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CONTROL APPARATUS FOR VEHICLE

FIELD OF THE INVENTION
[0001]  This invention relates to a control apparatus for a vehicle, and more
particularly, to a control apparatus for a vehicle that includes a battery and a motor that

drives by receiving electrical power from the battery.

BACKGROUND OF THE INVENTION

[0002)  State of charge (to be abbreviated as SOC) detection apparatuses are
available that detect a SOC (also referred to as charging rate or residual capacity) of a
battery used in a vehicle. For example, many SOC detection apparatuses that detect
battery SOC of an electric vehicle (EV) detect SOC by integrating battery current.
Although regenerative braking can be expected to provide temporary charging in EVs,
the battery is discharged for the most part during vehicle operation. The SOC is
restored by charging the battery when the vehicle is not operating.  Thus, there are many
cases in EVs in which the SOC detection apparatus detects the SOC by integrating
diécharge current from the time the battery is fully charged.

[0003] Inteération of battery current is also frequently used to detect battery
SOC in hybrid vehicles (HV) equipped with an engine and generator. However, in HVs,
charging and discharging are controlled so as to maintain battery SOC at about 50% from
the viewpoints of battery service life and the acceptable amount of regenerated electrical
power. Thus, there are few opportunities for the battery to become fully charged (to
nearly 100%), or in other words, there are few Opportunities for initializing the SOC. If
detection of the battery SOC is only carried out by integrating charge and discharge
current over a long period of time, current detection error is accumulated and error in the
detected SOC ends up increasing,

[0004]  The SOC detection appa:atus‘de'scribed in Japanese Patent Application
Publication No. 2008-241246 (JP-A~2008-241246) estimates SOC using an internal

reaction model. In this SOC detection apparatus, SOC is estimated from the
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| relationship between open circuit voltage (OCV) and SOC by utilizing the fact that the

OCV of the secondary battery has a slope.

[0005] FIG. 26 is a graph that shows an SOC-OCV curve of a battery that
demonstrates characteristics having a slope. With reference to FIG, 26, OCV (V) is
plotted on the vertical axis and SOC (%) is plotted on the horizontal axis. For example,
a lithium ion battery that uses a nickel-based or cobalt-based active material as an
electrode demonstrates characteristics like those shown hefe. According to the
characteristics shown in FIG. 26, the SOC-OCV curve has a slope, and OCV and SOC
demonstrate a 1:1 relationship. Thus, SOC can be estimated by determining OCV in
consideration of such factors as battery terminal voltage, battery temperature or battery
current,  As a result, the estimation accuracy of SOC can be improved even in cases in
which there are few opportunities for the battery to become fully charged.

[0006] In recent years, olivine batteries (olivine lithium ion batteries) have
attracted attention for their high level of safety and low price. Olivine batteries are a
type of lithium ion battery, and this combined with the anode to create a region where the
battery voltage is flat (plateau region). A material such as carbon is used for the anode.
Since olivine batteries offer lower costs and higher saféty than cobalt-based electrode
materials, they have attracted attention in recent years as large-scale batteries in the
manner of electricity storage devices used in EVs and PHVs. Thié type of olivine
battery is disclosed in, for example, Japanese Patent Application Publication No.
2002-117833 (JP-A-2002-117833) and Japanese Patent Application Publication No.
2005-302300 (JP-A-2005-302300). ‘

' [0007]  However, olivine batteries have a long plateau region (region in which
OCV remains roughly constant even though SOC changes), thus making it extremely
difficult to estimate SOC from values of OCV,

[0008]  FIG. 27 is a graph that shows an SOC-OCV curve of an olivine battery.
With reference‘to FIG, 27, OCV (V) is plotted on the vertical axis and SOC (%) is plotted
on the horizontal axis.‘ As shown in FIG, 27, since a lithium ion battery that uses an

olivine active material as an electrode has a long plateau region, it is extremely difficult
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to estimate SOC from values of OCV.  For example, in an example of a battery that uses

a carbon-based material for the anode, there are cases in which the plateau region covers

-a range of SOC values of 30% t0 95%

SUMMARY OF THE INVENTION

[0009]  This invention provides a control apparatus for a vehiéle ‘capable of
controlling the vehicle by estimating‘the SOC of a battery having a long plateau. region
with high accuracy. |

[0010] A first aspect of the invention relates to a control apparatus for a vehicle.
The vehicle includes a battery and a motor that drives by receiving electrical power from
the battery. Characteristics of changes in OCV relative to the status of charge of the
battery include a first regxon in which the amount of change in the OCV relative to the
amount of change in the status of charge exceeds a threshold value, and a second region
in which the amount of change in the OCVrelative to the amount of change in the status

of charge does not exceed the threshold value, In the case an estimated value of the

status of charge of the battery falls within the first region, the control apparatus updates

the estimated value of the status of charge of the battery by estimating the status of charge
according to a first estimation method that uses the voltage of the battery, and in the case
an estimated value of the status of charge of the battery falls within the second region, the
control apparatus updates the estimated value of the status of charge of the battery by
estimating the status of charge according to a second estimation method that uses current
input and output to and from the battery. In the case a period, during which the
estimated value of the status of charge of the battery falls within the second region,
exceeds a prescribed period, the control apparatus temporarily changes the status of

charge of the battery so that status of charge of the battery falls within the first region and -

‘estlmates the status of charge by the first estimation method. -

[0011]  The control apparatus may also set the threshold value based on whethcr

or not the status of charge of the battery can be uniquely determined relative to the OCV.

[0012)  Estimation accuracy of the status of charge obtained according to the
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first estimation method may be higher than the estimation accuracy of the status of charge
obtained according to the second estimation method.

[0013] ' The battery may include a plurality of cells and an equalization circuit
that equalizes the status of charge of the plurality of cells. The control apparatus may
temporarily change the status of charge of the battery so that the status of charge of the
battery falls within the first region prior to equalizing the status of charge of the plurality
of cells by activating the equalization circuit and estimate the status of charge by the first
estimation method.

[0014]  The vehicle may further include an internal combustion engine and a

generator that generates electricity by using motive power of the internal combustion

engine. The control apparatus may change the status of charge of the battery by
changing the amount of electrical power consumed by the motor and the amount of
electricity generated by the generator.

[0015]  The first region is a region in which the status of charge is lower than
that of the second region, and the battery may be charged by the generator after having .
discharged the battery until the status of charge of the battery reaches the first region and
estimated the status of charge of the battery according to the first estimation method.

[0016])  The vehicle may be configured so as to allow external charging in which
the ba&ery is charged by receiving electrical power provided from outside the vehicle.
The first region may be a region in which the status of charge is higher than that of the
second region. The control apparatus may discharge the battery by a prescribed amount
after having externally charged the. battery until the status of charge of the battery reaches
the first region and estimated the status of charge of the battery according to'the first
estimation method.

[0017)  The control apparatus may also has: a battery control unit that calculates
an estimated value of the status of éharge of the battery in use of either the first or second
estimation method, and outputs a control target value of the status of charge based on the
estimated value of the status of charge of the battery, and a hybrid control unit t‘hat

changes the status of the charge of the battery by controlling the motor and the generator

4

PCT/IB2010/001312



10

15

20

WO 2010/140044

based on the estimated value of the status of charge of the battery and the control térget
value,

[0018] A second aspect of the invention relates to a control apparatus for a
vehicle includes a battery and a motor.  The battery has, as characteristics of changes in
OCV relative to the status of charge of the battery, a first region in which the amount of
change in the OCV relative to the amount of change in the status of charge exceeds a
threshold value and a second region in which the amount of change in the OCYV relative
to the amount of change in the status of charge does not exceed a threshold value. The
motor drives by receiving electrical power from the battery. The control apparatus for a
vehicle is provided with a charge status estimation unit that estimates the status of charge
of the battery; a first estimation unit that updates the estimated value of the status of
charge of the battery by estimating the status of charge according to a first estimation
method that uses the voltage of the battery in the case the estimated value of the status of
charge of the battery falls within the first region; a second estimation unit that updates the
estimated value of the status of charge of the baitery by estimating the status of charge of

the battery according to a second estimation method that uses current that is input and

‘output to and from the battery in the case the estimated value of the status of charge of

the battery falls within the second region; and a third estimation unit that estimates the
status of charge by the first estimation method by temporarily changing the status of the
charge of the battery so that the status of charge of the battery falls within the first region
in the case a period, during which the estimated value of the status of chargc‘of the
battery falls within the second region, exceeds a prescribed period.

