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Lithium-ion batteries are always connected in series and parallel to thkilt functional usage.
However, cell variations caused by manufacturing and working conditions can have a great influence on
the performancestate of healtfSOH), and cell life among the multiple cells in a battery pack. This
paper introduces an equivalentcait model (ECM) fora battery pack compesl of several cells
connected in parallel. The proposed method simulates current flow distribution among -parallel
connected batteries. Meanwhile, a Kalnfalktering algorithm based othe aforementioned ECM is
proposed fothestate of chargeSOQ estimation of paralletonnected cells. The proposed method has
the advantage that very few input variables are needed including only the total current and the total
voltage, and the SOC of individual cells can be estith. The resultwerevalidated by experimental

data and show good matching accuracy betwls@model and experimental data. The proposed method
provides guidancéor additionalalgorithms that can estimate the individual SOC of cells within a
paralletconnected battery pack.
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1. INTRODUCTION

Lithium-ion batteries play a significarle in the field of energy storage. Large format litrtium
ion batteries are becoming a trend of future development, atggceat attention worldwide, owing to
reduedpack complexity and thereby impredpack reliability [L-3]. Cell packs are usuallyoanected
in parallel by numerous cells to increase cell pack capacity and satisfy the requirement for power.
Meanwhile, it is of great importance to investigate transient current distribution in pacaltedcted
cell packsdue toinconsistencyn batterymanagement systesrin the short ternthebattery SOC4-6]
is affected by imbalanced current distribution, thus causing inconsistency and charge/discharge
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variation, while in the long ternthelifetime and reliability of cell pack areundermined serigsly and
battery degradation is inevitable during battery usa€],[ with capacity depletion10-13] and
resistance growtHl-17]. Hence, the objective of this paper is to establish a model of paraiiakcted

cell pacls, which can integrate into tlexisting battery management system and investigate the influence
of transient current distributioon the performance of battery pack

Therearefew studieson parallelconnected cell packat present. Prior researttasfocused on
how the performance of paralebnnected cell packs is affected by inconsistency and how the cell packs
are constructed in parallel.

PastorFernandez et aJ18] cycled four 3Ah 18650 batteries connected in parallel by charging
and dischargin§00 times aanambient temperatuia 2 5 to evaluate t hihe degrt
initial capacity difference of 40% converged to 108#ile the initial resistance difference of 45%
converged to 30% by the end of cycling. It was also shown that tomsistencyin the current
distribution, SOC and temperature between thesahnected in parallelltimately converged.
Gogoana et al[19] cycled two 2.2Ah LFP batteries connected in parallel with different internal
resistance It was shown that thefterencein thelifetime can reach 40%wvhile the differencen the
internal resistanceanreach 20% compared to two nearly identical batteries connected in parallel. Yang
et al [20] chose two 2Ah 26650 parallebnnected batteries and established a theeteatrochemical
model using COMSOL software. They found that variatiortemperature can add to the inconsistency
within the cell packs. The influenoé inconsistencyn theperformance of paralletonnected cells was
studied in the abovexperimentsHowever, a precise model of paraibeinnected cells was not given.

