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a b s t r a c t

Capacity variation among battery cells can occur due to inconsistent manufacturing processes and
operating conditions, such as uneven temperature distribution. For a battery string made of parallel-
connected cells with only one voltage and one current sensor, the lack of independent current sensors
makes it difficult to detect or control the degradation variation. In order to investigate the progression
mechanism of cell-to-cell capacity variation, this paper adopts an electric aging model and analytically
determines the relationship between variation progression and cell degradation characteristics.
Assuming all cells have similar temperatures, the capacity variation will decrease over time for cells with
a convex or linear degradation curve (i.e., the most common case), providing a self-balancing mechanism
for parallel-connected cells. Compared to battery strings with uniform cell capacities, battery strings with
an initial cell-to-cell variation will degrade slightly faster. State-of-charge imbalance and uneven heat
generation are analyzed using a thermal model. Assuming the same coefficient of heat transfer (i.e., same
cooling condition), simulation results further verify the self-balancing mechanism for a parallel battery
string consisting of 5 LiFePO4 battery cells.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Lithium-ion batteries have been widely used in electrified vehi-
cles, such as plug-in hybrid electric vehicles (PHEVs) and electric
vehicles (EVs) [1], and renewable energy systems such aswind farms
[2]. To maximize battery pack capacity under space and cost con-
straints, battery cells are often connected in parallel to form battery
strings, which become the building blocks for battery modules or
packs [3]. For example, the battery packs of Nissan Leaf, Chevrolet
Volt, BMW E-Mini, and Tesla Model S have 2, 3, 53, and 74 cells con-
nected in parallel, respectively [4,5]. Unlike series-connected battery
cells, where both voltage and current measurements of a single cell
are typically available [6], it is difficult to determine the condition of
parallel-connected cells since generally only one voltage sensor and
and Nuclear Engineering and
nia State University, Univer-
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one current sensor are used per string [7]. The lack of current sensors
for individual cells results in low observability and no controllability
of the healthy condition of individual cells. Cell-to-cell capacity
variation is therefore difficult to detect and control.

Capacity (i.e., the general indicator of State of Health (SoH))
variation among different cells caused by manufacturing inconsis-
tency [8] or uneven temperature distribution [9] will result in
resistance variations which are highly associated with battery
degradation [10]. Both capacity and resistance variations lead to
current imbalance among cells connected in parallel, which will in
turn cause different aging rates among cells [11]. Given the inevi-
table initial cell-to-cell variation, understanding how this variation
evolves over time, and how it may impact battery performance and
degradation, is very important, particularly for applications
involving large battery packs; e.g., so-called “second-life” battery
packs with cells of different capacities for renewable energy ap-
plications [12,13].

The aging of battery strings consisting of non-uniform cells has
been addressed in the literature. Paul et al. [14] studied series-
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Fig. 1. The parallel-connected battery cells with initial capacity variation.

Z. Song, X.-G. Yang, N. Yang et al. eTransportation 7 (2021) 100091
connected battery cells considering variations in initial capacity,
initial internal resistance, aging rate, and thermal coupling, and
simulation results show that discrepancies in cell aging are the
consequence of uneven current distribution. Chiu et al. [15] also
focused on series-connected battery cells and verified that capacity
degradation increases with an increase in temperature variation.
For parallel-connected battery cells, Offer et al. [16] tested a
lithium-ion battery pack in a vehicle environment and reported
that different inter-cell contact resistances can cause currents to
flow unevenly within the pack, leading to cells being unequally
loaded. Bruen and Marco [3] experimentally evaluated the imbal-
ance of parallel-connected cells and reported the results of a 30%
difference in impedance, 60% difference in peak cell current, and
over 6% difference in charge throughput during cycling. Fern�andez
et al. [4] conducted experiments on four lithium-ion battery cells
connected in parallel at 25 �C and showed that an initial SoH dif-
ference of 40% converges to 10% after 500 cycles. Shi et al. [5]
analyzed the imbalance currents of parallel LiFePO4 battery systems
and pointed out that fast aging can be avoided by suppressing
variations of temperatures and branch currents. Yang et al. [17]
showed that unbalanced discharging and aging can be caused by
temperature differences between parallel-connected battery cells.
Gong et al. [18] concluded that, with cells with different levels of
degradation in parallel, there can be a large difference in discharge
which can result in accelerated degradation and a more serious
inconsistency problem. Liu et al. [19] adopted a thermal single-
particle model to study a parallel battery string, and found that
uneven overpotentials caused by the interconnects and tempera-
ture gradients significantly influence the battery pack performance.

The progression of cell-to-cell variation among parallel-
connected battery cells over time as individual cells are aging has
been discussed in the above studies with some conflicting con-
clusions. For example, capacity variation is found to diminish in
Ref. [4], while it is found to increase in Ref. [18]. Note that the
conclusion in Ref. [18] is deduced from indirect testing results (e.g.,
temperature distribution) rather than direct experimental result or
theoretical analysis. In addition, no theoretical analysis has been
provided on this topic to the best of our knowledge. It is intuitive to
use identical or similar cells in one battery string; however, the
benefit of doing so has not been characterized or quantified.

