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BATTERY STATE OF CHARGE ESTIMATOR

FIELD OF THE INVENTION
[0002] The present invention relates to battery systems, and more particularly to
state of charge tracking systems for battery systems.

BACKGROUND OF THE INVENTION

[0003] Battery systems may be used to provide power in a wide varlety of
applications. Exemplary transportation applications include hybrid electric vehicles (HEV),
electric vehicles (EV), Heavy Duty Vehicles (HDV) and Vehicles with 42-volt electrical
systems. Exemplary stationary applications include backup power for telecommunications
systems, uninterruptible power supplies (UPS), and distributed power generation
applications.

[0004] Examples of the types of batteries that are used include nickel metal
hydride (NiMH) batteries, lead-acid batteries and other types of batteries. A battery system
may include a plurality of battery subpacks that are connected in series and/or in parailel.
The battery subpacks may include a plurality of batteries that are connected in parallel
and/or in series.

[0005] The maximum and/or minimum power that can be delivered by batteries,
battery subpacks and/or battery systems varies over time as a function of a temperature of
the batteries, battery state of charge (SOC) and/or baltery age. Therefore, accurate
estimation of battery SOC is important to the determination of maximum and minimum
power. |

[0006] The energy that can be provided by or sourced to a battery is a function of
state of charge. When the battery current state of charge is known and targeted during
operation, an optimal ratio can maintained between the ability to accept amp-hours in
charge and to provide amp-hours in discharge. As this optimal ratio can be maintained,

there Is a reduced need to oversize the battery system to assure adequate power assist
and regeneration energy.
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[0007] For example in fransportation applications such as HEVs or EVs, it is
important for the powertrain controf system to know the maximum and/or minimum power
limit of the battery system. The powertrain control system typically receives an input
request for power from an accelerator pedal. The powertrain control system interprets the
request for power relative to the maximum power limit of the battery system (when the
batitery system is powering the wheels). The minimum power limits may be relevant during
recharging and/or regenerative braking. Exceeding the maximum and/or minimum power
limits may damage the batteries and/or the battery system and/or reduce the operational
life of the batteries and/or the battery system. Being able to estimate the battery SOC

accurétely has been somewhat problematic -particularly when the battery system includes
NiMH batteries. ’ |

SUMMARY OF THE INVENTION

[0008] A battery control module for a battery system comprises a voltage
measuring module that measures battery voltage and a current measuring module that
measures battery current. A state of charge (SOC) module commu2009/099941nicates
with the current and voltage measuring modules and estimates SOC based on relaxation
voltage. .

[0009] In other features, the SOC module enables the SOC estimation when a
qualified charge swing follows a discharge swing and relaxation. The SOC module enables
the SOC estimation when a qualified discharge swing follows a charge swing and
relaxation. The SOC module accumulates charge swing during charging and identifies the
qualified charge swing when the accumulated charge swing is within a charge swing
window. The SOC module accumulates discharge swing during discharging and identifies
the qualiﬁed discharge swing when the accumulated discharge swing is within a discharge
swing window.

[0010] In still other features, the SOC module monitors rest periods during which
the battery is neither charging nor discharging. The SOC module enables the SOC
estimation when the rest period is greater than.a threshold. The SOC module enables
SOC estimation during charging when a first period between the qualified charge swing
and the prior discharge swing and relaxation is iess than a predetermined allowed tims.

The SOC module enables SOC estimation during charging when a second period between
the qualified discharge swing and the prior charge swing and relaxation is less than a
predetermined allowed time.

#1340989
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[0011] A battery control module for a battery system comprises a voltage
measuring module that measures battery voltage and a current measuring module that
measures battery current. A state of charge (SOC) module communicates with said current
and voltage measuring modules and estimates SOC hased on a power limit ratio.

{0012] in other features, the SOC module accumulates charge swing during
charging, identifies maximum current during the charge swing and stores the maximum
charge current, a charge swing and a charge power limit. The SOC module accumulates
discharge swing during discharging, identifies maximum current during the discharge
swing and stores the maximum discharge current, a discharge swing and a discharge
power limit. The SOC module determines whether the charge swing is greater than a
negative of a retained discharge swing.