Spurret et al[21] established a model of parallebnnected cells. In the model, each single cell
comprisedthe open circuit voltage source, internal resistance and leakage current. Simulation results
showed thatheinternal resistance increased rapidly due to battery aging. Fouchard2¥ atudied
the imbalance current inside cell packs connected in plar@lie results advised avand) the ue of
paralletlconnected cells owing to safety issueaisedoy the failure ofa single cell. Cole et a[23]
investigated the current distribution insigarallelconnected lead acid batteries. The experimental
resuls showed that the current was divided in proportion to the capacity of each cell. Zhahg4t al
introduced a model of seri@mdparalletconnected cells and investigated the current distribution under
different working conditions. Wu et .a)25] introduced a numerical mod#hat simulated batteries
connected in parallel with diverse capedtand analyzedhe current distribution under different
charge/discharge current rateshi et al [26] cycled four cells connected in parallel with different
capaities and resistancseunder different charge/discharge current sate was identified thatn
imbalanced current distribution within cell packasathemain causef the degradation of cell packs.
Weng et al[27] analyzed the IC curve gdarallelconnected cellsand the results showed that there
existed a certain relationship between the peak valteed€ curve and the aged battery capacity. An
et al [28] introduced an equivalent circuit model of parattehnected cells angroposedan index of
variation to evaluate cell packs. Dubarry ef29] proposed a method to analythe current distribution
of cell packs connected in different serpegallel configurations and verified the experinagéngésults.
Offer et al [30] simulated al2P7S cell pack using Simulink Sim Power Systems software and
investigatedhe current distribution under different working conditions. Miyatake €ft3] connected
different types of 18650 batteries in series and parallel, introduced a model inthgfkiht model was
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used for each single cell, and investigated the influehacbfferent model parametem the current
distribution

However, until now, no publication has described in detail a precise equivalent circuit model
applied for the analysis afynamic current distribution inside parait@nnected cells, anithe SOC
estimation of each single cell insigarallelconnected cellbas not beethoroughlyresearche36].

Based on this, an equivalent circuit model (ECM) of cell paokmposing several cells
connected in parallel is introduced in this paper, which is coupitdequivalent circuit models of
several single cell§'he mrameters within the equivalent circuit modebaingle cellareidentified by
methodssuch aghe genetic algorithm antherecursive least square algorithm. Meanwhihe,battery
open circuit voltag&/oc and polarization voltage drofr are chosen as state variables by applying state
space theory and Kir chareufilized ®esmhligh th&a@GM of celhpécksy o | t
Furthermore, a Kalmafiltering algorithm based othe aforementioneCM is proposed fothe SOC
estimation of each single cell insitte= cell pack connected in paralléd]. The btal current and total
voltage ofthe parallelconnected cell pack are used as input varsbl¢he ECM, which is linearized
by the method of extendedalman filtering, andthe equivalent circuit model o& single cell is
discretized. The advantage of this methoth& there ar@ery fewinput variablesincluding onlythe
total current and total voltage, arlde SOC estimation of each single cell insithe cell packis
performedn situ with good accuracy.

In Section 2, a brief summary tfe experiment and apparatus is introduced. IatiSe 3,the
modeling approach athe ECM of parallelconnected cells is introduced. Based on this, Section 4
validates theeCM by experiment and applies the model for SOC estimalibe. ®nclusions of tts
study are presented in Section 5.

2. EXPERIMENTAL PROCEDURE

Three NCM batteries witB7 Ah nominal capacity were chosen and connected in parahel.
specifications of the batteries are listed in TableT. establishthe ECM of a single cell, cell
characterization of each cell was performed, aedittails are listed in Sec. 2.1: Cell Characterization.
Meanwhile, to establisthe ECM of parallelconnected cellghe charge/discharge test waerformed
on the batteriesand the details are listed in Sec. 2.2: Par@lminected Cells Testing.

Table 1. Specifications of NCM Cells

N o | t ems Sy mb Speci fica

1 battery - Li cON\GQMny) ©

2 nomi nal ¢ Qnom 37Ah

3 enafc har ge VEoc 4. 2V

4 enafdi schar g Veoo 2.8V

5 maxi mum c Ima x 6C (conti
8C (@GBS OC
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2.1 Cell Characterization

Cell characterization consists thireetests: battery capacity measurement, open circuit voltage
measurement, and impedance measurement.

Battery capacity measuremeifhis test was useih obtainthe battery capacityinder different
current rate. To measure capacity, each cell was set asidebatambient temperature fort8until the
equilibrium state was reached; then, each cell was sebfjeatonstant current constant voltage charging
(1/20C, 1/3C, 1Cuntil thebattery voltage reachedet¥ca c cor di ng t o t he manuf a
Then, each cell was set asid@ & ambient temperature fortuntil the equilibrium state was reached;
Then, each cell was subjedtto constant current constant voltage discharging (1/20C, 1/3QyrtiC)
the battery voltage reachededp accor di ng to the manufacturer
accumulated up fromabcto Veop is assumed akebattery capacity.