[0019] A third aspect of ihe‘ invention relates to a vehicle control method. The
vehicle has: a battery including, as characteristics of changes in OCV relative to status of
charge, a first region in which'the amount of change in the OCV relative to the amount of

change in the status of charge exceeds a threshold value and a second region in which the

~ amount of change in the OCV relative to the amount of change in the status of charge

does not exceed the threshold value; and a motor that drives by receiving electrical power

from the battery. The vehicle control method estimates the status of charge of the

5
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battery, updates the estimated value of the status of charge of the battery by estimating

the status of charge according to a first estimation method that uses the voltage of the
battery in the case the estimated value of the status of charge of the battery falls within
the first regidn, updates the estimated value of the status of charge of the battery by
estimating the status of charge of the battery according to a second estimation method
that uses current that is input and output to and from the battery in the case the estimated
value of the status of charge of the battery falls within the second region, and estimates
the status of charge l‘a.y the first estimation method by temporarily changing the status of
the charge of the battery so that the status of charge of the battery falls within the first
region in the case a period, during which the estimated value of the status of charge of the
battery falls within the second region exceeds a prescribed period.

[0020]  According to the control apparatus and control method as claimed in the

“aspects of the invention, a vehicle can be operated while estimating the SOC at high

accuracy even in the case of using a battery having a long plateau region (such as an

olivine battery).

BRIEF DESCRIPTION OF THE DRAWINGS
[0021] The foregoing and further features and advantages of the invention will
become apparent from the following description of preferred embodiments with reference

to the accompanying drawings, wherein like numerals are used to represent like elements

"and wherein:

FIG 1 is a block diagram showing the configuration of a HV of an embodiment of
the invention; |
FIG. 2 is a block diagram showing an example of the configuration of a control
apparatus of FIG. 1;
'FIG. 3 is a drawing for explaining a method for estimating the SOC of a battery
used in the embodiment;
FIG. 4 is a drawing for explaining battery control in a PHV;

* FIG. § is a flow chart for explaining processing for calculating SOC that is executed

6
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in the battery control unit of FIG. 2;

FIG. 6 is a flow chart for explaining processing when a vehicle is stopped that is
executed in a battery control unif;

FIG. 7 is a waveform diagram shoWing an example of temporarily changing a
central target value of SOC in the form of a central value SOC*;

FIG. 8 is a drawing for explaim’ng a central value SOC* of SOC through time t1 of
FIG. 7; | |

" FIG. 9 is a drawing for explaining a state in which a central value SOC* of SOC

during HV operation is temporarily changed;
| FIG. 10 is a drawing showing the state of a central value SOC* starting at time t4 of
FIG. 7: |

FIG. 11 is a flow chart for explaining processing for moving a central value of SOC;

FIG. 12 is a drawing showing the configuration of an equalization circuit for
carrying out equalization processing;

FIG. 13 is a waveform diagram for explaining the operation of equalization
processing; |

FIG. 14 is a drawing for explaining a central value SOC* of SOC prior to
equalization processing:

' FIG. 15 is a drawing for explaining the state of SOC during equalization processing;

FIG. 16 is a drawing for explaining the state of SOC after equalization processing;

FIG. 17 is a flow chart for explaining control of ‘a central value of SOC during
equalization processing;

FIG. 18 is a drawing showing a central value of SOC during HV operation prior to
discharge processing;

FIG. 19 is a drawing showing a central value of SOC immediately after having
carried out discharge processing;

FIG. 20 is a drawing showing a central value of SOC in the case of having carried
out HV operation again following completion of discharge processing of FIG. 19;

FIG. 21 is a flow chart showing control for executing discharge ‘processing'

PCT/1IB2010/001312
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explained in FIGS. 18 t0 20;
FIG. 22 is a first drawing for explaining equalization processing during plug-in
charging; |

FIG. 23 is a second drawing for explaining equalization processing during plug-in

" charging;

FIG. 24 is a flow chart for explaining processing in the case of executing plug-in
charging;

FIG. 25 is a drawing for explaining. an example of using different types of battery
cells incorporated in a battery pack;

FIG. 26 is a drawing showing an SOC-OCV curve of a battery that exhibits
characteristics having a slope; and

FIG, 27 is a drawing showing an SOC-OCV curve of an olivine battery.

DETAILED DESCRIPTION OF EMBODIMENTS

[0022]  FIG. 1 is a block diagram showing the configuration of a HV 1 of an
embodiment of the invention. With reference to FIG. 1, the HV 1 includes front wheels
20R and 20L, rear wheels 22R and 22L, an engine 40, a planetary gear PG, a differential
gear DG, and gears 4 and 6.

[0023) " The HV 1 further includ‘es a battery B, a booster unit 20 that boosts
direct current electrical power output by the battery B, and an inverter 14 that transfers
direct current electrical power to and from thé booster unit 20.

[0024] The HV 1 further includes a motor generator MG1 that generates
electricity by receiving motive power from the engine 40 through the planetary gear PG,
and a motor generator MG2 in which a rotating shaft is connected to the planetary gear
PG. The inverter i4 is connected to the motor generators MG1 and MG2 and converts
between alternating current electrical power and direct current electrical power from a
booster circuit.

[0025]  The planetary gear PG includes a sun gear, a ring gear, a pinion gear that

éngages with both the sun gear and the ring gear, a planetary carrier that rotatably

8
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supports the pinion gear on the periphery of the sun gear. The planetary gear PG has
first to third rotating shafts. The first rotating shaft is a rotating shaft of the planetary
carrier that is connected to the engine 40. The second rotating shaft is a rotating shaft of
the sun gear that is connected to the motor generator MG1. The third rotating shaft is a
rotating shaft of the ring gear that is connected to the motor generator MG2.

[0026]  The gear 4 is attached to this third rotating shaft, and this gear 4

~ transmits mechanical motive power to the differential gear DG by driving the gear 6. In

addition to transmitting mechanical motive power received from the gear 6 to the front
wheels 20R and 20L, the differential gear DG transmits rotational force of the front
wheels 20R and 20L to the third rotating shaft of the planetary gear PG through the gears
4 and 6.

[0027])  The planetary gear PG fulfills the role of dividing motive power among

the engine 40 and the motor generators MG1 and MG2 (role of a motive power dividing

mechanism). Namely, the planetary gear PG determines rotation of one of the three
rotating shafts corresponding to the rotation of the remaining two rotating shafts. Thus,
the planetary gear PG controls vehicle ‘spe.ed by driving the motor gencrafor MG2 by
controlling the amount of electricity generated by the motor generator MG1 while
allowing the engine 40 to operate in the most efficient range, thereby realizing a vehicle
that has good overall energy efficiency.

[0028]  The direct current power supply in the form of the battery B is composed
by containing, for example, an olivine iron-based lithium ion secondary battery. In
addition to supplying direct current electrical power to the booster unit 20, the battery B
is charged by direct current electrical power from the booster unit 20.

[0029]  The booster unit 20 boosts direct current voltage received from the
battery B, and supplies the boosted direct current voltage to the inverter 14, The
inverter 14 converts the supplied direct current voltage to alternating current voltage and
drives and controls the motor generator MG1 during engine starting, In addition, after
the engine has started, alternating current electrical power generated by the motor

generator MG1 is converted to direct current by the inverter 14, and is then converted to a

9 .
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- voltage suitable for charging the battery B by the booster unit 20 followed by charging of

the battery B.
[0030] In addition, the inverter 14 drives the motor generator MG2. The motor
generator MG?2 assists the engine 40 to drive the front wheels 20R and 20L. During

braking, the motor generator MG2 does not rotate, and rotational energy of the front

wheels is converted to electrical energy. The resulting electrical energy is returned to

~ the battery B by way of the inverter 14 and the booster unit 20.

[0031]  The battery B is an assembled battery that contains a plurality of battery
units BUO to BUn that are connected in series. System relays SR1 and SR2 are
provided' between the booster unit 20 and the battery B that isolate high voltages when
the vehicle is not operating,

[0032] The HV 1 further includes an input unit in the form of an accelerator
sensor 9 that receives an acceleration request instruction from a driver and senses the

position of the accelerator pedal, a current sensor 8 that detects the current of the battery

B, a voltage sensor 10 that detects the voltage of the battery B, and a control apparatus 30

that controls the engine 40, the inverter 14 and the booster unit 20 corresponding to an
accc]érator depression amount Acc received from the accelerator sensor 9, a current IB
received from the current sensor 8 and a voltage VB received from the voltage sensor 10.
The current sensor 8§ and the voltage sensor 10 respectively detect the current IB and the
voltage VB of the battery B and transmit the current IB and the voltage VB to the control
apparatus 30.

[0033] The HV 1 further includes a socket 16 for connecting a plug 104

provided on the end of a charging cable 102 that extends from an external charging

‘ -apparatus 100, a coupling confirmation sensor 18 for confirming that the plug 104 is
connected to the socket 16 by sensing a coupling confirmation element 106 of the plug

104 provided in the socket 16, and a charger 12 that receives alternating current electrical

power from the external charging apparatus 100 by way of the socket 16. The charger

12 is connected to the battery B and supplies direct current electrical power for charging

to the battery B.  Furthermore, although the coupling confirmation sensor 18 may be of
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any type, for example, a type that senses a magnet on a plug, a pushbutton type that is
pressed at the time of plug insertion, or a type that senses interconnection resistance of a
conductive path can be used.