[0013] In other features, the SOC module determines whether the maximum
current is approximately equal to a negative of a retained discharge current. The SOC
module includes a lookup table. The SOC module looks up the SOC as a function of the
power limit ratic when the charge swing is greater than the retained discharge swing and
the maximum current is approximately equal to the negative of the retained discharge
current. The SOC module determines whether the discharge swing is greater than a
negative of a retained charge swing.

[0014] In yet other features, the SOC module determines whether the maximum
current is approximately equal to a negative of a retained charge current. The SOC module
includes a lookup table. The SOC module looks up the SOC as a function of the power
limit ratio when the discharge swing is greater than the retained charge swing and the
maximum current is approximately equal to the negative of the retained charge current.

[0015] A battery control module for a baltery system comprises a voltage
measuring module that measures battery voltage and a current measuring module that

measures battery current. A state of charge (SOC) module communicates with the current
and voltage measuring modules and estimates SOC when an accumulated charge swing
during charge is greater than or equal to an accumulated discharge swing during a prior
discharge and a negative of a charge current is within a predetermined window of a
negative of a retained discharge current during the prior discharge. |

[0016] In other features, the SOC module estimates SOC when an accumulated
discharge swing during discharge is greater than or equal to an accumulated charge swing
during a prior charge and a negative of a discharge current is within a predetermined
window of a nhegative of a retained charge current during the prior charge.

#1340989
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[0017] A battery control module for a battery system comprises a voltage
measuring module that measures battery voltage and a current measuring module that

measures hattery current. A state of charge (SOC) module communicates with the current
and voltage measuring modules and estimates SOC when an accumulated discharge
swing during discharge is greater than or equal to an accumulated charge swing during a
prior charge and a negative of a discharge current is within a predetermined window of a
negative of a refained charge current during the prior charge.

[0018] Further areas of applicability of the present invention will become apparent
from the detailed description provided hereinafter. It should he understood that the detailed
description and specific examples, while indicating the preferred embodiment of the

invention, are intended for purposes of illustration only and are not intended to limit the
scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The present invention will become more fully understood from the detailed
description and the accompanying drawings, wherein:

[0020] FIG. 1 is a functional block diagram of a battery system including battery
subpacks, battery control modules and a master control module;

[0021] FIG. 2 is a more detailed functional block diagram of a battery control
module, |

- [0022] FIG. 3 is an equivalent circuit of a battery;

[0023] FIG. 4 is a graph of battery current as a function of time,

[0024] FiGs. 5A and 5B are flowcharts illustrating steps of a relaxation voltage
approach for estimating state of charge;

[0025] FIG. 6 is a graph of battery current as a function of time with charge and

discharge swing and charge and discharge events shown; and
[0026] FIG. 7 is a flowchart illustrating a power ratio approach of estimating battery

state of charge.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0027] The following description of the preferred embodiment(s) is merely

exemplary in nature and is in no way intended to limit the invention, its application, or uses.
For purposes of clarity, the same reference numbers will be used in the drawings to

identify the same elements. As used herein, the term module or device refers {0 an
application specific integrated circuit (ASIC), an electronic circuit, a processor (shared,

#1340989



10

15

20

25

30

CA 02561326 2015-07-10

T8470324CA

dedicated, or group) and memory that execute one or more software or firmware
programs, a combinational logic circuit, and/or other suitable components that provide the
described functionality. As used herein, the term current swing refers to current integrated
over a duration during which the charge (polarity) is in one direction. Charge swing may be
expressed in units of Amp-seconds or A-s.