Open circuit voltageneasurementlhe batteryVoc ~ SOC curve was obtained by discharging
each cell at 1/20C from 100% SOC and normalizing the results against the 1/3C c8gaecitizehe
1/20C currents sufficiently low, the effect of impedancis negligible and the ternrmal voltageis
approximately equal tthe open circuit voltage.

Impedance measuremeBach cell wasnalyzed using thePPC testas shown in Figure 1, and
the data obtainedeveusedto fit the ECM of asingle cell.The est procedure was as follows: each cell
was discharged at 1/3C from 100% SQil thebattery voltage reachededb; everyincrement 06%

SOC, each cell was subjected to one pulse current, which was composedsflia@targe current at
1C, a 40s rest,a 30s charge current at 1C and ar8bh rest;andthen, each cell was set aside2ab
ambient temperature fort8until the equilibrium state was reached.
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Figure 1. The HPPC test. (a)current file, (b) voltage file

2.2 Parallel-Connected Cells Testing

Three NCM cellsvereconnected in parallel in the experimeamnd theywere linked together
with copper conductors, each of which was surrounded by a HEIMeffect current sensor LFP100
measue thecurrent running thnogh each cell. The range thfe current sensor is 0~+158, and the
tracking accuracy exceeds 280/ ¢ s ,the measlring accuracy equals to 0.45%2 & ambient
temperature. The data obtainedrelogged into a 64€hannel data logger. The whole apparatus was
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placedinside a Bell temperature chamber, whogleratesinder the controlod 0 ~150 . A Ne
8-channel test benchlvhich operates under the range of 0~5 V and 0~10@a5, used to contrahe

applied current intahe paralletconnected cellsThe gecifications ofthe test equipment are listed in
Table 2.

Table 2. Test Equipment

N o Il tems Manuf ac Speci fic.
1 Test b Newar 0O0~5V, 0~11
2 Ther m Bel | 40~150
chambe
Hal | type
3 Current LEM >200A/NO .
6

0
4 Dat a | Newar 4 chann

To meet the requiremeswf establish th&CM, three typical operating conditions were chosen
for the paralletconnected cells, as shown in Table 3, includimgconstant current charge/discharge
process anthedynamic stress test (DST). Testing standards consisting of current profiles are shown in
Figure 2.

Table 3. Typical OperatingConditions for Batteries Connected in Parallel

N o Operating Condition
1 Steady discharge prockefssvélribagéd
2 Steady charge pr ocefsfs v alotma Perno
3 Dynami c stress testennd?2C

40

20 -

)

Current / A
NS
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Time /s «10°

Figure 2. paralletconnected cells DST test current profiles
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3. THEORETICAL PROCEDURE

3.1 Equivalent circuit model fa single cell

I cell

=

Vp2

Figure 3. ECM with two RC pairs for single cell

Figure 3 describes theCM with two resistorcapacitor (RC) pairs foa single cell, andhe
specific formula is shown in Equation (1), whictdicatesthat, the battery terminal voltage equals the
sum ofthe open circuit voltagd/oc, the direct current voltage drop over the internal resistdRigdesi,
andthepolarization voltage drop over the RC paitsat a given currerite. In Equation (1)considering
the accuracy and complexity of tBREM, two RC pais are chosen for ithsystem. Equation (2) describes
the polarization voltage drop over the RC pais while Equation (3) describeake battery SOCfor
which Re andCp representhe polarization resistance and capacitance over the RC pespgctivey,
andQcel representshe battery standard capacity. The open circuit voltagetsrochenedby the battery
SOC, which can be acquired by experiment, as shown in Equation (4).