[0034]  FIG. 2 is a block diagram showing an example of the configurétion of the
control apparatus 30 of FIG. 1. With reference to FIG. 2, the control apparatus 30
includes a battery control unit 31, an HV control unit 32, and an engine coﬁtrol unit 33,

[0035] In addition to monitoring the SOC of the battery B, the battery control
unit 31 determines a central target value of the SOC in the form of a central value SOC*.
The battery control unit 31 estimates the SOC based o‘n an initial value stored in a
memory 34 and the battery voltage VB, the battery current IB and the battery temperature
TB respectively detected by the voltage sensor 10, the current sensor 8 and a temperature
sensor 7. This estimation method consists of the use of a first estimation method that
uses an internal reaction model that uses the battery voltage VB, and a second estimation
method that adjusts the amount of charging and discharging by integrating the battery
current IB.  In the following description, the estimated value of the SOC as estimated by
the battery control unit 31 is simply referred to as the SOC value.

‘ [0036] In addition, in the case the estimated SOC value falls within a plateau
region for a long period of time or the vehicle has been operated over a prescribed
distance while the estimated SOC value falls within a plateau region, the battery control
unit 31 changes the estimation method and causes the HV control unit 32 to change the
charging and discharging states of the battery by changing the central value SOC* in
order to improve estimation accuracy.

[0037]  The HV control unit 32 determines engine output and motor torque
corresponding to‘ vehicle operating status as determined according to accelerator
depression amount, shift position and signals from various types of sensors, and together
with controlling the inverter 14 and the booster unit 20, issues a requested engine speed |
NE* command and an engine torque TR command to the engine control unit 33.

. {0038]  The engine control unit 33 controls the degree of opening of an

electronically controlled throttle body of the engine 40 in accordance with the value

11
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requested from the HV control unit 32.

| [0039]  The HV control unit 32 mainly adjusts the amount of electricity
generated by the motor generator MG1 so that the estimated SOC value transmitted from
the battery control unit 31 coincides with the central value SOC*, Namely, if the
estimated value is greater than the central value SOC*, the electrical power consumed by
the motor generator MG2 is controlled to be greater than the amount of electricity
generated by the motor generator MG1 so that battery B is discharged. Conversely, if
the estimated value is less than the central value SOC*, the amount of electricity
generated by the motor generator MG1 is controlled to be greater than the electrical
power consumed by the motor generator MG2 so that the battery B is cha:ged. The
accelerator depression amount of the engine 40 is also controlled by the engine control
unit 33 to realize this type of control.

[0040]  Furthermore, the control apparatus 30 is not limited to the configuration
described here, but rather the entirety thereof may be realized with a singlé electronic
control unit (ECU), or may further be realized by including a plurality of other ECU.

[0041])  FIG. 3 is a drawing for explaining a method for estimating the SOC of
the battery B that is used in this embodiment.

[0042]  With reference to FfG 3, the manner in which OCV changes relative to
changes in SOC of the battery B of FIG. 1 is shown. An example of the battery B that
exhibits such characteristics is an olivine iron-based battery. In a battery in the manner
of an olivine iron-based battery that has a long plateau region (region in which SOC
ranges from 30% to 95% in an example of a battery that uses a carbon-based material for
the anode), an estimation method that combines an SOC estimation method that uses an
inter.nal reaction model (such as that described in JP-A-2008-241246) and an SOC
estimation method- based on current integration is used preferably. In an SOC

estimation method that uses an internal reaction model, SOC is estimated based on the

‘battery voltage VB and the battery temperature TB. The corresponding SOC is

estimated by determining the OCV after correcting for the effects of polarization and

internal resistance on the battery voltage during vehicle operation. On the other hand, in
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an SOC estimation method based on current integration, SOC is estimated by
determining the amount of change from the initial value of SOC based on battery current.
[0043]  Characteristics of changes in OCV relative to SOC of the battery B in

FIG. 1 are such that an SOC-OVC curve has a first region in which the amount of change

in OCV relative to the amount of change in SOC exceeds a threshold value (region Al or

A3 in FIG. 3), and a second region in which the amount of change in OCV relative to the

amount of change in SOC does not exceed a threshold value (region A2 in FIG. 3: plateau

‘region). This threshold value is used to assess the slope of the SOC-OCV curve, and in

considerafion of the accuracy of the voltage sensor and the like, is set based on whether
or not SOC can be uniquely determined relative to OCV.  In the case the estimated value
of SOC of the battery B falls within the first region (region Al or A3), the control
aéparatus 30 updat¢s the estimated value of SOC of the battery B by estimating SOC
according to the first estimation method that uses the voltage VB of the battery B
(estimation method based on an internal reaction model), while in the case the estimated
value of SOC of the battery B falls within the second region (region AZ2: plateau region),
the control apparatus 30 updates the estimated value of SOC of the battery B by
estimating SOC according to the second estimation method that uses current input and
output to and from the battery B (estimation method based on current integration). In
the case the period during which the estimated value of SOC of the battery B falls w1thm
the second region (region A2: plateau region) exceeds a prescribed period, the control
apparatus 30 estimates SOC with the first estimation method (estimation method based
on an internal reaction model) by temporarily changing the SOC of the battery B so that
the SOC of the battery B falls within the first region (region Al or A3).

[0044]  More specifically, in the regions Al (in which, for example, SOC > 95%)
and A3 (in which, for example, SOC < 30%) in which OCV has a slope, SOC is
estimated using an internal reaction model. In addition, in the region A2, SOC is
estimated by current integration.

(0045)  In addition, although the example described here indicates switching of

the estimation method corresponding to the SOC, the invention is not limited thereto, but
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rather the estimation method may also be defined based on the value of OCV. For

example, since the OCV in the plateau region in FIG. 3 is 3.3 V, the estimation method

. may be defined such that the SOC estimation method based on an internal reaction model

is used in a high SOC region in which OCV is equal to or greater than a threshold value
OCV1 (for example, 3.35 V) and in a low SOC region in which OCV is equal to or less
than a threshold value OCV2 (for example, 3.25 V), while SOC is estimated based on
current integration in the plateau region A2 in which OCV is between the threshold -
values OCV1 and OCV2 (for example, 3.25 to 3.35 V), Furthermore, with respect to
specific values of OCV and SOC, although the explanation has indicated an éxample of a
battery that uses a carbon-based material for the anode, the battery B may also be a
battery other than an olivine iron-based lithium ion secondary battery provided it exhibits
characteristics that have a plateau region. For example, the battery that has a plateau
region includes LiMPO,. The M is at least one of Fe, Ma, Cr, Co, Cu, Ni, V, Mo, Ti, Zn,
Al, Ga, Mg, B and Nb.

[0046] The SOC estimation method indicated in FIG. 3 is extremely effective in
the case of presuming battery use in a plug-in hybrid vehicle (PHV) as shown in FIG. 1.

[0047]  FIG. 4 is a drawing for explaining battery control in a PHV. With
reference to FIG. 4, during operation of an EV which is completed in a comparatively

short time following completion of plug-in charging (operating with the engine stopped),

- SOC is estimated based on current integration, and in the case discharging of the battery
- progresses and the estimated value of SOC approaches 0% and leaves the plateau region,

HV operation is carricd out in the vicinity of region A3 of FIG. 3 (operating with the

ehgine being able to be started as necessary). During this HV operation, SOC is
estimated based on an internal reaction model.

(0048]  When assuming, for example, typical battery use in a PHV, EV operation
is begun from the region in which SOC is high immediately after completion of plug-in
charging, and the operating mode is changed to HV operation when it enters a region in
which SOV is low. If estimation of SOC based on current integration is carried out for a

long period of time, integration error accumulates resulting in the risk of a discrepancy in
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estimated SOC values. However, in vehicles in which battery capacity is not that high,
since the vehicle is noi able to operate for an overly long period of time, the estimation
error does not have a considerable effect during short-term EV operation.

[0049] In additioﬁ, in the estimation method based on an internal reaction model
that is used after having switched to HV operation, since SOC is estimated using only the
battery temperature and the battery voltage VB without using values of current
integration, estimation is not affected by error of the current sensor 8. Since the error of
the current sensor 8 is subjected to integration processing, it has a greater effect on
estimated values of SOC than error of the voltage sensor 10. Consequently, if a control
target value of SOC is moved to a region in which SOC is low, and estimation is begun
based on an internal reaction model in region A3 of FIG. 3 in which the OCV is sloped,
even if the estimation error of SOC increases due to current integration error during EV
operation, since HV operation is carried ouf subsequently thereto, SOC error decreases as
estimation based on an internal reaction model proceeds. Sinée the voltage VB is input
in an internal reaction model, even if estimation begins from a state in which SOC error
is large, the estimated SOC approaches the true SOC during the time estimation continues,
thereby resulting in SOC error being reduced automatically.

