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SOC Estimation of Lithium-Ion Battery Pack
Considering Balancing Current

Zhiliang Zhang

Abstract—The state-of-charge (SOC) estimation approaches
based on the pack model can hardly provide precise estimation
due to cell difference, while the approaches based on each cell cost
high computation resource, which are not suitable for real-time
application. The estimation error can be further enlarged with-
out considering balancing current. The SOC estimation approach
of the battery pack considering balancing current is proposed,
which dynamically searches for the cell with maximum or min-
imum voltage, and it only needs to calculate the selected cell in
every estimation cycle. Compared to the approaches based on the
pack model or each single cell, this approach can achieve precise
pack SOC and cost less calculation time and resource. It has been
verified with ten series-connected 200 Ah Li(NiCoMn)O,, batteries.
The SOC estimation error is limited to 0.3% during the charging
process, and a reduction of 2.5% is achieved compared to an error
of 2.8% based on the pack model. A reduction of 1% is achieved
compared to an error of 1.5% based on the pack model during the
discharging process. Compared to an error of 1.7% without con-
sidering balancing current, a reduction of 1.4% is achieved during
the charging process.

Index Terms—Adaptive extended Kalman filter, battery pack,
balancing current, state of charge (SOC).

I. INTRODUCTION

ANY methods have been proposed to estimate the state
M of charge (SOC) of battery pack. The typical approaches
based on the pack model ignore the difference among cells
so that SOC of some cell could be higher or lower than pack
SOC. The approaches based on each cell can estimate cell SOC
accurately. Unfortunately, for the pack with a massive amount of
cells, these methods cost high calculation resource so that they
are hardly applied to real-time application. At the same time, the
balancing current in the equalization circuit affects cell SOC,
and it needs be discussed and considered carefully.

In this paper, the dynamic voltage-based SOC estimation
approach of battery pack considering balancing current is pro-
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posed. This approach dynamically searches for Vi .x or Viyin
cell, and the pack SOC is estimated based on V.« cell in charg-
ing process and Vi, cell in discharging process. It is based
on adaptive extended Kalman filter (AEKF) so that the SOC
estimation precision can be guaranteed. This method is also
convenient to be programmed in the microcontroller unit (MCU)
and implemented in the battery management system (BMS).
Different from the approaches based on each cell, this approach
can reduce the computation time, and it is suitable for the
real-time application. This approach has been validated with the
experiment on ten series-connected Li(NiCoMn)O. batteries.
Each cell has the rated capacity of 200 Ah and rated voltage of
3.6 V. The SOC estimation error is limited within 0.3% during
the charging process. Compared to an error of 2.8% based on
the pack model, an error reduction of 2.5% is achieved. An error
reduction of 1% is achieved compared to an error of 1.5% based
on the pack model during the discharging process. Compared
to an error of 1.7% without considering balancing current, an
error reduction of 1.4% is achieved during the charging process.

II. ANALYSIS OF THE BASIC BATTERY PACK SOC ESTIMATION
APPROACHES

A. SOC Estimation Approaches Based on the Battery Pack
Model

The approaches based on the pack model ignore the difference
among cells [1]. Some cell SOC could be higher or lower than
the pack SOC. The screening process has been proposed to
select cells that have similar electrochemical characteristics [2].
The pack SOC can be estimated by EKF based on the simplified
pack model. The approach based on discrete wavelet transform
(DWT) is proposed in [3]. The DWT is utilized to analyze and
evaluate the measured charging and discharging voltage. Then,
dual EKF (DEKEF) is applied to estimate pack SOC.

These approaches can provide precise SOC of battery pack
composed by similar cells. They can also reduce the calculation
time because they are based on the simplified pack model rather
than each cell. Unfortunately, the difference of electrochemical
characteristics normally happens with repeated charging and
discharging process, and these approaches are not applicable to
the cells with low consistency.

B. SOC Estimation Approaches Based on Each Battery Cell

The method that utilizes the equalization circuits to estimate
cell’s voltage and current is proposed in [4]. It can estimate cell
SOC by the block data iterative search algorithm and recursive

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1. SOC estimation based on each battery cell.

estimation algorithm. The accuracy is influenced by high ratio
of bypass resistance to cell internal resistance. An improved
method based on the pack voltage and the cell internal resistance
is proposed in [5]. The newton observer is designed to obtain
cell SOC. In [6], a reliable pack SOC estimation approach is
proposed, by which the cell impedance and SOC variation can
be detected accurately. Unfortunately, the detailed process of
how to determine the tunable correction gain was not discussed.