[0028] An exemplary system that can be used to calculate the SOC will be shown,
alth’ough skilled artisans will appreciate that other systems may be used. Referring now to
FIG. 1, an exemplary embodiment of a battery system 10 is shown to include M battery
subpacks 12-1, 12-2, .., and 12-M (collectively battery subpacks 12). The battery
subpacks 12-1, 12-2, ..., and 12-M include N series connected batteries 20-11 , 20-12, ...,
and 20-NM (collectively batteries 20). Battery control modules 30-1, 30-2, ... and 30-M
(collectively battery control modules 30) are associated with each of the battery subpacks
12-1 , 12-2, ... and 12-M, respectively. In some embodiments, M is equal to 2 or 3,
although additional or fewer subpacks may be used. In some embodiments, N is equal to
12-24, although additional and/or fewer batteries may be used.

[0029] The battery control modules 30 sense voltage across and current provided
by the battery subpacks 12. Alternatively, the battery control modules 30 may monitor one
or more individual batteries 20 in the battery subpacks 12 and appropriate scaling and/or
adjustment is performed. The battery control modules 30 communicate with a master
control module 40 using wireless and/or wired connections. The master control module 40
receives the power limits from the battery control modules 30 and generates a collective
power limit. The SOC can be calculated for each module, in groups and/or coliectively. The
battery control module 30 may be integrated with the master control module 40 in some

embodiments. _
[0030] Referring now to FIG. 2, some of the elements of the battery control

modules 30 are shown. The battery control modules 30 include a voltage and/or current
measuring module 60 that measures voltage across the battery subpack 12 and/or across
one or more individual batteries 20 in the battery subpack 12. The battery control modules
30 further include a hattery state of charge (SOC) module 68 that periodically calculates
the SOC of the hatteries 20 in the battery subpacks 12. In one implementation, the SOC
module 68 uses a power ratio estimation and/or VO approach, as will be described below.
In another implementation, the SOC module 68 uses a relaxation voltage SOC estimation

approach, as will be described below. The SOC module 68 may employ a lookup tabie 70,
formulas and/or other methods.
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. [0031] A power limit module 72 calculates a maximum current limit l;,, voltage limit
Vim, and/or power limit Py, for the battery subpack 12 and/or one or more batiteries 20 in
the battery subpack 12, as will be described further below. The limits may be maximum
and/or minimum limits. A contactor control module 74 controls one or more contactors (not
shown) that are associated with the control and/or connection of the batteries 20 in the
battery subpacks 12. A clock circuit 76 generates one or more clock signals for one or
more modules within the battery control module 30.

[0032] Referring now to FIG. 3, an equivalent circuit for the battery 20 is shown
where R, represents ohmic resistance of the battery, Vp represents the polarization
voltage, V, represents the open circuit or relaxation voltage, / represents battery current
and V represents battery voltage. V and / are measured values. R, varies with
temperature, duration of applied current and SOC. VO and RO vary primarily with SOC. Vp
IS equal to measured current / times Rp. Using the equivalent circuit and Kirchoff 's voltage
rules for the battery 20, V=V, + Vp + IR,.

[0033] Relaxation voitage is relatively insensitive to temperature and current
demand and is a good indicator of SOC. A set of specialized current pulses can be used to
condition the battery to yield SOC dependent relaxation voltages. This approach is referred
to herein as relaxation voltage SOC eastimation.

[0034] Referring now to FIG. 4, battery current is shown as a function of time.
Current that is greater than zero, for example at 100-1 , 100-2, 100-3, and 100-4, is
charging current. Current that is less than zero, for example at 102-1, 102-2, and 102-3, is
discharging current. The areas under the curve between points 106 and 108 and points
110 and 112 are defined as a charge swing in A-s. The area under the current curve

between points 108 and 110 is defined as a discharge swing in A-s.
[0035] Referring now to FiGs. 5A and 5B, steps of a method for implementing a

rela);ation voltage SOC estimation approach are shown. The relaxation voitage estimation
approach monitors battery current for a pair of power puises, checks relaxation voltage
after each and determines SOC using the lockup table 70. The relaxation voltage
approach was derived based on the observation of voltage responses to pulses throughout
a ranggé operating of temperatures, such as -15°C to 45°C. The relaxation voitages were
affected by ‘swing amplitudes, pulse amplitudes and whether the battery was brought from
top of charge or bottom of charge.