To this end, this paper carries out an analytical investigation
using a thermal electric aging model to understand the impact of
the cell-to-cell variations of current, degradation rate, State of
Charge (SoC), and heat generation over the short term, and capacity
over the long term. Given an initial cell-to-cell variation, the current
distribution caused by the resistance imbalance is analyzed based
on an electric model of parallel-connected cells. Furthermore, the
current imbalance is used as an input to a battery degradation
model to investigate the degradation rates of different cells. The
results show that the progression of the cell-to-cell variation is
directly determined by the cell degradation characteristics.
Assuming all cells have similar temperatures, the capacities will
converge over time for cells with convex or linear degradation
curves. This means that parallel-connected cells in these conditions
have a self-balancing mechanism. We point out that the tempera-
ture distribution within the battery string also influences cell-to-
cell variation, but this is an independent and complex topic given
the very different cooling structures available in vehicles [20].
Assuming the linear degradation characteristics of battery cells, it
can be shown that capacity variation increases the total degrada-
tion of the battery string when compared to a battery string with
the same total capacity and no variation. In addition, SoC imbalance
and uneven heat generation among different cells are also
analyzed. Simulations are conducted under the assumption of ho-
mogeneous cooling, and the results further verify the self-
2

balancing mechanism and the slight benefit of adopting identical/
similar cells in one battery string.

The rest of the paper is organized as follows. In Section 2, a
battery string model, including an electric model, degradation
model, and thermal model, is introduced. In Section 3, analysis is
presented to show the dynamic behavior and impact of cell-to-cell
variations. Simulation results are provided in Section 4. Discussion
is given in Section 5. Conclusions are then drawn in Section 6.
2. Battery string modeling

Consider a battery string which consists of N cells connected in
parallel with different initial capacities, as shown in Fig. 1. One
voltage sensor, which measures the terminal voltage for all cells,
and one current sensor, which measures the total current, are used.
The individual current of each cell is unknown. We first investigate
the current distribution based on an electric model of the battery
string.
2.1. Electric model

The first-order equivalent circuit model (ECM), as shown in
Fig. 1, is used to represent the dynamics of an individual cell given
its simplicity and sufficient accuracy [21]. The ECM dynamics are
described as:

8><
>:

_vCj ¼ �1
tj
vCj þ

Rti
ti
ibj;

vb ¼ vOCj � Rsiibj � vCj;

j¼1; 2/N (1)

where vOC is the open circuit voltage (OCV), vb is the terminal
voltage, ib the cell current (positive for discharging and negative for
charging), Rs is the ohmic resistance, Rt, t, vC are the resistance, time
constant, and voltage of the RC pair, respectively, and j denotes the
cell number. The terminal voltage vb of each individual cell is the
same. The OCV-SoC curve is generally nonlinear within the entire
SoC region [22] but with a constant slope within the normal
operating range for most battery chemistries [23e25]. Therefore,
we use a linearized OCV-SoC relationship in our analysis which has
the expression of

vOCiðtÞ¼ a,SoCiðtÞ þ b (2)

where t is time, and a and b are the coefficients of the linearized
OCV-SoC function, which is assumed to be constant regardless of
temperature and degradation level. The influence of cell degrada-
tion on the OCV-SoC function will be further discussed in the
sequel. The SoC dynamic is given by Refs. [26]:
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SoCjðtÞ¼ SoCjð0Þ �
ðt
0

h

Qbj
ibjðtÞdt (3)

where Qb is the cell capacity and h is the charge/discharge effi-
ciency. Based on Eqs. (1)e(3), the state space representation of the
battery cell dynamics can be derived as:

"
_vOCj
_vCj

#
¼

2
64
0 0

0 � 1
tj

3
75,� vOCjvCj

�
þ

2
64

aj

Rtj
tj

3
75,ibj (4)

vb ¼ ½1 �1� ,
�
vOCj
vCj

�
�Rsj,ibj (5)

where aj ¼ � ah
Qbj
. The analysis in the next section will focus on a 2-

cell case, which is the simplest case, with the following dynamic
model:

_xs ¼A,xs þ B,
�
ib1
ib2

�
(6)

vb ¼C,xs þ D,
�
ib1
ib2

�
(7)

where
xs ¼ ½vOC1 vC1 vOC2 vC2�T ; A¼

2
666666664

0 0 0 0

0 � 1
t1

0 0

0 0 0 0

0 0 0 � 1
t2

3
777777775
; B¼

2
6666666664

a1 0

Rt1
t1

0

0 a2

0
Rt2
t2

3
7777777775
;

C¼ ½1 �1 0 0�; D¼ ½�Rs1 0�:
According to Kirchhoff’s laws, the relationship between the

battery string current ib (i.e., total current) and the individual cell
currents are given as