The process of SOC estimation based on battery cell is shown
in Fig. 1. u,, and i, is the voltage and current of Cell #1. SOC,,
is SOC of Cell #n. It can be observed that these approaches esti-
mate SOC based on the voltage, current and other information.
However, they require massive computation resource especially
for the battery pack with large amounts of cells.

C. SOC Estimation Approaches of Battery Pack With
Equalization Circuits

The equalization strategy used in the battery pack can be
summarized into two categories: 1) voltage-based strategy; 2)
SOC-based strategy. In [7] and [8], the battery pack is balanced
according to the terminal voltage of each cell. The cell SOC
is estimated based on open circuit voltage (OCV)-SOC curve.
However, the flat area of the OCV-SOC curve normally ex-
ists in the lithium-ion batteries. It can be known that the cells
with small OCV difference could have large SOC difference.
This characteristic has strong effect on balancing performance
and voltage-based SOC estimation. In [9], [10], the cells are
balanced according to cell SOC. However, the cell SOC is cal-
culated based on the OCV-SOC curve. As a result, these ap-
proaches are similar to the voltage-based approaches and they
suffer from the similar disadvantages. The current integration
technique is used in [11]-[13]. Unfortunately, these approaches
cannot compensate for SOC estimation error caused by the in-
accuracy of the sampled current.

III. PROPOSED DYNAMIC VOLTAGE-BASED SOC ESTIMATION
APPROACH

A. Definition of Pack SOC
The battery pack SOC is defined as

charging process

500y, . "

SOCpa‘ck = . .
SOCy, discharging process

in?
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Fig. 2. Charge and discharge with passive or active equalization: (a) charge
(passive/active equalization), (b) discharge (passive equalization), and (c) dis-
charge (active equalization).

where SOC,,,q is the pack SOC, SOCy,
cell, and SOCy, ,, is the SOC of Vj,i, cell.

Fig. 2(a) shows the charging process with passive or active
equalization. Fig. 2(b) shows the discharging process with pas-
sive equalization. Fig. 2(c) presents the discharging process with
active equalization.

It is assumed that Cell #3 reaches to the maximum limit
voltage in Fig. 2(a). It can be known that the cells in the pack
can be fully charged. To avoid over-charge, the pack cannot be
charged anymore and pack SOC can be considered as 100%.
The voltage of Cell #3 is V},,.x and its SOC is 100%. Therefore,
the Vi ax cell decides the end of charging process, and the pack
SOC can be defined as SOC of V,,, cell.

It is assumed that Cell #1 reaches to the minimum limit volt-
age in Fig. 2(b) and (c). It should be noted that some cells
in Fig. 2(b) cannot be fully discharged. It is because that the
passive equalization is not applied during the discharging pro-
cess. Different from Fig. 2(b), all cells in Fig. 2(c) can be fully
discharged owing to the application of active equalization. To
avoid over-discharge, the pack cannot be discharged anymore
and pack SOC can be considered as zero. It is noted that the
voltage of Cell #1 is V},;, and its SOC is zero. Therefore, the
Viin cell decides the end of discharging process, and the pack
SOC can be defined as SOC of V,,;,, cell.

is the SOC of Vj,ax

B. Proposed SOC Estimation Approach

The Vi,ax and Vi, cell with equalization circuit is shown in
Fig. 3. It can be noted that the V},, .« cell could be discharged to
balance its SOC during the charging process, and the V;,;, cell
could be charged or not (dependent on active or passive equal-
ization) to balance its SOC. Therefore, the balancing current
should be considered carefully in cell SOC estimation.
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From Fig. 3(a), for the charging process, the cell current i
of the V.« cell can be obtained as

ic =i —iB (2)
where i¢ is the actual current in battery cell, ig is the charging
current, and 7p is the balancing current.

From Fig. 3(b), for the discharging process, the cell current
i¢c of the V5, cell can be obtained as

ic =1 —ip (3)
where 77, is the discharging current. i3 is zero when the passive
equalization is applied.