\/t =\/oc +RD IceII VP,l \/Ij,-z (1)
g Ve, I :

Vo, = ——— = 12 2
T R.G ?‘? (i 12 (2)
4 - IceII
o 360(I;-)cell (3)

Ve = F(SOQ (4)

The ECM of a single cell consists of four equatiorss metioned above, which can be
transformed intaa state space matrix. GenerallyODCand Vp are chosen athe state variablesTo
connect cells in parallel in mathematical fovsg, Vr1, andVez are chosen as state variables in this paper
according to Kirchhoff's voltage law. The state space matrix dE@M of asingle cell is described as
follows.

Equation (5) presents the chosen state variablgjuation (6) definethe effective chargeM,
which represents the charge needed #&osingle cell at a given open circuit voltage variatidine
nonlinear part is transferred frothe output matrixC to the input matrixB by the effective chargeM.

This nonlinear pantepresert the gradient ahe Vo ~ SOCcurve ofasingle cell.In addition according
to Equation (3)thedifferential oftheopen circuit voltag&/,c can be derived in Equation (7).

The arrent running through single celllcen is chosen atheinput variableu, andtheterminal
voltageV: is chosen athe output variabley, as described in Equation (7) and Equation (8). Equation
(11) presents the state space matrix, and Equatl@) ~ (15) present the state matfixinput matrix
B, output matrixC and feedforward mai D, respectively
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3.2 Equivalent circdimodel for N batteries connected in parallel

Single cel, as shown in Figure 4(btan be extended into t&CM for N cells connected in
parallel as shown in Figure 4(d}eix represents the current running through kit cell, while Ik
represents the current running through kdl current loop. MeanwhileRyx represents the wire
resistance of thie-th current loop, whilé x represents the contact resistance oktttecurrent loop.

Furthermore, th&-th current loop is shown in giire 5, which contains thel-th andk-th cells,
and thek-1-th andk-th junctions. In each current loop, two constimimust be satisfied in tieCM, and
theyare the Kirchhoff's current and voltage laws.

[+ -
|~
| | l Rw,N
srglecJ'N
|N® I:}C’N
%I|-| = |Ci_______
l f Re Re2
T | | Hj_‘—:l— T |
— ] .
12 Single Cell2 I '
@ Icell, []RC’Z _VOC_RD_ Cil I_ - CLI.I_ |
—l Vo1 Ve2
| } i ;Il_ Single Cell
ll@ Single Celll |::|RC,1
(b)
AR
N\
Vit
()

Figure 4. ECM for N batteries connected in parallel, (a) N batteries connected in parallel, (b) single cell
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Figure 5. thek th current loop in the N batteries connected in parallel
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According to Kirchhoff's current law, in theth junction of thek-th current loop in the parallel
connected cellgheinput current equals to output current at any time. As shown in Equatiorth{@&6),
output currentx equals the sum dheinput currens l.1 andlcenk for k<N, while the output currenty
equals taheinput currentcenk for k=N. Hence, Equation (17) can be derived, thus defining midtiix
Equation (18).

0=l dy Lo kK N<

16

%Ozlk T cank k N (19)
éllcell,l gél -1 0 0 éll
e ué a
élceII,Z ggo 1 -1 0 élz (17)
> ... ué ... 1 -16.
(S ue
élceII,N aé 0 1 gN

é,l -1 0 O

0 1 -1 0
H=¢€ (18)

€0 1 -1

& 0O 1

According to Kirchhoff's voltage lawthe algebraic sum ofthe voltage dropover every
component in th&th current loops equal to zero. Hence, Equation (19) can be derived.