[0050] Inv other words, in an internal reaction model, SOC is estimated by
utilizing the fact that OCV has a slope. In order to estimate SOC with high accuracy,
the battery is used based on a control target central value of SOC in the region where
OCV has a slope (for example, where SOC < 30%) during HV operation based on the
assumption of long-term operation following EV operation. If the battery is used only
in this region, SOC can be cstim_ated based only on an internal reabtion model without
estimating SOC based on current integfation.

[0051]  More speciﬁcélly, in a battery that uses olivine iron for the cathode and
graphite for the anode, the cell voltage in the plateau region is about 3.3 V. Thus,
control of battery charging and dischérging is carried out so that HV operation is carried
out using only the region in which OCV has a slope (for example, region where the SOC

is 30% or less or region where the OCV is 3.25 V or less).

15

PCT/1IB2010/001312



WO 2010/140044

10

15

20

25

[0052]  FIG. S is a flow chart for explaining processing for calculating SOC that
is executed in the battery control unit 31 of FIG, 2. The processing of this flow chart is
executed by being recalled from a main routine 6f vehicle control at fixed time intervals
or whenever prescribed conditions are satisfied. |

| [0053]) With reference to FIG. 5, when processing is first started, a determination
is made as to whether or not IG is ON in Step S1. When IG is ON, this indicates the
case, for example, in which a key is inserted into the vehicle and the vehicle has been
started, and as a result thereof, initial values and so forth are loaded into the control
apparatus 30.

[0054]  In the case IG is not ON in Step S1, processing proceeds to Step S3.
On the other hand, in the case IG is ON in Step S1, processing proceeds to Step S2.

[0055) In Step S2, a determination is made as to whether or not ihe OCYV of the
battery at the time of vehicle starting is greater than OCV1 or less than OCV2, A
determination as to whether or not the OCV is in region A2 of FIG. 3 is then made on the
basis thereof. Furthermore, a determination may also be made as to whether or not the
estimated SOC value falls within region A2, The OCV used in Step S2 can be obtained
by, for example, measuring a measured value VB of the voltage sensor 10 in the state in
which the system relays SR1 and SR2 are open.

[0056]  Processing proceeds to Step S3 in the case OCV > OCV1 or OCV <
OCV2 in Step S2. In this case, the SOC of the battery B falls within the region A2 of
FIG. 3, SOC cannot be uniquely specified from OCV. Thus, in Step S3, the estimated
value of SOC is initialized according to the estimated valvue of SOC during the previous
time IG was OFF.

[0057] On the other hand, processing procéeds to Step S4 in the case the
condition of OCV > OCV1 or OCV < OCV2 is satisfied in Step S2. In this case, the
SOC of the battery B falls within the region Al or the region A3 of FIG 3.
Consequently, since SOC can be determined from OCV, SOC is initialized using the SOC
corresponding to OCV.  Namely, the SOC determined based on the detected OCV is set

‘to an initial value SOCini of the estimated value.
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[0058] . Processing proceeds to Step S5 upon completion of the processing of
Sfep S3 or Step S4. In Step S5, a determination is made as to whether or not OCV >
OCV1 or OCV < OCV2 in the same manner as in Step S2.  Processing proceeds to Step
S6 in the case the condition of OCV > OCV1 or OCV < OCV2 is satisfied in Step S5,
and proceeds to Step S7 when either or those conditions is not satisfied.

[0059]  In Step S6, since the SOC of the battery B falls within either the region
Al or the region A3 of FIG. 3, SOC calculation processing is executed according to an
internal reaction model (first estimation method). On the other hand, since the SOC of -
the battery falls within the plateau region A2 in Step $7, SOC calculation processing is
executed according to current integration (second estimation me;thod). When the SOC
is estimated by either calculation processing in Step $6 or Step S7, the estimated value of
SOC is updated, processing proceeds to Step S8, and control is returned to the main
routine,

~ [0060] FIG 6 is a flow chart for explaining processing when the vehicle is

stopped that is executed in the battery control unit 31, The processing of this flow chart
is executed by being recalled ‘from the maiﬁ routine of vehicle control at fixed time
intervals or whenever prescribed conditions are satisfied.

[0061]  With reference to FIG. 6, when processing is first started, a determination
is made as to whether or not IG is OFF in Step S11, namely a determination is made as to
whether or not an instruction to stop the vehicle system has been input with an ignition

key and the like. In the case IG is not OFF in Step S11, processing is returned to the

‘main routine in Step S13.  On the other hand, processing proceeds to Step S12 when IG

has been determined to be OFF in Step S11.  The current SOC estimated value is stored

in the memory 34 of FIG. 2 in Step S12. - The stored value is used for the initial value of

Step S3 of FIG. 5. Processing proceeds to Step S13 upon completion of the processing
of Step S12, and control is returned to the main routine.

[0062)  In the case of carrying out HV operation, the SOC of the battery

~decreases when controlling power torque of the motor by assisting the engine, while SOC

increases in the case of regenerative braking by the motor such as when decelerating on a
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downgrade. However, even if energy is recovered by regenerative braking, the battery
is unable to receive that energy in a state in which the SOC is high.

[0063] Conversely, in a state in which the SOC is not that low, electrical power
required for driving the motor in the case of sudden acceleration using the motor cannot
be discharged from the battery.

[0064]  Thus, the battery SOC is preferably that enables acceptance of electrical
power to a certain extent as well as discharge of electrical power. Consequently, the HV
control unit 32 of FIG. 2 adjusts the amount of electricity generated by a generator by
controlling the inverter 14 so that the battery SOC coincides with a certain central value
following temporary regeneration or powering. This central value is represented by
SOC*. Although FIG. 4 indicates an example of fixing the central value SOC* during
HV operation to a low state, the central value SOC* is not required to be set to a low
value at all times, but rather the central value SOC* may be put into a low state only
during cancellation of SOC estimation error.

[0065] FIG. 7 is a waveform diagram showiﬁg an example of temporarily
changing SOC*. FIG. 8 is a drawing for explaining the central value SOC* of SOC
through a time t1 in FIG. 7. |

[0066] With ‘reference to FIGS. 7 and 8§, the centfal value SOC* during HV
operation under normal circumstances is a value SOCI that lies within the plateau region
(for example, the region ranging from 30% to 95% in the example of a battery that uses a
carbon-based material for the anode). Under normal circumstances, HV operation is
basically carried out only in this region.

- {0067]  Since motor regeneration and powering occur due to acceleration or
deceleration and the like, the amount of electricity generated by a generator is adjusted so
that SOC lies between an upper limit value SOC1U and a lower limit value SOC1L
centering about SOC1,  Since there is hardly any change in OCV in this plateau region,
SOC is estimated by current integration. However, if estimation of SOC by current
integration continues for a long period of time, error in estimated SOC values in_creases

due to accumulation of current integration error.
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[0068] Therefore, in this embodiment, the continuous duration of HV operation,
total distance traveled and the like in the plateau region are measured, and in the case the

measured value has exceeded a limit, the central value SOC* of the SOC is temporarily

“ changed to a low SOC region (for example, SOC < 30%). The central value SOC* of

the SOC is changed from SOC1 to SOC2 from time t1 to t2 in FIG. 7.
' [0069] FIG. 9 is a drawing for explaining a state in which the central value
SOC* of the SOC is temporarily changed during HV operation.

[0070] With reference to FIG. 9, the central value SOC* of the SOC is
controlled to as to coincide with SOC2 from time t2 to time t3 in FIG. 7. In this manner,
HV operation is temporarily executed in the region in which OCV has a slope. The
duration of this HV operation may be, for example, about 10 minutes. During this time,
the upper limit value is set to SOC2U and the lower limit value is set to SOC2L, and the
amount of electricity generated is adjusted so that SOC lies there between. During this
time, since estimation of SOC is carried out based on an internal reaction model
according to the control explained in FIGS. 3 and 5, error in estimated SOC values is
reduced and estimated values of SOC approach the true value of SOC.

[0071]  Namely, voltage is input in an internal reaction model used in the case
shown in FIG, 9. Since estimation of SOC is carried out using only battery temperature
and the voltage VB without using current integration values in the estimation method
based on an internal reaction model, error of the current sensor 8 has little effect on
estimated values of‘ SOC. Since error of the current sensor 8 is attributable to
integration processing, error. of the voltage sensor 10 has less effect on SOC estimated
values. Consequently, even if estimation is begun from a state in which SOC estimation
error is large, during the time estimation processing continues, estimated values approach
the true SOC value and SOC estimation error is reduced automatically.

[0072]  The central value SOC* is again returned to the original SOC1 value

during the subsequent times t3 to t4 in FIG. 7,

[0073]  FIG 10 is a drawing that shows the state of the central value SOC* at

~ time t4 and beyond in FIG. 7. Although there may be cases in the state shown in FIG. 9
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in which acceleration may be end up being limited such as when acceleration. continues

for a long period of time due to the low SOC, by returning the central value SOC* to the

* vicinity of the center as shown in FIG. 10, the amount of electrical power that can be

continuously output from the battery increases, thereby making it possible to improve the
acceleration performance of the vehicle. |

[0074]  In the case the continuous duration of HV operation of total distance
traveled and the like have reached the limit values thereof, temporarily changing the
central value SOC* of SOC as shown in FIG, 7 enables a continuous increase in SOC
estimation error to be prevented.