The procedure of the proposed approach is shown in Fig. 4.
This approach dynamically searches for V.« cell in charging
process or Vi, cell in discharging process. After obtaining the

voltage and current of Vi, or Vi, cell, they are applied to
AEKF and the pack SOC can be estimated accurately.

IV. ANALYSIS OF PROPOSED APPROACH AND PRINCIPLE OF
OPERATION

A. Analysis of Proposed Approach With Passive Equalization

For the passive equalization, a threshold of voltage difference
is set to select cells which need to be balanced, and the terminal
voltage of each cell is compared to V,;, . If the voltage difference
is higher than the threshold, this cell needs to be discharged. It
can be mathematically described as

Veenl = Vinin > Vi, discharging balance @
no balance

Others,

where V.. is the terminal voltage and V}y, is the threshold of
voltage difference and it is positive.

The passive equalization during the charging and discharging
process is shown in Fig. 5(a) and (b). ¢ 5,, is the balancing current
of Cell #n. In practical application, the passive equalization is
normally utilized in the charging process.

It is assumed that Cell #1 is the V... cell and Cell
#(n — 1) is the Vi, cell. From Fig. 5(a), it can be observed
that the current via V},,x cell contains the balancing current
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Fig.5. (a)Passive equalization during charging process. (b) Passive equaliza-
tion during discharging process.

Fig. 6. (a) Active equalization during charging process. (b) Active equaliza-
tion during discharging process.

ip1. To estimate SOC of V},, cell, the balancing current i,
should be considered carefully. From Fig. 5(b), it can be ob-
served that the current via Vi,;,, cell is only the load current 7,
Therefore, SOC estimation of V,;;, cell canignore the balancing
current.

B. Analysis of Proposed Approach With Active Equalization

The active equalization realizes cell balance by transferring
the redundant charge from the cell with higher voltage to the
cell with lower voltage, and the Middle Voltage (Viuiq) cell can
be used as the reference. The terminal voltage of each cell is
compared to Vi,iq. If the voltage difference is higher than Viy,,
this cell needs to be discharged or charged. On the other hand,
the cell whose voltage difference is lower than Vj;, needs no
operation. It can be described as

Veell = Vimia > Vin, discharging balance
Veenn = Vinia < —Vin  charging balance 5)
others no balance

To analyze the balancing current, the active equalization dur-
ing the charging and discharging process is shown in Fig. 6(a)
and Fig. 6(b). It is assumed that Cell #(n — 1), #1 and #2 is
Vinins Vinax and Vi,iq battery cell.

From Fig. 6(a), it can be observed that the current that flows
through V.« cell contains the discharging balancing current
1p1. From Fig. 6(b), it can be observed that the current that
flows through V,,;,, cell contains the charging balancing current
ipn —1- To estimate SOC of V.« and Vi, battery cell, the
balancing current needs to be taken into consideration.
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V. MODEL DERIVATION AND FLOWCHART OF PROPOSED
APPROACH

A. Derivation of AEKF Considering Balancing Current

To estimate the SOC of V.« and V,,;, cell, AEKF and the
extended partnership for new generation of vehicles (PNGV)
model is used in this approach. The structure of this model with
equalization circuit is shown in Fig. 7. It shows Cell #n in the
pack during the charging process, and it is assumed that Cell #n
1S Viax cell. upcv_, is OCV of Cell #n. Rp ,, is the internal
resistance. Rp_,, Rr_,, Cp_, and Cp_, are the polarization
resistances and polarization capacitances. ig is the charging
current. ip , is the balancing current. i¢ _, is the actual current
that flows through Cell #n. i1, is, ¢3, and ¢4 are the branch
current. up _, and ur , are the voltage of polarization resistance
Rp_, and Ry, . up_y, is the terminal voltage of Cell #n.

From Fig. 7, according to KCL and KVL, (6) and (7) can be
derived as

diy

1o, — 11 = RDJI,CDJLE (6)
dis

) n_.‘:R nc,n7~ 7

icn — 13 TnCrn—y (7)

Suppose “s” as the Laplace operator, the Laplace transform
of (6) and (7) can be derived as
I 1
1) _ ®)
ICJ),(S) 1 +RDJ],CDJ7,S
I 1
o) ©)
Ic ., (5) 14+ Ry Croaps

where I3 (s), I5(s), and I, (s) are the Laplace transforms of
i1, i3, and i¢_, , respectively.