?Ozvoc.k 'Voc k1 V-Pl,k V_P.L,k-l VPIk VFz,'k-1 (Rn'ki' RN)(-HK lk)« (' RD ki-~ ka)( H(l - I)k Rc ki-k

11 k<N

|

Tozvoc,k 'Voq k1 Va,k V_Fl,k-l Vpé'fk sz,'k-l (Ruk" RN) +k ( RD ki~ ka)( +k1- l)k RcEIk +

t k=N (19)

Furthermore, as shown in Equation (20k state space matrix of N cells connected in parallel
can be derived from Eqtian (11). ThusAs ~ Ay, Br ~ By, C1 ~ Gy, andD1 ~ Dn represent the state
matrix, input matrix, output matrix and feedforward matrix respectively. Meanwhéstate variable
X of the ECM of parallelconnectectellsis defined in Equation (21) by extensiontloé state variable
of single cell in Equation (5). Meanwhile, the state masixinput matrixBx, output matrixCx and
feedforward matriXDx are defined in Equatian(22) ~ (25) respectively
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Equation (19) derived from Kirchhoff's voltage law can be transformed imttrix expression
as shown in Equation (26), among which matriGe<€, andF are defined in Equation (27), Equation
(28) and Equation (29)espectively. Equation (26) describes the relationship betthedoop current
and state variabl¥.
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Furthermore, Equation (30) is derived by the combination of Equation (17) and Equation (26),
and itrepresents the relationship betwedba current distribution inside parallebnnected cells and
state variable X.

é,lcell,l {3
e u

i <
g cell,2 g HG-l(EX +F|l) (30)

é u
deein 0

Based orthe state space theorihetotal current running through paralebnnected cell$; is
chosen as input variabld, and terminal voltag®: is chosen as output variab¥e as described in
Equatiors (31) ~ (33). Thusthe state space matrix of paralebnnected cells, as shown inugion
(34), is derived by the combination of Equation (20) and Equation (30).Wwhd#apnA 6, BaddD 6 CO
represent the state matrix, input matrix, output matrix and feedforward matrix BCteof parallet
connected cellgespectively.

ﬁg = A i

iX AX By (31)
1Y=CiX +DU

us=lI, (32)

Y=y (33)

Ai=A +BHG'E

B.: -1

i=BHG"F (34)
Ci=C, +D,HG'E

Di=D,HG'F

4. RESULTS AND DISCUSSION

4.1 Model Validation

A modeling methodo simulate N cells connected in parallel is proposed. ThreeABMWNCM
batteries were chosen in this paper. Ftretparameters ahe ECM of each cell were identified by the
genetic algorithm, anthe accuracy of each model was validated by experinasghown in Sec 4.1;
Then, the charge/discharge procedure of paratiehnected cells was conducted under different
operating conditions, atheaccuracy othe ECM of parallelconnected cells was validateashown
in Sec 4.2.

4.1.1 Experimental validation of tie&CM for cells

The @pacities of each NCM cell under different current rates are listed in Talihe dapacity
of Cell No.2 is approximately equal tthat ofCell No. 3, whilethe capacity of Cell Nol is larger than
that ofthe other two cellsThe OCV vs SOC curves ofhesethree cells are presented in Figure 6(a), in
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which thethree curves are basically consistent. Figi(t® dsplaysthe gradient ofthe OCV vs SOC
curve of Cell Nol1, in whichthe gradient value is positive in the whole SOC regibmis resultmeans

thatthe OCV monotonically increases withcreasingSOC.The gadient value of OCV vsSOC curve
is appled in Equation (11).

Table 4. Capacity under different charge/discharge rate for each cell (Ah)

Cel | 1/ 20C¢C 1/ 3C 1C
CharDi schChar Di sch Char Di sch
1 4 2 42.1 40.: 40.1 39.C 39.0
2 41 41.4 39.!' 39.5 38.¢: 38. 3
3 41 41.439.t 39.5 38.¢ 38. 4
42 Igz:}; 2| —e—celll
—— Cell 3
>4 81.5
g5 §
2
3.6
0.5
3.4-
0 0.2 0.4 0.6 0.8 1 oL
SOC 0 0.2 0.4 0.6 0.8 1
a SOC