[0075]  Furthermore, although the explanation here has described the low SOC
region (for example, 30% or less) as an example of region in which OCV has a slope,

since OCV also has a slope in the high SOC region (for example, SOC > 95%), the same

" technique can be applied. However, since accelerated battery deterioration is predicted

to become a problem in the high SOC region particularly in the case of lithium ion
batteries, this teéhnique is preferably executed in the low SOC region.

[0076]  FIG. 11 is a flow chart for explaining processing for moving the central
value of SOC. -The processing of this flow chart is executed by being recalled trom the
main routine of vehicle control at fixed time intervals or whenever prescribed conditions
are satisfied,

" [0077]  With reference to FIG. 11, a determination is first made in Step S21 as to
whether or not the duration of calculation of SOC by current integration has exceeded a
prescribed amount of time. Furthermore, a determination may also be made as to
whether or not distance traveled in the cése of calculating SOC by current integration has
exceeded a prescribed distance instead of the prescribed amount of time.

[0078)  Processing proceeds to Step S27 in the case calculation of SOC by
current integration has not exceeded the prescribed amount of time in Step S21 (NO in
Step S21). In Step S27, the central value SOC* of SOC is set to the value of SOCI1 as
shown in FIG. 8. HYV operation is basically carried out in this region.

[0079] On the other hand, processing proceeds to Step S22 in the case the
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duration of calculation of SOC by current integration has exceeded the prescribed amount
of time in Step S21 (YES in Step S21). In Step S22, the central value SOC* of the SOC
is set to the value of SOC2 that is lower than SOC1 as shown in FIG. 9. In Step S23, a
determination is made as to whether or not the current estimated SOC value is equal to or
less than SOC2. Furthermore, SOC2 is set here to a value that is less than, for example,
30%. Namely, SOC2 is set to a region in which OCV has a slope and in which SOC can
be uniquely determined based on OCV, |

[0080] In the case the condition of SOC = SOC2 is not satisfied in Step S23
(NO in Step S23), since this means that the actual SOC of the battery is still in the region
indicated in FIG. 9 even though the target value has been set to SOC2, processing
proceeds to Step S24 and SOC estimation processing is executed by current integration.

| [0081]  On the other hand, processing proceeds to Step S25 in the case the
condition of SOC = SOC? has been satisfied in Step S23 (YES in Step S23).

[0082]  SOC estimation processing based on a battery model is executed in Step
S25. As a result, SOC estimation error -that had been increasing due to current
integration is reduced. In Step S26 following Step S25, a determination is made as to
whether or not the amount of time the SOC estimated value is equal to or less than SOC2
has continued for a prescribed amount of time. This prescribed amount of time is set an
amount of time that is sufficient for cancelling SOC estimation error (for example, about
10 minutes),

[0083] In the case the amount of time the SOC estimated value is equal to or
less than SOC2 has continued has been determined to have reached the prescribed
amount of time in Step $26, processing proceeds to Step S27 and the central value SOC*
of the SOC is set to SOC1. Processing subsequently proceeds to Step S28.  In addition,
processing also proceeds to Step S28 once the processing of Step S27 and the processing

of Step S24 have been completed. Control is then returned to the main routine in Step

S28.

[0084]  Batteries used in EVs house a plufality of battery cells or battery units in

a single battery pack in order to realize large capacity and high voltage. In such cases,
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there is a risk of a specific battery cell or battery unit becoming overdischarged or
overcharged in the case variations occur in SOC among the plurality of battery cells or

among the plurality of battery units. In such cases, equalization processing is carried

out that equalizes the SOC of each battery cell or battery unit.

[0085]  FIG. 12 is a drawing that shows the configuration of an equalization
circuit for carrying out equalization broccssing. FIG. 12 shows a battery B, a load 21
that is supplied with electrical power from the battery B, and a control apparatus 30 that
controls operation of the battery B. Moreover, system relays SR1 and SR2 are provided
between the battery B and the load 25 in order to control connection and non-connection
between the two. Each system relay SR1 and SR2 is switched corresponding to a
control signal not shown,

[0086]  The battery B includes a plurality of battery units BU1 to BU4 connected
in series, and an equalization circuit 60 for carrying out equalization processing on the
battery B. Each battery unit BU1 to BU4 contains a single battery cell or a pluraiity of
battery cells connected in series, in parallel or in series-parallel. Each battery unit BU1
to BU4 preferably has a mutually equal battery capacity, The battery B is typically
installed in an EV or a HV for use as a power supply for driving the vehicle.

[0087]  Voltage sensors 41 to 44 are respectively provided in parallel with the
battery units BU1 to BU4. The voltage sensors 41 to 44 respectively detect output
voltages V1 to V4 of the battery units BU1 to BU4, and transmit the detected output
voltages V1 to V4 to the control apparatus 30. Moreover, temperature sensors 51 to 54
are respectively provided corresponding to the battery units BU1 to BU4., The
température sénsors 51 to 54 respectivély detect temperatures (battery temperatures) T1
to T4 of the battery units BU1 to BU4 and transmit the detected battery temperatures T1
to T4 to the control apparatus 30. Each temperature sensor 51 to 54 is attached to the
casing of the corresponding battery unit BU (to be used hereinafter when generically
referring to the battery units BU1 to BU4).

[0088]  The control apparatus 30 includes a battery control unit 31 that calculates

the SOC of the battery B, The battery control unit 31 is a function block realized by
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executing a program preliminarily‘ stored in the control apparatus 30.

| [0089]  The battery control unit 31 estimates the SOC of the entire battery B as
well as the SOC of each of the individual battery units BU1 to BU4 corresponding to
detected values of the voltage sensors 41 to 44, the temperature sensors 51 to 54 and
suitably arranged current sensors (not shown). Since the OCV of each battery unit BU1
to BU4 conventionally has a strong correlétion with SOC in the case the state of the
battery B is in region Al or region A3 of FIG. 3 in particular, SOC values are mainly
calculated based on the output voltages V1 to V4 detected by the voltage sensors 41 to
44,

[0090]  The equalization circuit 60 includes discharge bypass circuits 61 to 64
respectively provided in parallel with the battery units BU1 to BU4. The bypass circuit
61 has a switching element SWI and a resistor element R1 connected in series, and the
bypass circuit 62 has a switching element SW2 and a resistor element R2 connected in
series. Shnilarly, the bypass circuit 63 has a switching element SW3 and a resistor
element R3 connected iﬁ series, and the bypass circuit 64 has a switching element SW4
and a resistor element R4 connected in series. Switching on and off of the switching
elements SW1 to‘SW4 is respectively and independently controlled by the control
apparatus 30.

[0091]  Next, an explénation is provided of operation of the equalization circuit.
During operation of the load 25, the system relays SR1 and SR2 are switched on when
the ignition of an EV or a HV is on (during IG-ON), and the battery B is charged or
discharged corresponding to the Opération of the load 21. The battery control unit 31
sequentially calculates the SOC value of the entire battery B and each battery unit BU1 to
BU4 based on the output from each sensor. |

[0092]  When the load 21 is stopped. the system relays SR1 and SR2 are
switched off when the ignition of the EV or HV is off (during IG-OFF). Equalization
processing for limiting variations in SOC among the battery units BU1 to BU4 is
executed by the equalization circuit 60 during periods when the battery is not used in

which the system relays SR1 and SR2 are switched off (load stoppage periods).
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[0093]  During the equalization pfocessing, the switching element SW1 to SW4 -
are switched on in each of the bypass circuits 61 to 64 during operation (discharge
operation), and the switching elements SW1 to SW4 are switched off when stopped.
Each bypass circuit 61 to 64 maintains the residual capacity of the corresponding battery
unit BU when stopped by discharging the corresponding battery unit BU during operatidn.
Thus, by selectively switching on the switching elements SW1 to SW4 corresponding to
the SOC values of the battery units BUl/to BU4 to selectively discharge battery units in
which residual capacity is relatively high, variations in the SOC of each battery unit BU1
'to BU4 can be reduced.

[0094) FIG. 13 is a waveform diagram for explaining operation of the

equalization circuit. As shown in FIG. 13, the control apparatus 30 sets a waiting period

Tw from a time tO when the load 21 is turned off to a time t1 when the above-mentioned

equalization processing is started when the load 21 is stopped. The waiting period Tw is
typically defined by an elapsed time.

[0095] The control apparatus 30 discontinues equalization processing on the
battery B by switching all of the switching elements SW1 to SW4 off during load
operation and during the waiting petiod (prior to time t1).

[0096]  Starting at the time t1 at which the waiting period Tw has elapsed from
the stopping time t0, the control apparatus 30 selectively switches the switching elements
SW1 to SW4 on or off so that the SOC of the battery units BU1 to BU4 are equalized in
order to carry out equaliiation processing.