It is assumed that in the period t;_1 — tg, dic_,/dt = O.
The Laplace transforms of up ,, and uy_, are derived as

1 7:C n
Upn(s) = ——— -—— -Rp, 10
D- (8) 1+7p,s s b (10)
1 ) n
Ur n(5) 2 R, (1)

- 1+7r .8 s

where Up _, (s) and Ur _, () are the Laplace transforms of up _,
and ur_,, respectively. 7p_, and 77, are the time constants of
Rp ,Cp_, and Ry, Cr , circuits, respectively.

According to the aforementioned expressions, the zero-state
voltage responses of Rp_,Cp_, and Rp_, Cp_, circuits under
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ic_, at time k are derived as
u]lg,n,zerostate = ié‘,_anD—n : [1 - eXp(_At/TDJz)] (12)
k k-1
uTJ),,zcrostatc = ZCJL RTJl : [1 - exp(_At/TTJl)] (13)
where At is the sampling period of the voltage and current.
The zero-input voltage responses of Rp,Cp_, and
Ry, Cr, circuits at time k are derived as
b zeroimput = Upo,' - exp (At/tp)  (14)
uDJL,zor01nput uD,n €xXp TDn
k-1
UT 1 zeroinput — U, €XP (7At/TTJ7/) . (15)

Therefore, the total voltage responses of Rp_,Cp_, and
Ry ,,Cr_, circuits at time k are obtained as

UIB,n - Z?‘jr% Rp oy - [1 - exp(_At/TDJz)] + “%irlz

~exp (—At/7p ) (16)
ul;",n = Zlé’ji RT—" : [1 - exp(_At/TTJL)] + u]%;%
~exp (—At/7r ) . 17

For the charging process, SOC of Cell #n at time k can be
estimated by

SoCt = sock-1 4 MAL | i

nom

(18)

where C),, is the nominal capacity of Cell #n and 7 is the
coulombic efficiency.

According to KVL, the terminal voltage of Cell #n at time k
is obtained as

k

R -k k k
Up ., = UOCVn T 20n Ro . + Up_p T UT - (19)

The battery is a typical nonlinear system, and it can be
modeled as

(20)
21

Tpe1 = flog, ug) + wy

yr = h(zr, ur) + vk

where f(xy, uy) is the state transition function and h(zy, uy)
is the measurement function. w; and v, are the zero-mean
white Gaussian stochastic processes. x;, is the state vector, and
uy, and gy, are the input and the output, respectively.
Taking SOC, up_, and ur_, as the state variables, the state
vector at time k is
T
T = [SOCk ukD,n u]%,n] . (22)
According to KCL, the current via Cell #n at time k can be
obtained as

k -k -k

iC,n =15 —lp.y,- (23)
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Based on the aforementioned analysis, the state transition
function and the measurement function are obtained as

1 0 0 SOCF
1= |0 exp(—At/Tp.,) 0 x U,
0 0 exp (—At/7r4,) u%n
nAt
C’nom k ok
| Rpa[l — exp (—Atfp,)] | X (s — )
RT,n []. — exp (—At/TTin)]
24)
u](C)CVJI,
ye=[1 1 1] x| uf, + (i% —i% ) x Ro.
k
uTJL

(25)

At each time step, f(xy, uy) and h(zy, uy) are linearized
by the first-order Taylor-series expansion given that they are
differentiable at all operating points and

_of
A= o . (26)
oh
Ci= 5 . 27)

where Ay is the transition matrix and C} is the observation
matrix. A superscript “—"" denotes a priori estimation while a
superscript “+4” denotes a posteriori estimation. A superscript
“* denotes a state estimation.