Figure 6. OCV vs SOC curve of each cell, (a) OCV vs SOC curve, (b) gradient of OCV vs SOC curve
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Figure 7. Experimental Validation of the accuracy BECM for single cell, solid line = experiment,
dashed line = model, (a) accuracy for Cell 1, (b) accuracy for Cell 2, (c) accuracy for Cell 3
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The open circuit voltage of each cell was obtained by the HPPC experiment, while five
parameters of the ECM of each cell, iR, Re1, Re2, Cr1, and G2, were derived by the genetic algorithm
method. These parameters are strongly related to the ba@€&yFgure 7 shows the model accuracy

of the ECM of the three cells investigated in this paper. The model error was less than 30 mV in the
high SOC region.

4.1.2 Experimental validation of ti&CM for batteries connected in parallel

Three typical operatig conditions were chosen for validation of E@M for batteries connected
in parallel by experiment, includirtge steady charge/discharge process thiedlynamic stress test, as
shown in Table 3The results are demonstrated in Figure 8 ~ Figure 10chwbhow thathe ECM
accuracy is relatively high not only in the steady test but also in the dynamic test.
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< 10 5
= g
s 5 &
5 g
O 9 E.
! O
—Cell 1 Exp ==Cell I Simu —Cell 1
5 —Cell2Exp =-Cell 2 Simu -1 —Cell 2
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Figure 8. Experimental Validation oECM under operating condition No.1 for batteries connected in
parallel, solid line = experiment, dashed line = model, (a) current distribution for each cell, (b)
current distribution error for each cell, (c) terminal voltage for experiment and model, (d)
termnal voltage error, (e) SOC for each cell, (f) SOC error for each cell
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The ECM validation results of the steady discharge process are presented in Figure 8. The solid
line represents the experimental results and the dashed line represents model resudtsren
distribution and current error obtained by experiment and the model are shown in Figure 8(a) ~ (b). This
phenomenon of imbalanced current distribution is also observed in other papers [1346,33
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0.04
4.2 —Experiment

== Simulation

0.02
4 2
z 5
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m
238 20
G £
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3.4 —Model Error
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Figure 9. Experimental Validation oECM under operating condition No.2 for batteries connected in
parallel, solid line = experiment, dashed line = model, (a) current distribution for each cell, (b)
current distribution error for each cell, (c) terminal voltage for experiment and model, (d)
termnal voltage error, (e) SOC for each cell, (f) SOC error for each cell

The current error was less than 0.5 A in the medium and high SOC regions, while the current
error was relatively high in the low SOC region, which was caused by the poor accutezywatpair
RC model used in the ECM. A similar phenomenon appeared in the terminal voltage presented in Figure
8(c) ~ (d). The terminal voltage error was less than 50mV in the medium and high SOC regions. The
SOC results and error are presented in Fi§(eg~ (f). The SOC simulation was quite precise with only
0.5% SOC error. Hence, it can be concluded that the model accuracy of the ECM of cells connected in
parallel was relatively high in the steady discharge process.
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The ECM validation results of trsteady charge process are presented in Figure 9. The solid line
represents experimental results and the dashed line represents model results. The current distribution ar
current error obtained by experiment and the model are shown in Figure 9(a) ~ (b).
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Figure 10. Experimental Validation oECM under operating condition No.3 for batteries connected in
parallel, solid line = experiment, dashed line = model, (a) current distribution for each cell, (b)
current distribution error for each cell, (c) terminal voltage for experiment and model, (d)
termnal voltage error, (e) SOC for each cell, (f) SOC error for each cell