[0097)  Equalization processing is executed starting at the time t1 by selectively

- switching the switching elements SW1 to SW4 on and off. During the course of

equalization processing, the SOC value of each battery unit BU1 to BU4 is sequentially
calculated by the battery control unit 31, and if variations in the SOC of the battery units
BU1 to BU4 are within a prescribed range as a result of equalization processing at a time
t2, equalization processing is terminated and all of the switching elements SW1 to SW4
are again switched off.

[0098]  The following provides an explanation of a technique for correcting
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discrepancies in SOC estimated values by equalization processing in the case variations
have occurred in the SOC among battery cells or battery units in a battery pack of an
olivine iron-based battery. This technique is effective when assuming the use ofa HVin
the case the central value SOC* of the SOC during HV operation is in a plateau region
(region in which, for example, the SOC covers a range of 30% to 95% in an example of a
battery that uses a carbon-based material for the anode), or in other words, in the case of
basically carrying out HV operation only within the plateau region.

[0099]  FIG. 14 is a drawing for explaining the central value SOC* of SOC prior
to equalization processing,

[0100] Namely, as shown in FIG 14, in HV driving the amount of electricity
generated is controlled so that the central value SOC* of SOC coincides with the value of
SOC1 located nearly in the center of the plateau region.

[0101] ~ Here, the battery typically undergoes self-discharge, and there are
variations in self-discharge among battery cells. Consequently, variations naturally
occur in SOC among the battery cells, In a related art in the form of a lithium ion
battery pack (lithium ion battery pack that uses a nickel-based or cobalt-based active
material), SOC values are adjusted by using an equalization circuit in the case SOC
variations have occurred among battery cells or battery units.

[0102]  This type of lithium ion battery pack carries out equalization processing
by making OCV values coincide in a plurality of battery cells or battery units by forcibly
discharging those battery cells or battery units that have a large OCV value by utilizing
;he 1:1 relationship between OCV and SOC. '

[0103]  In contrast, in the case of assuming HV operation (in use of cells) in the

plateau region only (region in which, for example, the SOC covers a range of 30% to

'95% in an example of a battery that uses a carbon-based material for the anode) when

using an olivine iron-based battery, OCV remains roughly the same even though the SOC
changes. Thus, if variations occur in the SOC among battery cells or battery units, it is
extremely difficult to adjust the SOC according to differences in OCV values in the

manner of the lithium ion battery back of the related art.
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[0104]  Therefore, once every few weeks, the central value SOC* of the SOC is

~ moved to the low SOC region in which the OCV has a slope (for example, region in

which SOC < 30%), HV operation is carried out, and the central value SOC* of the SOC

remains set in the low SOC region until an instruction to switch the IG off is received.

FIG. 15 is a drawing for explaining the state of SOC during equalization processing.
FIG. 16 is a drawing for explaining the state of SOC after equalization processing.

[0105] In this embodiment, the central value SOC* of the SOC is moved to the
low SOC region (for example, region in which SOC < 30%) in which OCV has a slope
once every few weeks as shown in FIG. 15. HV operation is then carried out while in
this state. A command to switch the IG off is then awaited while in the state in which
the central value SOC* of the SOC is set to the low SOC region. When a command to
sw1:tch the IG off is input, discharge is controlled so that SOC values coincide in all the
battery cells or battery units as a result of equalizing the cell voltages with the
equalization circuit.

[0106)  Subsequently, the central value SOC* of the SOC returns to the original
plateau region when operation is resumed as shown in FIG, 16.

[0107]  Here, although the explanation has described the low SOC region as an
example of region in which OCV has a slope, since OCV also has a slope in the high
SOC region (for example, SOC > 95%), the same technique can be applied. However,

since accelerated battery deterioration is predicted to become a problem when

" maintaining long-term operation in the high SOC region particularly in the case of

lithium ion batteries, equalization processing is preferably executed in the low SOC
region.

[0108]  FIG. 17 is a flow chart for explaining control of the central value SOC*
of SOC during equalization processing. The processing of this flow chart is executed by
being recalled from the main routine of vehicle control at fixed time intervals or
whenever prescribed conditions are satisfied.

[0109] With reference to FIG 17, when processing is | first started, a
determination is made in Step $31 as to whether or not a prescribed amount of time has

v
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elapsed after carrying out the previous equalization processing.

[0110]  Processing proceeds to Step S32 if the prescribed amount of time has |
still not elapsed in Step S31, and the central value SOC* of the SOC is set to SOC1. On
thé other hand, processing proceeds to Step S33.in the case the prescribed amount of time
has elapsed in Step S31, and the central value SOC* is set to SOC2.. Processing
proceeds to Step S34 when the value of SOC* is set in Step S32 or Step S33.

[0111] In Step S34, a determination is made as to whether or not the IG is off.
The IG being off refers to a duration from the time a driver operates a key switch to
command the vehicle to stop to the time a series of vehicle stopping processing is
completed.

[0112] Proceséing proceeds to Step S35 in the case it has been determined in
Step S34 that processing for switching the IG off is currently in progresé. In Step S35, a
determination is made as to whether or not an absolute value of the difference between
the estimated SOC and the value of SOC2 is smaller than a prescribed threshold value.

[0113] In the case the condition of | SOC-SOC2| < threshold value is satisfied
in Step S35, processing procegds to Step S36 and equalization processing is executed.
The central value SOC* is again returned to SOC1 in Step S37.

[0114] In the case a determination of NO results in Step S_‘34 and Step S35 and
the processing of Step S37 has been completed, processing proceeds to Step S38 and
control is returned to the main routine,

[0115] In this variation, a technique is indicated for correcting discrepancies in
estimated SOC values by discharge processing and equalization processing in the case

variations have occurred in the SOC among battery cells or battery units in an olivine -

. iron-based battery pack.

[6116] FIG. 18 is a drawing showing the central value of SOC during HV
operation prior to discharge processing,. FIG. 19 is a drawing showing the central value
of SOC immediately after discharge processing,‘

[0117]  FIG. 20 is a drawing showing the central value of SOC in the case of

having carried out HV 6pcration again after discharge processing of FIG. 19 has been
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completed,

[0118] As shown in FIG. 18, the central value SOC* of the SOC during HV
operation is set to a plateau region (region in which, for exaﬁple, the SOC covers a range
of 30% to 95% in an example of a battery that uses a carbon-based material for. the
anode). In this example, HV operation is carried out in the state in which the central
value SOC* of the SOC is set to SOCL.

[0119] As was previously described, in the case of assuming HV operation in
the plateau region only when using an olivine iron-based battery, if variations occur in the
SOC among a plurality of battery cells or battery units, it is extremely difficult to adjust

the SOC with an equalization circuit. This is because the OCV remains nearly constant

even if the SOC chénges.

[0120]  Therefore, as shown in FIG. 19, once every few weeks, discharge is

temporarily carried out until the SOC enters the low SOC region (for example, region in

" which SOC < 30%) in which OCV has a slope by connecting a resistor and the like

between the battery electrodes while the vehicle is stopped following completion of HV
operation. When the battery state becomes as shown in FIG. 19, equalization of cell
voltage is carried out in that SOC region with the equalization circuit and SOC values are
aligned in all the battery cells. | |

[0121]  Subsequently, when operation is resumed, the central value SOC* of the
SOC returns to thé original plateau region as shown in FIG. 20.

[0122] FIG 21 is a flow chart showing control for executing discharge

‘ proceséing as explained in FIGS. 18 to 20. The processing of this flow chart is executed

by being recalled from the main routine of vehicle control at fixed time intervals or
whenever prescribed conditions are satisfied.

[0123]  With reference to FIG. 21, when processing is first started, a
determination is made in Step S41 as to whether or not a prescribed amount of time has
eiapsed after executing the previous equalization processing,
| [0124]  Processing proceeds to Step S46 if the prescribed amount of time has

still not elapsed in Step S41.  On the other hand, processing proceeds to Step S42 in the
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case the prescribed amount of time has elapsed in Step S41.

[0125]  In Step S42, a determination is made as to whether or not the IG is off.
Processing proceeds to Step S43 in the case the IG is off in Step S42.  On the other hand,
processing proceeds to Step S46 in the case the IG is not off in Step S42.

(0126]  Battery discharge processing is executed in Step S43. Battery discharge
processing is carried out by, for example, temporarily connecting a discharge resistance
such as a relay between the battery cathode and anode. In addition, discharge may also
be carried out by using the inverter 14 so that d-axis current flows to the stator coil of the
motor generator,

[0127]  In Step S44, a determination is made as to whether or not the SOC has |
become equal to or less than the value of SOC2. Furthermore, the value of SOC2 is a

value that is 30% or less. In this region, SOC can be determined corresponding to OCV

* since OCV has a slope (region A3 in FIG. 3). Estimation of SOC during this time uses

an estimation method based on current integration in the case the estimated value is
present in region A2 of FIG. 3, and after the estimated value has moved to region A3, an
estimation method is used based on an internal reaction model that uses voltage. The
discharge processing of Step S43 is then carried out if the SOC is not equal to or less than
SOC2 in Step S44,

[0128] In the case the SOC has become equal to or less than the value of SOC2
in Step S44, processing proceeds to Step S45 and equalization processing is carried out as
explained using FIGS. 12 and 13, after which prbcessing proceeds to Step S46. In Step
S46, control is again returned to the main routine.