[0036] In FIGs. S5A and 5B, control begins with step 150. In step 152, the current

and voltage are measured. In step 154, control determines whether the measured current
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Is charge current (current > zero or a predetermined threshold). If step 154 is true, control
accumulates charge swing and resets discharge swing in step 156. In step 158, control
sets a rest variable equal to zero. In step 162, control determines whether the accumulated
charge swing is within a predetermined window. The window may include upper and lower
thresholds. In some implementations, the upper and lower thresholds are between 10%
and 100% of battery capacity, although other values may be used. If not, control disables
SOC lookup after charge in step 183 and returns to step 152,

[0037] If step 162 is true, control continues with step 164 and determines whether
last swing and relaxation occurred in discharge. As used herein, relaxation refers to battery
voltage asymptotically approaching the relaxation voltage. If not, control continues with
step 163. If step 164 is true, control enables SOC lookup after charge in step 1686.

[0038] if step 154 is false, control continues with step 174. In step 174, control
determines whether the measured current is discharge current (current < zero or a
predetermined threshold). If step 174 is true, control accumulates discharge swing and
resets charge swing in step 176. In step 178, control sets the rest variable equal to zero. In
step 182, control determines whether the accumulated discharge swing is ;within a
predetermined window. The window may include upper and lower thresholds that may be
similar to the accumulated charge swing thresholds or different therefrom. If not, control
disables SOC lookup after discharge in step 183 and returns to step 152.

[0039] If step 182 is true; control continues with step 184 and determines whsther
last swing and relaxation occurred in charge. If not, control continues with step 183. if step
184 is true, control enables SOC lookup after discharge in step 186.

[0040] If step 174 is false, control continues in FIG. 6B with step 200 and
increments the rest variable. In step 202, control determines whether rest time is adequate
by comparing rest time to a threshold. In some implementations, approximately 120
seconds is used as a threshold, although other values may be used. If step 202 is true,
control determines whether allowable time is less than a threshold time Thtime in step 204.
In some implementations, allowable time is equal to 240 set:onds, aithough other values
may be used. Exceeding this value tends {o indicate that the pulses were not controlled
enough for an SOC estimation.

[0041] If step 204 is true, control continues with étep 206 and determines whether
SOC lookup after charge is enabled. If step 206 is true, control locks up SOC as a function

of relaxation voltage in step 208 and disables SOC lookup after charge in step 210 and

“control returns to step 152. If step 206 is false, control continues with step 212 and
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determines whether SOC lookup after discharge is enabled. If step 212 is true, control
looks up SOC as a function of relaxation voltage in step 214 and disables SOC lookup

after discharge in step 216 and control returns to step 152. If steps 202, 204 or 212 are
false, control returns to step 152.

[0042] The power ratio SOC estimation approach monitors power pulse pairs. The
method calculates the ratio of power capabilities in charge and discharge when the swings
of the pulse pairs are approximately equal. The SOC is a function of the power ratio and is
determined by a lookup table. The algorithm was derived while attempting to use inputs of
current and voltage to solve for relaxation voitage VO.

[0043] The voltage equation as the maximum or minimum power is held to a
voltage limit is Vj, = Vg +Vp + Iim Ro . Substitution of the calculation for V, +Vp from a prior
sampling interval into the equation for Vi, yields Vim = (V - IRg } + IimRo. In this case, we
are assuming that V, +Vp for the current sampling interval is approximately equal to V, +Vp
of the prior sampling interval (in other words, V; +Vp = Via4 — 1 121.4R0) . This approximation’
is valid if the sampling interval is sufficiently small since the battery and ambient conditions
are very similar. For example in some implementations, a sampling interval
10ms<T<500ms may be used, although other sampling intervals may be used. In one
embodi‘ment. T=100ms. Sampling intervals of 1 second have been used successfully. If
the sampling interval is determined to be excessive in duration then R, would be increased
as a constant or as a temperature dependent variable.