The current error was less than 2A in the medium and high SOC regions, while the current error
was relatively high in the low SOC regions. The terminal voltage results and erraeseetpd in Figure
9(c) ~ (d). The terminal voltage error was less than 50mV in the medium and high SOC regions. Figure
9(e) ~ (f) describes the SOC results and error. The SOC simulation was quite precise with only 2% SOC
error. Hence, it can be concludéat the model accuracy of the ECM of cells connected in parallel was
relatively high in the steady charge process.
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The ECM validation results of the dynamic stress test are presented in Figure 10. The solid line
represents experimental results anddaghed line represents the model results. The current distribution
and current error obtained by experiment and the model are shown in Figure 10(a) ~ (b). The current
error was less than 0.5 A in the medium and high SOC regions, while the current errelatizesy
high in the low SOC region. A similar phenomenon appeared in the terminal voltage presented in Figure
10(c) ~ (d). The terminal voltage error was less than 50 mV in the medium and high SOC regions. The
SOC results and error are presented irufadLO(e) ~ (f). The SOC simulation was quite precise with
only 0.5% SOC error. Hence, it can be concluded that the model accuracy of the ECM of cells connectec
in parallel was relatively high in the dynamic stress test.

4.2 Modelling Analysis

4.2.1 Currant Distribution

The btal battery current and total battery voltage are input variableeedECM for cells
connected in parallelThe arrent distribution inside parallebbnneced cells can be derived by
simulation. Given the aforementioned model validation results, it caets#minedthat the ECM
established by the above method has good adaptability taHedteadycharge/dischargprocess and
thedynamicstresdest.

The principle of current distribution inside paralebnnecgdcells is deduced in the following
equations according to the relationshgamong the wrrent distribution battery capacity and internal
resistance witlthe ECM reducing tahe Rint model.

For the winle battery moduland the single celthe followingcan be obtained

I:{elTlicenl-I-Voc,l :RceIIZiceﬂZ voc,2 I:eée’ll3icéll3 Voc-;l-i (35)

For the single cell, it can be obtained that,

Vi =V, Rk (36)

SOC= el (37)

36000,

V.. = f(SOQ (38)

, Assuming consistent internal resistance
inside the battery module in the discharge pro

In the initial discharge process, due to cells connected in pathéahitial SOC and OC\are
consistent, thuproducingequal initial current inside the paratannecéd cells. When the discharge
process begins, due to different battery capecthe SOC of different cells differ, thus causing different
OCVsin thedifferent cells. Thereforghe current distribution inside cells connected in parallel dsffer
The ecific derivation procedure is presented in Equation (39) ~ Equation (42).

Q>Q X (39)
DSOC < BOG  <SD (40)
SOC > SOG > SO (41)

I, >1, P, (42)
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SOC of different cells converges after letegm stabilizationThe arrent distribution inside
the battery module is shown in Equation (43) ~ Equation (44).
DSOC = BOC =Sy (43)
i, /Q =i,/Q, F,/Q. (44)
The smulation results othe current distribution inside cells connected in parallel under the

aforementioned assumptiane presented in Figure 11(a). Figure 11(b) describes the total current
applied.Thesimulation esults andheoretical derivation results were consistent.
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Figure 11. Current distribution under the hypothesis of different capacity and unanimous internal
resistance (a) current distribution of different cellswbyking condition

Assuming consistent battery capacity an
inside the battery module in the discharge pro
In the initial discharge process, due to cells connected in path#ahjtial SOC and OC\are
consistent. Thereforeéhe initial current is inversely proportional the battery internal resistancas

presented in Equation (45) ~ Equation (46).
Ri =R, =R, (45)
I <i, % (46)
Given thatthe SOC of different cells conveeg after longterm stabilization the current

distribution inside the battery module also converges becatiseominsistent battery capacity, as shown
in Equation (47) ~ Equain (49).