According to the aforementioned equation, A; and C} can
be derived as

1 0 0
A= |0 CXp (_At/TDJL) 0 (28)
0 0 exp (—At/7r,)
duocv n
Cr=| —a~r 11 (29)
’ [ dsSOC s0C=50C,

The procedure of AEKF is introduced as follows. During the
prediction procedure, AEKF predicts the state value and updates
the state uncertainty

Ty = f(@_y ur1) (30)

Y, =4Sl AL+ Qs 31

where Y., is the state covariance matrix and () is the process
noise covariance matrix.
Then, the Kalman gain vector L; can be obtained as
L, =%, clc,s, CF + Ry)™! (32)
k xp “k \Vk S, Y k

where R, is the measurement noise covariance matrix.
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During the correction step, AEKF gives the state and covari-
ance correction as follows:

&f =2 + Lelye — h(d), up)] (33)

where g, is the measured terminal voltage of Cell #n at time k.
AEKEF adjusts the covariance matrix Q;; and Rj, at every time
k. It is based on the innovation vector d;, which is given by

dp = yl; — h(:f?;, uk,). (35)

The estimation variance Cy of the innovation vector can be
calculated as

k—1 1
Cap = ——Cas + Edkdf, E<W  (36)
1 k
Cop =— Y did, k>W (37)
i=k—W +1
where W is the length of moving window.
Then @y and R;, are updated as
Qr = Li,Cy, L}, (38)

Rk = Cdk — CkE;k Cg + kalv Rk,min S Rk é Rk,max
(39

where Ry, in and Ry, ax are, respectively, the lower and upper
limits of Ry.

B. Flowchart of the Proposed Approach

To summarize the procedure of the proposed approach, a de-
tailed flowchart is shown in Fig. 8. V;;;, and Vi, is the maximum
and minimum limit voltage.

Although the battery is charged and discharged alternately in
actual driving cycles, the SOC estimation is always based on the
Viuin cell. It is because that the pack is discharged most of the
time. The duration of charging to recycle the braking energy is
very limited, and the charging current is small compared to the
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discharging current. On the other hand, the capacity of battery
in electric vehicles is normally very large. Therefore, the effect
of the charging pulse is very limited, and it will not change the
selection of V,;,, cell.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

The battery test bench was built as shown in Fig. 9. The
battery pack contains ten series-connected Li(NiCoMn)Os bat-
teries from Do-Fluoride New Energy Technology Co., Ltd. The
nominal capacity and rated voltage of each cell are 200 Ah
and 3.6 V, respectively. The imbalanced cells are balanced by
the passive equalization circuits, and the balancing resistance is
13 . The electronic load and the dc source are IT8732 and
IT6512 from ITECH. They are programmed to discharge and
charge the battery pack.

A. Battery Parameters Test

The OCV of each cell is measured after the pulse charging
and discharging with 50 A and relaxation for 1 h. Take Cell #1
as example: the OCV for the charging and discharging process
is shown in Fig. 10, and the number of data points is 152.

The OCYV difference is presented in Fig. 11. It can be observed
that the OCV difference is less than 3 mV except for several
data points in low SOC status. The OCV difference of other
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cells shows the similar results. Therefore, the hysteresis effect
is ignored and the OCV is determined by interpolation here.

To simplify the model, the battery cell is charged and dis-
charged with 8 A continuously. The duration is not long so that
the self-discharge is ignored here. Take Cell #1 as example: the
OCYV can be obtained by calculating the average voltage of the
charging and discharging voltage, as shown in Fig. 12.

Using MATLAB curve-fitting tool, it is found that the OCV
function of Cell #1 can be approximated perfectly by the eighth-
order polynomial, as given in (40). The root-mean-squared error
can be limited to 0.0054

uocy = —465.5 - SOC® + 1998 - SOC™ — 3538 - SOC
+3335-SOC® — 1805 - SOC* + 567.4 - SOC?

—100.5-SOC? + 9.7 - SOC + 3.106. (40)

Other battery parameters such as the internal resistance, po-
larization resistances, and polarization capacitances can be iden-
tified by the hybrid pulse power characteristic (HPPC) test. The
pulse current profile of HPPC test and the voltage response of
the battery cell are shown in Fig. 13.

The voltage response of the battery cell is sampled, and it
is used to identify the cell parameters by MATLAB Curve Fit-
ting Tool. The temperature has effect on battery parameters. In
this experiment, the temperature is remained at room tempera-
ture. Therefore, the temperature has little effect on the battery
parameters.

