circuit voltage of the secondary
battery and an average ivalue-: of the detected voltage, based on the voltage detected by the
voltage detecting section when the ripple generating section causes the ripple current to
flow in the secondary bat_t_er'y;,' and a direct-current resistance estimating section that
estimates a direct current resistaﬁcé of the secondary battery based on the offset electric
current and the offset voltage, Vand ‘

wherein the temperature estimating section estimates the temperature of the secondary
battery based on the direct current resistance estimated by the direct-current resistance
estimating secﬁon with the use of a relation, obtained in advance, between the
temperature of the secondary battery and the direct current resistance of the secondary

battery.

4. The secondary battery temperature-estimating apparatus according to any one of
claims 1 to 3, wherein each of the electric current detecting section and the voltage
detecting section includes a peak value acquiring section that acquires a peak value of the

detected value.

5. A secondary battery temperature-estimating apparatus for estimating a temperature
ofa secoﬁdary battery, comprising:
a ripple generating ‘section that is connected to the secondary battery and adapted to

cause a ripple current at a predetermined frequency to flow in the secondary battery;
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an electric current detecting section that detects an electric current charging or
discharging the secondary battery;

a state of charge (SOC) estimating section that estimates an SOC of the secondary
battery based on the electric current detected by tﬁe electric current detecting section;

a loss estimating section that eétimates an energy loss of the secondary battery based
on the SOC estimated when the ripple generating section causes the ripple current to flow
in the secondary battery; and |

a temperature estimating section that estimates an amount of change in the temperature
of the secondary battery bésgd on the energy loss of the secondary battery estimated by
the loss e‘stimat'i‘ng sectio_ﬁ and é;timates the temperature of the secondary battery based

on the estimated amount of charigé in the temperature.

6. The secondary battery temperature-estimating apparatus according to claim 35,
wherein

the SOC estimating section includes: an offset electric current calculating section that
calculates an offset electric current represented by an average value of the detected
electric current, based on the electric current detected by the electric current detecting
section when the ripple generating section causes the ripple current to flow in the
secondary battery; a discharge amount estﬁnating section that estimates an amount of
discharge from the secondary battery obtained by integrating the offset electric current;
and a change amount estimating section that estimates an amount of change in the SOC
of the secondary battery by dividing the amount of discharge from the secondary battery
estimated by the discharge amount estimating section by a capacity of the secondary

battery.

7. The secondary battery ice'mpérature-estimating apparatus according to claim 5 or 6,
wherein the electric current detecting section includes a peak value acquiring section that

acquires a peak value of the detected value.
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8. A secondary battery temperatﬁre;estimating method of estimating a temperature of a
secondary battery, compris_ing; o

causing a ripple éurrent ata prédetérmined frequency to flow in the secondary battery;

detecting an electrié curre;lt charging or discharging the secondary battery;

detécting a voltage of the secondary battery;

estimating an impedance of :tﬁe-secondary battery based on the electric current and the
voltage detected when the ripble cﬁrrent is caused to flow in the secondary battery; and

estimating the temperature of fﬁe secondary battery based on the estimated impedance
with the use of a relation, obtained in advance, between the temperature of the secondary

battery and the impedancé of the secondary battery.

9. The secondary battery temperature-estimating method according to claim 8,
wherein:

in estimating the. impedance, an alternating current impedance of the secondary battery
at the predetermined frequency is estimated based on the electric current and the voltage
detected when the ripple current is caused to flow in the secondary battery; and

in estimating the temperature, the temperature of the secondary battery is estimated
based on the estimated alternating current impedance with the use of a relation, obtained
in advance, between the temperature of the secondary batfery and the alternating current

impedance of the secondary battery at the predetermined frequency.

10. The secondary battery témperature-estimating method according to claim 8,

wherein estimating the imp‘eciance includes: calculating an offset electric current
represented by an average value of the detected electric current, based on the electric
current detected when the ripple current is caused to flow in the secondary battery;
calculating an offset voltage that is a difference between an open-circuit voltage of the
secondary battery and an average value of the detected voltage, based on the voltage
detected when the ripple current is caused to flow in the secondary battery; and

estimating a direct current resistance of the secondary battery based on the offset electric
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current and the offset Voltége; ahd

wherein in estimating the té_mpcrature, the temperature of the secondary battery is
estimated based on the estlmated direct current resistance with the use of a relation,
obtained in advance, betwée'n thé temperature of the secondary battery and the direct

current resistance of the secohdary battery.

| 11. A secondary battery temperature-estimating method of estimating a temperature of

a secondary battery, comprising: }

causing a ripple current at a predetermined frequency to flow in the secondary battery;

detecting an electric current charging or discharging the secondary battery;

estimating a state of charge (SOC) of the secondary battery based on the detected
electric current;

estimating an energy loss of the secondary battery based on the SOC estimated when
the ripple current is caused to flow in the secondary battery; and

estimating an amount of chénge in the temperature of the secondary battery based on
the estimated energy loss of the secondary battery and estimating the temperature of the

secondary battery based on the estimated amount of change in the temperature.

12. The secondary b'atte'ry temperature-estimating method according to claim 11,
wherein o

the estimating the SOC includes: calculating an offset electric current represented by
an average value of the detected electric current, based on the electric current detected
when the ripple current is caused to flow in the secondary battery; estimating an amount
of discharge from the secondary battery obtained by integrating the offset electric current;
and estimating an amount of change in the SOC of the secondary battery by dividing the
estimated amount of discharge from the secondary battery by a capacity of the secondary

battery.
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