[0044] Solving for i,y yields the following:

lim = Vim = Veer.1.+ 11=14R
Ro -
Therefore, since Pym = Vi lims

Pim = Viim (V._llm,"’ V]::[.j + lg:;-jRo). |

Ro - .
[0045] At the time that power limit is ostablished for a charge or discharge swing

and measured current, the measured current and voltage values are stored. When the
current is reversed, the swing amplitude passes the negative of the retained swing, and the

current is approximately equal to the magnitude of the retained current, a power limit
calculation is performed. | |

' [0'046] The power ratio is calculated by taking Pun in charge divided by - Pim In
discharge for adjacent cycles. Even though V, and V, are no longer in the equation, their

#1340989
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contributions are reflected in current and voltage measurements, which are functions of
both the polarization build up and V,. The polarization voltage V, during a charge swing is
approximately equal to the polarization voltage V, during a discharge swing of
approximately equal magnitude. Using this approximation, the power ratio SOC estimatioh
is used to remove V,, from the calculation. The use of the power limit ratio has the effect of
adding consideration of the low discharge power at low SOC and the low charge
acceptance at high SOC to the stated charge determination.

[0047] in FIG. 6, the battery current is shown. The present invention monitors
charge and discharge swing and declares charge and discharge events under certain
circumstances. A charge swing event occurs when the charge swing is greater than a
charge swing threshold. A discharge event occurs when a discharge swing is greater than
a discharge swing threshold. The thresholds may be related to or based on a prior charge
or discharge event. For example, a charge swing threshold may be set equal to the
absolute value of a prior discharge event. A discharge swing threshold may be set equatl to
the absolute value of a prior charge event. Still other approaches may be used to
determine the charge and discharge thresholds. As used herein, the term claim refers to
situations when a charge or discharge event is followed by a discharge or charge claim
and when other conditions described below are.met. The occurrence of discharge event is
determined independently from the occurrence of the discharge claim, to different criteria.
The algorithm looks for both simultaneously. For example, the claim point occurs at the
time that the area discharge swing is equal to the previous charge swing. The event point
occurs when the ratio current vs. discharge current MIN is roughly equal to the ratio current
at charge event vs. charge current MAX. This would be the case if L = K in FIG. 7. In some
implementations, L and K are between 1 and 2, although other values may be used.

[0048] Referring now to FIG. 7, the power ratio SOC estimation method according
to the present invention is shown in further detail. Control begins with step 250, in step
254, control measures current and voltage. In step 258, control determines whether there
is a charge current. Charge current is defined by positive current above zero or a
predetermined positive threshold. If step 258 is true, control continues with step 262 and
accumulates charge swing. In step 264, controi determines whether the current during the

charge swing passes a maximum value and is greater than Current,,./K. When step 264 is
true, control stores values of current, charge swing and power limit in step 266. If not,
control continues past step 268 to step 270. In step 270, control determines whether the
swing is greater than the prior discharge swing. If not, control does not make an SOC claim
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in step 272 and control continues with step 254.

[0049] If step 270 is true, control determines whether the current is approximately
equal to a retained discharge current -lpg (in other words within upper and lower thresholds
thereof) in step 274. If step 274 is false, control does not make an SOC claim in step 276
and control continues with step 254. If step 274 is true, control looks up SOC as a ratio of
power limit to retained power fimit in step 280.

[0050] If step 258 is false, control continues with step 278 and determines whether
discharge current is present. Discharge current is present when discharge current is less
than zero or a predetermined negative threshold. If step 278 is false, control returns to step
254. If step 278 is true, control continues with step 282 and accumulates discharge swing.
In step 284, control determines whether the current during the discharge swing passes a
rﬁinimum value and is less than Current/L. When step 284 is true, control stores values
of current, the discharge swing and power limit in step 286. If not, contro! continues past
step 286 to step 290. In step 290, control determines whether the discharge swing is

greater than the prior charge swing. if not, control does not make an SOC claim in step
292 and control continues with step 254,

[0051] If step 290 is true, control determines whether the current is approximately
equal to a retained charge current -lcr (in other words within upper and lower thresholds
thereof) in step 294. If step 294 is false, control does not make an SOC claim in step 296
and control continues with step 294. If step 294 is true, control looks up SOC as a ratio of
power limit to retained power limit in step 300.