1) Measurement of Rp: Inthis experiment, the voltage sam-
pling period is set to 50ms so that the sampling interval between
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TABLE I TABLE II
VARIATION OF PARAMETERS WITH SOC (CELL #1) VARIATION OF R IN THE SOC RANGE OF 95%-96% (CELL #1)

SOC (%) Ro (mQ) Rp (mQ) Cp(m) Rr (mQ) Cr (F) SOC (%) 95-95.2 952-954 954-95.6 95.6-95.8 95.8-96
100 0.55 0.28 489 200 0.27 89 570 Rp (mQ) 0.31 0.32 0.33 0.34 0.35
99 0.51 0.25 478 690 0.24 86 900

98 0.46 0.22 453900 0.21 88 570

97 0.4 0.19 424 830 0.18 86 920 R R

96 0.35 0.16 457 300 0.15 85 800 Uocve 7D T~

5-95 0.3 0.13 440 000 0.13 80 000

4 0.32 0.15 442 600 0.14 84 000

3 0.34 0.18 415 000 0.16 74 560

2 0.36 0.2 426 000 0.18 75 800

1 0.39 0.22 408 600 0.2 78 210

0 0.42 0.24 384 200 0.21 70 000 Fig. 14. Battery pack model.

U, and U; is 50 ms. The voltage drop caused by the kinetic
relaxation changes slowly, and it can be ignored. The internal
resistance Rp can be measured by the voltage drop at ¢;. It is
described as

U, - U,
Ro = ——
0 P
where U; and U, are the measured voltage during HPPC test,
as shown in Fig. 13, and I is the pulse current.

2) Measurement of Rp, Ry, Cp, and Cp:

(41)

In Fig. 13, there is a voltage rise from ¢, to ¢3. It can be described
as

up = Us — Upy - exp(—t/mp) — Ups - exp(—t/mr) (42)

where Up; and Up, are the initial voltage of RpCp and
Ry C'p circuits at t5, and Us is the sampled voltage during HPPC
test, as shown in Fig. 13. With the assistance of MATLAB Curve
Fitting Tool, Up1, Upe, Tp, and 7 can be obtained.

From Fig. 13, it can be seen that there is a voltage drop from
t1 to to. It can be described as

[Ip-dt
Ip - Thnterva/ (U — Us)
—1Ip-Rp [l —exp(—t/mp)]
—Ip - Rr - [1 —exp(—t/7r)]

where T}, terval 18 the time interval between ¢; and ¢, and itis 10
s in this test. Based on 7p and 7, Rp and Ry can be obtained
with the assistance of MATLAB Curve Fitting Tool. Then Cp
and C7p can be obtained according to 7p, 7, Rp.,and Rp.

Finally, the parameters of ten series-connected cells can be
obtained. It should be noted that SOC affects the battery pa-
rameters. The parameters of the battery cells are measured at
different SOC. It is found that the variation happens when the
battery cell SOC is higher than 95% or lower than 5%. The pa-
rameters can be considered as constants when SOC is in range of
5%-95%. Take Cell #1 as example: the variation of parameters
with SOC is listed in Table I.

When the cell SOC is in the extremes, the variation of pa-
rameters is simplified. The 1% SOC difference is divided into
five equal pieces, and the parameters are set to five different
values. Take Cell #1 as example: when SOC is in the range of

’LLB:UQ—
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TABLE III
BATTERY PACK PARAMETERS

OCV-SOC ugcy_p = —4646-SOC® + 19851 - SOCT — 34977 - SOCS
+32824 -SOCP — 17713 - SOC*+5565 - SOC?
—989-80C? 496 - SOC + 31

Parameter Rp_p (mQ) Rp_p (mQ) Cp_p (F) Rrp (mQ) Cr_p (F)
Value 3. 1 1

( (
2 5 48860 4 9240

95%-96%, the variation of R is listed in Table II. The variation
of other parameters is treated in the same manner.

B. Parameters of the Battery Pack Model

The battery pack model is shown in Fig. 14. ugcvy_p is
OCV-SOC function. Ry p is the internal resistance. Rp p,
Ry p, Cp_p,and Cp_p are the polarization resistances and ca-
pacitances. up_p is the terminal voltage.

The parameters of the pack model can be identified by HPPC
test. The OCV-SOC function and the pack parameters are given
in Table III.