[0129]  FIG 22 is a first drawing for explaining equalization processing during
plug-in charging. | o

[0130]  FIG 23 is a second drawing for explaining equalization processing |
during plug-in charging, Here, an explanation is provided of a technique for cance‘ling
variations in SOC that occur among battery cells or battery units during plug-in charging
{vhen assuming the use of an olivine iron-based battery pack in an EV or PHV.

[0131]  As explained in FIG, 3, olivine iron-based batteries have a long plateau
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region, and in this region, SOC remains roughly constant even though OCV changes.
Consequently, during charging in the plateau region (region in which SOC ranges from
30% to 95% in an example of a battery that uses a carbon-based material for the anode),
it is difficult to detect SOC if variations oécur in the SOC among battery cells or battery
units.

[0132]  Therefore, in the case of carrying out plug-in charging from the outside
as shown in FIG. 22, charging is not carried out until the high SOC region as indicated by
region Al 6f FIG. 3 thereby preventing discrepancies in estimation of SOC. More
specifically, charging is carried out until a region in which OCV has a slope (such as a
region in which SOC > 95%) after which charging is discontinued.

[0133] The voltages of all battery cells or battery units are detected, and
equalization processing is carried out until the voltages of all of the battery cells or
battery units have the same value, In the‘case of carrying out equalization processing,
discharge processing may be carried out on the battery cells or battery units by using an
equalization circuit as shown in FIG. 12 so that the voltages of all of the battery cells or
battery units match the voltage of the battery cell or battery unit having the lowest
voltage. Alternatively, equalization may also be carried out by transferring energy from
battery cells or battery units having high voltage to battery celis or battery units having
low voltage.

[0134] At this time, there is the risk of accelerated deterioration of the lithium

jon battery if the SOC is maintained at a high level. At this time, as shown in FIG 23,a

prescribed amount of discharge is carried out by current integration using a resistor and

the like to lower the SOC. Lowering the SOC to a region in which deterioration does

not present a problem makes it possible to prevent accelerated battery deterioration. In

addition, the integrated amount of current values may be used to measure the amount of

electric charge when lowering the SOC. Since error attributable to current integration

has hardly any effect in the case of this short-term discharge, there is little concern over
discrepancies in SOC estimated values.

[0135]  FIG, 24 is a flow chart for explaining processing in the case of executing
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plug-in charging. The processing of this flow chart is executed by being recalled from a
‘main routine of vehicle control at fixed time intervals or whenever prescribed conditions
are satisfied.

[0136]  With reference td FIG. 24, a determination is first made in Step S51 as to
whether or not plug-in charging is in progress. ‘Processing proceeds. to Step S57 if
plug-in charging is not determined to be in prbgress in Step S51.  On the other hand,
processing proceeds to Step S52 if plug-in charging is determined to be in progress in
Step S51.

[0137] In Step S52, a determination is made as to whether or not the SOC has
exceeded a criterion value SOCh1 during plug-in charging. Here, the criterion value
SOChI is a criterion value for indicating that the SOC has entered a region in which
OCV has a slope and which enables determination of the SOC by measuring OCV as
shown in FIG. 22.  For example, the criterion value SOCh1 is set to a value greater than
95%. '

[0138] In the case the condition SOC > SOCh1 is not satisfied in Step S52,
processiﬁg proceeds to Step S57.  On the other hand, processing proceeds to Step S53 in
the case the condition SOC > SOCh1 is satisfied in Step S52.

[0139]  In Step S53, plug-in charging is discontinued and a pause of a prescribed
duration is carried out. Subsequently, equalization processing is carried out in the

following Step S54. During this equalization processing, control is carried out so that

the SOC of each battery cell or battery un‘it is aligned based on the OCV.

[0140)  Continuing, discharging processing for lowering the SOC is carried out
in Step SS55 to inhibit deterioration of the battery while the SOC is at a high level. This.
discharge processing can be carried out by temporarily connecting a discharge resistance
such as a relay between the battery electrodes or by allowing a d-axis current to flow to
the stator coil of the motor.

[0141] Continuing, a determination is made in Step S56 as to whether or not the
SOC is equal to or less than a criterion value SOCh2, The criterion value SOCh2 is a

value that is smaller than the criterion value SOCh1.. The criterion value SOCh2 is set .
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to, for example, 80% to inhibit deterioration of the battery caused by the SOC being
maintained at a high level.

[0142]  In the case the SOC is not yet equal to or less than the criterion value

'SOCh? as shown in FIG. 23 in Step S56, processing returns to Step S55 and discharge

processing is continued. On the other hand, in the case the condition of SOC = SOCh2
is satisfied in Step S56, processing proceeds to Step 857 and charging ends.

[0143]  Here, an explanation is provided of a technology for estimating SOC and
battery deterioration in the case operating only in a plateau region (region in which SOC
ranges from, for example, 30% to 95%) using an olivine iron-based battery pack.

[0144]  FIG. 25 is a drawing for explaining an example of using different types
of battery cells incorporated in a battery pack.

[0145] With reference to FIG, 25, a battery cell 71 is a battery cell of a lithium
ion battery that uses a nickel-based or cobalt-based active material for which OCV has a
slope. Battery cells 72 to 78 are battery cells of an olivine iron-based battery.

[0146)  As was explained in FIG. 27, since it is difficult to estimate SOC in a
plateau region, it is necessary to rely on current integration to estimate SOC in this case.
However, integration error is accumulated if current integration is carried out for a long
period of time, and as a'resu[t, there is the risk of a decrease in accuracy of SOC
estimated values.

[0147]  Therefore, as shown in FIG. 25, at least one different type of battery cell
71 in an assembled battery, such as a lithium ion battery that uses a nickel-based or
cobalt-based active material, is connected in series. The example of FIG, 25 shows an
assembled battery in which 8 cells are connected in series,, The different type of battery
cell 71 is a battery cell of a type that does not have a plateau region and enables SOC to
be determined relative to OCV. By estimating the amount of change in SOC of this
battery cell by using a method based on an internal reaction model that uses voltage and
converting to an olivine iron-based battery, the technology for estimating SOC and
battersr deterioration can be applied even in the case the states of the other battery cells 72

to 78 are in a plateau region. Namely, the battery cell in which OCV has a slope fulfills
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the role of an energy supply in the form of a battery as well as a type of sensor for
estimating SOC. | |

(0148]  Here, the amount of change in SOC of the olivine iron-based battery can
be calculated using the following equation: ASOCo = ASOCref x (Qref/Qo), wherein
ASOCo indicates the amount of change in SOC of an olivine iron-based battery
connected in series, ASOCref indicates the amount of change in SOC of a battery cell
used to estimate SOC, Qref indicates the capacity of the battery cell used to estimate SOC,
and Qo indicates the capacity of an olivine iron-based battery connected in series.

[0149]  The amount of SOC change ASOC of an olivine iron-based battery can
be determined by substituting the value of ASOCref estimated with an estimation method
using a battery reaction model into this equation.

‘ [0150]  Finally, ihe main contents of this embodiment are summarized with
reference to the drawings, Again returning to FIG. 1, the vehicle 1 includes the battery
B and the motor (motor generator MG2) that drives by receiving electrical power from
the battery B.  As shown in FIG. 3, characteristics of changes in the OCV relative to the
SOC of the battery B include a first region in which the amount of change in OCV

relative to the amount of change in SOC exceeds a threshold value (region Al or A3), and

a second region in which the amount of change in OCV relative to the amount of change

in SOC does not exceed a threshold value (region A2: plateau region). This threshold

‘value is set based on whether or not SOC can be uniquely determined relative to OCV.

The control apparatus 30 updates estimated values of the SOC of the battery B by

estimating the SOC according to a first estimation method that uses the voltage VB of the

battery B (estimation method according to an internal reaction model) in the case an

~ estimated value of the SOC of the battery B falls within the first region (region Al or A3),

and updates estimated values of the SOC of the battery B by estimating the SOC

according to a second estimation method that uses current input and output to and from

the battery B (estimation method according to current integration) in the case an
estimated value of the SOC of the battery B falls within the second region (region A2

plateau region). In the case the period during which an estimated value of the SOC of
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the battery B falls within the second region (region A2: plateau region) exceeds a
prescribed amount of time, the controller apparatus 30 estimates the SOC with the first
estimation method (estimation method according to an internal reaction model) by
temporarily changing the SOC of the battery B so that the SOC of the battery B falls =
within the first region (region Al or A3). |

[0151] By estimating SOC in this manner, SOC is measured accurately without
causing an increase in SOC estimation error even in the case of a battery having a plateau
region. ' |

[0152]  Preferably, the estimation accuracy of SOC obtained according to the
first estimation method (estimation method according to an internal reaction model) is
higher than the estimation accuracy of SOC obtained according to the second estimation
method (estimation method according to current integration).