[0052] Those skilled in the art can now appreciate from the foregoing description
that the broad teachings of the present invention can be impiemented in a variety of forms.
Therefore, while this invention has been described in connection with particular examples
theredf, the true scope of the invention should not be so limited since other modifications

will become apparent to the skilled practitioner upon a study of the drawings, the
specification and the following claims.
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CLAIMS
VWhat is claimed is:

1.+ A battery control module for a battery system, comprising:

a voltage measuring module that measures battery voltage;

a current measuring module that measures battery current; and

a state of charge (SOC) module that communicates with said current and

_voltage measuring modules and that estimates SOC based on relaxation voltage,
wherein said SOC module enables said estimation of said SOC based on one of a

qualified charge swing following a discharge swing and a qualified discharge swing
following a charge swing.

2. The battery control module of Claim 1 wherein said SOC module enables said
estimation of said SOC when a said qualified charge swing follows a said discharge
swing and relaxation. |

3. The battery control module of Claim 1 wherein said SOC module enables said
estimation of said SOC when a said qualified discharge swing follows a said charge
swing and relaxation.

4. The battery control module of Claim 2 wherein said SOC module accumulates
charge swing during charging and identifies said qualified charge swing when said
accumulated charge swing is within a charge swing window.

5.  The battery control module of Claim 3 wherein said SOC module accumulates
discharge swing during discharging and identifies said qualified discharge swing when
said accumulated discharge swing is within a discharge swing window.

6. The battery control module of Claim 1 wherein said SOC module monitors rest
periods during which said battery is neither charging nor discharging.

7. The battery control module of Claim 6 whérein said SOC module enables said
estimation of said SOC when said rest period is greater than a threshold.

11
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8. The battery control module of Claim 2 wherein said SOC module enables SOC
estimation during charging when a first period between said qualified charge swing and
said prior discharge swing and relaxation is less than a predetermined allowed time.

g. The battery control module of Claim 3 wherein said SOC module enables SOC
estimation during charging when a second period between said qualified Discharge

swing and said prior charge swing and relaxation is less than a predetermined allowed
time.

10. A method for operating a battery control module for a battery system, comprising‘:
measuring battery voltage;

measuring battery current; and

estimating state of charge (SOC) based on relaxation voltage, said battery voltage and
said battery current; and

enabling said SOC estimation when ane of a qualified charge swing follows a discharge
swing and a qualified discharge swing follows a charge swing.

11.  The method of Claim 10 further comprising enabling said SOC estimation when
said qualified charge swing follows a said discharge swing and relaxation.

12.  The method of Claim 10 further comprising enabling said SOC estimation when a
said qualified discharge swing follows a said charge swing and relaxation.

13.  The mesthod of Claim 11 further comprising:

accumulating charge swing during charging; and

identifying said qualified charge swing when said accumulated charge swing is within a
charge swing window.

14.  The method of Claim 12 further comprising:

accumulating discharge swing during discharging; and

identifying said qualified discharge swing when said accumulated discharge swing is
within'a discharge swing window, |

15.  The method of Claim 10 further comprising monitoring rest periods during which

12
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said battery is neither charging nor discharging.

16.  The method of Claim 15 further comprising enabling said SOC estimation when
said rest period is greater than a threshold.

17.  The method of Claim 11 further comprising enabling SOC estimation during
charging when a first period between said qualified charge swing and said discharge
swing and relaxation is less than a predetermined allowed time.

18.  The method of Claim 12 further comprising enabling SOC estimation during
charging when a second period between said qualified discharge swing and said prior
charge swing and relaxation is less than a predetermined allowed time.

13
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