C. Experiment Testing

For the charging process, the threshold of voltage difference
is set to 20 mV, and the charging current is set to 20 A. The
terminal voltage of each cell is shown in Fig. 15. For a clear
comparison, the zoomed figure is presented in Fig. 15(b). The
maximum voltage difference is 218 mV, and the maximum SOC
difference is 3.2% at the beginning of charging process. With
the equalization, the voltage difference among cells is reduced.

Fig. 16(a) shows the dynamic selection of V}, ,« cell during the
charging process. The zoomed figure is presented in Fig. 16(b).
It can be observed that the V.« battery cell swaps during the
charging process.

The voltage difference between V.« and Vi, is shown in
Fig. 17. The passive equalization is completed at roughly 10 h.
However, the equalization does not work from 10000 to 20000 s.
Therefore, the equalization actually takes about 7 h. It is be-
cause that the threshold of voltage difference is set to 20 mV
(2.2% SOC difference). The capacity difference that needs to
be balanced is about 2 Ah, which is 3.2% — 2.2% = 1% SOC
difference.
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Fig. 17.  Voltage difference between V},, o« and V3, during charging process.

For the discharging process, the battery pack is discharged un-
der the Urban Dynamometer Driving Schedule (UDDS) driving
cycle. Due to the limit of the electronic load, the charging pulse
is not included and the driving cycle is simplified, as shown in
Fig. 18.

The terminal voltage of each cell during the discharging pro-
cess is shown in Fig. 19. For a clear comparison, the zoomed
figure is presented in Fig. 19(b). The maximum voltage differ-
ence is 30 mV, and the maximum SOC difference is 3% at the
beginning of the discharging process. The passive equalization

2223

40
.30
<
G 20 1
5
o
) I]W MHH ¥ |
% 400 800 1200 Time(s)
Fig. 18.  Simplified UDDS driving cycle.
42“— Zoom in — z;
— A #3
23g — #4
g .8 — #5
£36 — #6
S — #7
S34 N #8
3.2 - — #9
i [\ [=#10
0 40000 80000 120000 Time(s)
(a)
- . — #1
. 30 mV, 3% SOC differel _#2
#3
’>\4.15 | — #4
7 — #5
g 41 — #6
g — #7
_ #8
4.0 A
L —#10
0 4000 8000 12000 Time(s)
(W]
Fig. 19.  (a) Terminal voltage of each cell in discharging process. (b) Zoomed

terminal voltage of each cell in discharging process.

10

9r i
_8F 1
g7 —
EGf .
25¢ ) ]
S 4 m 1
83| 11 ]

27 14e=—Zoom in -

1 ss —

0 50000 100000 Time(s)
(@)

10

or i
.8 ]
O 7r 7
E6f ]
25/ —
% 47 ................... 4
O3 J

2t i

1 .....................
106520 106540 106560 106580 Time(s)

(b)

Fig. 20. (a) Vinin cell number in discharging process. (b) Zoomed Vi, i, cell
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is not applied in the discharging process so that the voltage
difference among battery cells cannot be decreased.

Fig. 20(a) shows the dynamic selection of Vj,;, cell dur-
ing the discharging process. The zoomed figure is presented in
Fig. 20(b). It can be observed that the V,,;, battery cell swaps
during the discharging process.
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D. Comparison Between Battery Pack Model and Proposed
Method

1) Comparison Between Battery Pack Model and V.« Bat-
tery Cell During Charging Process: During the charging pro-
cess, the pack SOC should be based on V.« cell. The INA226
current shunt monitor chip from Texas Instruments is used
to measure the charging current. The balancing current is
calculated with the cell voltage and the balancing resistance
considering the voltage drop generated by other devices. The
ampere—hour counting considering the balancing current can
be used as the benchmark. The SOC estimation comparison be-
tween the pack model and V;, . cell during the charging process
is shown in Fig. 21. In order to validate the robustness of the
proposed approach, the initial SOC is set to 30%, while true
SOC is 6.46%. It is observed that the estimated SOC based on
AEKEF converges to true SOC quickly.

The comparison of SOC estimation error between pack model
and Vj, .« cell during the charging process is shown in Fig. 22.
It can be observed that the initial error is 23.54% and the error
decreases rapidly in the following several seconds. Meanwhile,
it is noted that the SOC estimation based on V., cell shows
better performance than that based on pack model. This is due
to the following two factors: 1) the pack model ignores the
difference among cells; and 2) the balancing current is ignored
in the pack model, while the voltage of the pack and string
current are used to estimate the pack SOC.