[0153)  As shown in FIG. 12, the battery B preferably includes the plurality of
battery units BU1 to BU4, and the equalization circuit 60 that equalizes the SOC of the
plurality of battery units BU1 to BU4. The control api)aratus 30 estimates SOC
according to the first estimation method (estimation method according to an internal
reaction model) by temporarily changing the SOC of the battery B so that the SOC of the
battery B falls within the first region (Al or A3 in FIG. 3) prior to activating the
equalization circuit 60 and equalizing the SOC of the plurality of battery units BU1 to
BU4.

[0154]  More preferably, the vehicle 1 further includes an internal combustion

~ engine (engine 40) and a generator (motor generator MG1) that generates electricity by

"using motive power of the internal combustion engine (engine 40). The control

apparatus 30 changes the SOC of the battery B by changing the amount of electrical
power consumed by the motor (motor generator MGZ2) and the amount of electricity
generated by the generator (motor generator MG1).

[0155]  Preferably, the vehicle 1 as shown in FIG. 1 is composed so as to allow

external charging in which the battery B is charged by receiving electrical power

‘provided from an external charging apparatus 100 outside the vehicle. The first region
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is a region in which the SOC is higher than that of the second region. In addition to
externally charging the battery B until the SOC of the battery B reaches the first region as
shown in FIG. 22; the control apparatus 30 discharges the battery B by a prescribed
amount as shown in FIG. 23 after having estimated the SOC of the battery B according to
the first estimation method. |

[0156]  Preferably, as shown in FIG, 2,.the control apparatus 30 is provided with

the battery control unit 31, which in addition to calculating an estimated value of the SOC

~of the battery B using either the first or second estimation method, outputs a control

target value of the SOC based on an estimated value of the SOC of the battery B, and the
HV control unit 32, which changes the SOC of the battery B by controlling the motor and
the generator (motor generators MG1 and MG2) based on the estimated value of the SOC
of the battery B and a control target value SOC*,

[0157] ~ Furthermore, this embodiment has shown an example of applying the
invention to a series/parallel hybrid system capable of dividing transfer of motive power
of the engine between a vehicle axle and generator using a motive power dividing
mechanism. However, the invention can also be applied a series HV, which uses only an
engine to drive the generator and generates motive power of the vehicle axle with only a

motor that uses electrical power generated by a generator, or the invention can be applied

to an EV that is operated with a motor only. The invention can be applied to either of

these configurations since they both require estimation of battery SOC.

[0158)] In addition, although this embodiment uses the example of numerical
values of an oiivine iron-based lithium ijon battery that uses a carbon-based material for
the anode to describe OCV and SOC of the platcau region, these numerical values are
merely inténded to be exemplary, and these numerical values can be suitably changed in
the case of application of the invention to other batteries having a plateau region.

[0159] While the invention has been described with reference to example

embodiments thereof, it is to be understood that the invention is not limited to the

described embodiments or constructions. To the contrary, the invention is intended to

cover various modifications and equivalent arrangements. In addition, while the various
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elements of the disclosed invention are shown in various example combinations and
configurations, other combinations and configurations, including more, less or only a

single element, are also within the scope of the appended claims.
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CLAIMS

1.  Acontrol apparatus for a vehicle, wherein

the vehicle includes a battery and a motor that drives by receiving electrical power-
from the battery; and

characteristics of changes in open circuit voltage relative to a status of charge of the
battery include a first region in which the amount of change in the open circuit voltage
relative to the amount of change in the status of charge exceeds a threshold value, and a
second region in which the amount of change in the open circuit voltage relative to the
amount of change in the étatus of charge does not exceed the threshold value, and in the
case an estimated value of the status of charge of the battery falls within the first region,
the control apparatus updates the estimated value of the status of charge of the battery by
estimating the status of charge according to a first estimation method that uses the voltage
of the battery, and in the case an estimated value of the status of charge of the battery falls
within the second region, the control apparatus updates the estimated value of the status
of charge of.the battcfy by estimating the status of charge according to a second
estimation method that uses current that is input and output to and from the battery: and

in the case a period, during which the estimated value of the status of charge of the
battery falls within the second region, exceeds a prescribed period, the control apparatus
temporarily changes the status of charge of the battery so that status of charge of the
battery falls within the first region and estimates the status of charge by the first

estimation method.

2. The control apparatus according to claim 1, wherein the control apparatus sets the
threshold value based on whether or not the status of charge of the battery can be

uniquely determined relative to the open circuit voltage.

3. The control apparatus according to claim 1 or 2, wherein estimation accuracy of the

‘status of charge obtained according to the first estimation method is higher than
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estimation accuracy of the status of charge obtained according to the second estimation

method.

4. The control apparatus according to any of claims 1 to 3, wherein
the battery includes a plurality of cells and an equalization circuit that equalizes the
status of charge of the plurality of cells, and
the control apparatus temporarily changes the status of charge of the battery so that
~ the status of charge of the battery falls within the first region prior to equalizing the status
of charge of the plurality of cells by activating the equalization circuit and estimates the

status of charge by the first estimation method. .

5 The control apparatus acco;ding to claim 4, wherein

the vehicle further includes an internal combustion engine and a generator that
generates electricity by using motive power of the internal combustion engine, and

the control apparatus changes the status of charge of thé battery by changing the
amount of electrical power consumed by the motor and the amount of electricity

generated by the generator.

6.  The control apparatus according to claim 5, wherein

the first region is a region in which the status of charge is lower than that of the
second region, and

the battery is charged by the generator after having discharged the battery until the
status of charge of the battery reaches the first region and estimated the status of charge

of the battery according to the first estimation method.

7. . The control apparatus according to claim 1 or 2, wherein
the vehicle is configured so as to allow external charging in which the battery- is
charged by receiving electrical power provided from outside the vehicle,

the first region is a region in which has the status of charge is higher than that of the
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second region, and

| the control apparatus discharges the battery by a prescribed amount after having
externally charged the battery until the status of charge of the battery reaches the first
region and estimated the status of charge of the battery according to the first estimation

method,

8. The control apparatus according to any of claims 1 to 7, cbmprising

a battery control unit that calculates an estimated value of the status of charge of the
battery in use of either the first or second estimation method, and outputs a control target
value of the status of charge based on the estimated value of the status of charge of the
battery; and

a hybrid control unit that changes the status of the charge of the battery by-
controlling the motor and the generétor based on the estimated value of the status of

charge of the battery and the control target value.

9. A control apparatus for a vehicle including: a battery that has, as characteristics of

changes in open circuit voltage relative to a status of charge of the battery, a first region
in which the amount of change in the open circuit voltage relative to an amount of change
in the status of charge exceeds a threshold value and a second region in which the amount
of change in the open circuit voltage relative to the amount of change in the status of
charge does not exceed the threshold value; and a motor that drives by receiving
electrical power from the battery, |

the control apparatus comprising:

a charge status estimation unit that estimates the ‘status of charge of the baftery;

a first estimation unit that updates the estimated value of the status of charge of the
battery by estimating the status of charge according to a first estimation method that uses
the voltage of the battery in the case the estimated value of the status of charge of the
battery falls within the first region;

a second estimation unit that updates the estimated value of the status of charge of
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the battery by estimating the status of charge of the battery according to a second
estimation method that uses current that is input and output to and from the battery in the
case the estimated value of the status of charge of the battery falls within the second
region; and

a third estimaﬁon unit that estimates the status of charge by the first estimation
method by temporarily changing the status of the charge of the battery so that the status
of charge of the battery falls within the first region in the case a period, during which the
estimated value of the status of charge of the battery falls within the second region,

exceeds a prescribed period.

10. A vehicle control method for a vehicle having: a battery that has, as characteristics
of changes in open circuit voltage relative to a status of charge, a ﬁst region in which an |
amount of change in the open circuit voltage relative to the amount of change in the
status of charge exceeds a threshold value and a second region in which the amount of
change in the open circuit voltage relative to the amount of change in the status of charge
does not exceed the threshold value; and a motor that drives by receiving electrical power
from the battery,

the method comprising;

estimating the status of charge of the battery;

updating the estimated value of 'the» status of charge of the battery by estimating the
status of charge according to a first estimation method that uses the voltage of the battery
in the case the estimated value of the status of charge of the battery falls within the first
region;

updating the estimated value of the status of charge of the battery by estimating the
status of charge of the battery according to a second estimation method that uses current
that is input and output to and from the battery in the case the estimated value of the
status of charge of the battery falls within the second region; and

estimating the status of charge by the first estimatibn method by temporarily

changing the status of the charge of the battery so that the status of charge of the battery
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falls within the first region in the case a period, during which the estimated value of the

status of charge of the battery falls within the second region exceeds a prescribed period.
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