DSOC = BOG =SDy (47)
i,/Q,=i,/Q, #,/Q, (48)
iy =1, ¥ (49)

Figure 12(a) demonstratdse simulation results ahecurrent distribution inside cells connected
in parallel under the aforementioned assunmpfithe total current applied is presented in Figure 12(b).
Thesimulation results antheoretical derivation results were consistent.
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Figure 12. Current distribution under the hypothesis of different internal resistance and unanimous
capacity (a) current distribution of different cells (b) working condition

4.2.2 State Estimation using Kalmgitering

A KalmanFiltering algorithm[35] based on thefarementionedECM is proposed fothe SOC
estimation of each cell inside the parattehneced cells. The nput variables arthetotal current and
total voltage ofthe parallelconneced cells, whilethe outputis the SOC of each cellThe gecific
derivation procedure dhe KalmanFiltering algorithm is presented in Equate(b0) ~ (75). In this
method, the establisheCM of parallelconneced cells is discretized and thi€alman Filtering
algorithm is linearizedFew researches have been found on state of charge estimation of parallel
connected battery pack [36].

The first step is discretization tife state space matrix of each single cell. The model of each cell
after discretization is shown in Equat&0) ~ (63.

Voer =Voss =25 D u, (50)
k
M, =360, C | )
Vorr = Vor@XP (- D/f 1)) Ropdea . exp( t-18 ) W, (52)
Vooker = Voo €XP (- D/t 5y, ) Rop i@ exp( t-/ 8, ) Wy, (53)
Vik =Vook Mok Yook Rbidcan (54)
Thus, it can be deduced
e Dt a
Moc kst ‘? el 0 0 avg, éﬂ M, u

y P1k u e 1,k
gvPlkﬂ ueo e " 0 UViék "elfﬁu(l et ) gieuk gw (55

8\/P2,k+l H 8) 0 g Virax a/ng e&m 1 e tng’“) u

U
e u

eVoc k ’?

g‘/tk 8[1 1 ]]e\/Plk u R@k iceﬂké Vk (56)
&eox
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Ve
X = &V (57)
ész,k
Uy = ek (58)
el 0 0
Asd e o
© 0 e (59)
e D
‘o,
B, = 8Ryy, (1 -€ ™)
éRPZ,k(l_ e mpz'k)
g (60)
G=I1 1 1] (61)
D, = &Ro. (62)

The second step the construction of paralletonnected cells throughe state space matrix of
each single cell, as shown in Equas@d3) ~ (70).

X1 = AlX, BU, w (63)

:'Yk =G X DU, %

%=V, U 5 -~

X =t Veike Veorw Veook Veoxk Veook Veesk  Veisx Veoax  (65)

Among which,

Ai=A BHG'E
Bi = B HkGLl F (66)
CI! = Ck +Dk HkG_kl Ek
Dl! = DkH kale
:;?O O 0 0O O O o0oo00oO
E=¢g1 * 1-1 1 1 000 (67)
g0 0 0 -1 -1 1111
el
F, =& (68)
Y
e 1 0 0
G =gRu Ry (R Rt Bx R,+ R + R, R +
g€ O Roox* R, (R R, By Ry Ry

(69)



Int. J. Electrochem. SciMol. 15, 2020 1287

e -1 0
Ho=0 1 4 (70)
@0 0 1

The third step ishe KalmanFiltering process after discretization according<@manFiltering

theory, as shown in Equati®(ir1) ~ (75).
State estimate time update:

)Ek|k-l = Ai-lﬁk w1 B iU, (71)

Error covariance time update:

Ric:= AR 1A<T1 + (72)

Kalman gain calcul&in:

L =Ry G [CRC + F (73)

State estimate measurement update:

)Ek|k = )Elqk-l H Y, G ﬁu v D] (74)

Error covariance measurement update:

Pk|k =1 LCj P|4k 1 (75)

The SOC estimation results of the steady 1/3C discharge pracesiown in Figure 13The
solid line representthe experimeral results, whilehe dashed lingepresents theimulation results.
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Figure 13. SOC estimation oECM for batteries connected in parallel, solid line = experiment, dashed
line = simulation, (a) SOC for each cell, (b) SOC estimation error for each cell, (c) terminal

voltage for experiment and model, (d) terminal voltage error