For a convenient comparison, the zoomed figure of SOC es-
timation error is shown in Fig. 23. It can be observed that for
AEKF based on V., cell, the maximum estimation error is
0.3%. Compared to the maximum estimation error of 2.8% for
AEKEF based on the pack model, an estimation error reduction
of 2.5% can be obtained.

2) Comparison Between the Battery Pack Model and Vi iy
Battery Cell During the Discharging Process: During the dis-
charging process, the SOC estimation of the battery pack should
be based on V},,;;, cell. The SOC estimation comparison between
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pack model and V,;, cell during the discharging process is
shown in Fig. 24. In order to validate the robustness, the initial
SOC is set to 70%, while the true SOC is 95.2%.

The comparison of SOC estimation error between the pack
model and V},;;, cell during the discharging process is shown in
Fig. 25. It can be observed that the initial error is 25.2% and
the error decreases rapidly in the following several seconds. The
SOC estimation error of AEKF based on V,,;, cell is smaller
than AEKF based on the pack model.

The zoomed figure of SOC estimation error is shown in
Fig. 26. It can be seen that AEKF based on V,,;, cell achieves
better performance over the AEKF based on the pack model.
For AEKF based on V,,;, cell, the maximum estimation error
is 0.5%. Compared to the error of 1.5% for AEKF based on the
pack model, an estimation error reduction of 1% is achieved.
The passive equalization is not applied during the discharging
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Fig. 29. Zoomed SOC estimation error of V},,,y cell with and without con-
sidering the balancing current.

process so that the current of V,,;,, cell is equal to the string cur-
rent. In this case, the SOC estimation error is caused by small
difference of RC parameters and OCV-SOC functions among
cells. The pack model ignores such differences so that the ap-
proach based on the pack model has lower accuracy on SOC
estimation.

E. Comparison Between Vy,,« Cell With and Without
Considering the Balancing Current

To verify the proposed approach, SOC estimation comparison
between AEKF with and without considering balancing current
is carried out during the charging process. The SOC estimation
comparison of V.« cell with and without considering balancing
current is shown in Fig. 27. In order to validate the robustness,
the initial SOC is set to 30%, while true SOC is 6.46%.

The SOC estimation error comparison of V;,, cell with and
without considering balancing current is shown in Fig. 28. It
can be observed that the initial error is 23.5% and the error
decreases rapidly in the following several seconds. Meanwhile,
it is noted that SOC estimation error of V., cell consider-
ing balancing current is smaller than that without considering
balancing current.

The zoomed figure of SOC estimation error is shown in
Fig. 29. It can be seen that AEKF considering balancing current
achieves better performance than AEKF without considering
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balancing current. For AEKF considering balancing current,
the maximum estimation error is 0.3%. Compared to an error of
1.7% for AEKF without considering balancing current, an error
reduction of 1.4% can be obtained.

VII. CONCULSION

The SOC estimation approaches based on pack model ignore
the difference among cells. On the other hand, the approaches
based on each cell increase the computing resource cost and
calculation time, which is not suitable for real-time application.
Meanwhile, the balancing current in the equalization circuit has
effects on cell SOC estimation. In this paper, the SOC estima-
tion approach of battery pack considering balancing current is
proposed. This approach dynamically searches for Vi, . or Viyiy
cell. The pack SOC estimation is based on V.« cell in charg-
ing process and Vj,,;, cell in discharging process. The balancing
current has also been taken into consideration in AEKF, which
increases accuracy of SOC estimation. Compared to SOC esti-
mation approaches based on the pack model or each cell, this
approach can achieve precise pack SOC and reduce calcula-
tion time. It has been validated by experimental results on 10
series-connected Li(NiCoMn)O, batteries. Each battery cell has
the rated capacity of 200 Ah and rated voltage of 3.6 V. With
the proposed approach, SOC estimation error is limited within
0.3% during the charging process. Compared to an error of
2.8% based on the pack model, an error reduction of 2.5% is
achieved. An error reduction of 1% is achieved compared to an
error of 1.5% based on the pack model during the discharging
process. Compared to an error of 1.7% without considering bal-
ancing current, an error reduction of 1.4% is achieved during
the charging process.
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