R ,

�
ib1
ib2

�
¼ E,xs þ F,Ib (8)

where

R¼
�

1 1
�Rs1 Rs2

�
; E ¼

�
0 0 0 0
�1 1 1 � 1

�
; F ¼

�
1
0

�
:

Based on Eq. (8), the current distribution can be determined as
follows

�
ib1
ib2

�
¼R�1E,xs þ R�1F,ib (9)

Finally, the entire electric model of the parallel battery string
can be presented.
3

_xs ¼
�
AþBR�1E

�
, xs þBR�1F,ib (10)

vb ¼
�
CþDR�1E

�
,xs þDR�1F,ib (11)

2.2. Degradation model

The capacity and other features of a lithium-ion battery change
over time, and this degradation process is characterized by an
approximately linear region and a highly nonlinear region [27]. The
linear region represents gradual decay due to the growth of solid
electrolyte interphase (SEI), while the highly nonlinear region
corresponds to fast decay at the end of battery lifetime with rapid
capacity drop and resistance rise [28], induced by a sharp rise in the
lithium plating rate [27]. In EV applications, the battery should be
replaced when the capacity drops to 80% of the initial capacity [29];
i.e., before the start of its nonlinear degradation. Therefore, in this
study, we focus only on the linear region. Wang et al. proposed a
battery degradation model considering the effects of time, tem-
perature, depth of charge, and discharge rate [31]. This model is
based on Arrhenius degradation:

Qloss ¼
Qnon � Qb

Qnon
¼Ae

�
�

EaþB,C Rate
RTb

�
ðAhÞz; (12)
where Qloss is the normalized capacity loss, Qnon is the nominal
capacity, A is the pre-exponential factor, Ea is the activation energy
(J), R is the gas constant (J/(mol $ K)), Tb is the absolute temperature
(K), Ah is the amp-hour-throughput, C_Rate is the charge/discharge
rate, z is the constant time factor indicating how the degradation
rate changes over time, and B is the compensation factor. Eq. (12)
can be expressed as a dynamic equation as follows:

Qlossðtþ 1Þ�QlossðtÞ¼DAhzA
1
ze

�
�

EaþB,C Rate
zRTb

�
QlossðtÞ

z�1
z ; (13)

where

DAh ¼
1

3600

ðtþ1

t

jibjdt:

Detailed information on the model discretization and experi-
mental validation are provided in Ref. [29]. The time factor z
directly determines the degradation characteristics. If z is less than
1, the battery degradation will slow down with time (i.e., convex
degradation curve). If z is equal to 1, the battery will age at a
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constant rate (i.e., linear degradation curve). If z is larger than 1, the
battery degradation will accelerate with time (i.e., concave degra-
dation curve). The comparison of different degradation character-
istics is shown in Fig. 2.

It is widely acknowledged that the capacity loss of Li-ion bat-
teries typically is convex regardless of the cathode chemistry
[29,30]. Lithium iron phosphate (LFP) LiFePO4 batteries with
different capacities have been extensively investigated in the
literature [29e32]. In addition, lithium nickel-cobalt-manganese
(NCM) oxide and lithium manganese oxide (LMO) have also
been investigated and show convex degradation characteristics
[27]. Cell aging is mainly dominated by the anode, and is ascribed
to the growth of the SEI on the anode graphite surface. The rate of
SEI growth depends on the rate of ethylene carbonate diffusion
across the SEI film, which is fast at the beginning when the film is
thin, and gradually levels out as the film thickens, leading to a
convex shape of the capacity loss (i.e., z < 1). Note that when the
battery reaches end-of-life, its degradation rate will significantly
increase and the degradation curve will be concave [27]. However,
this paper only focuses on the cell-to-cell variation in the normal
lifetime of battery, so the concave degradation curve will not be
considered.
2.3. Thermal model

As shown in Eq. (13), temperature also influences the battery
degradation rate. Therefore, a thermal model of a battery cell is
used in this study. A simplified heat generation model, considering
joule heat and reaction heat, is given below [33]:

_qbj ¼ ibj
�
vOCj � vbj

�
þ ibjTbj

vvOCj
vTbj

; (14)

where _qb is the heat generation rate. The reaction heat is deter-
mined by the cell current and the effective entropic potential (i.e.,
vvOCj=vTbj), which is strongly influenced by SoC. Considering heat
dissipation, the complete thermal model of battery cell can be
described as
4

CbjTbjðkþ1Þ¼ TbjðkÞ þ
 

_qbj � hbj
�
Tbj � Tcj

�!
Ts; (15)

where Ts is the sampling time, Cbj is the thermal capacity of the
battery cell, hbj is the heat transfer coefficient, and Tcj is the coolant
temperature for the jth cell. Note that the cell temperature depends
on both heat generation and heat removal. The heat removal of
different cells varies with hb and Tc, which are dictated by the
cooling structure. Therefore, the parameters hbj and Tcj are difficult
to characterize, and are very dependent on pack design [34].

The thermal model shown in Eqs. (14) and (15) will be used in
this study; however, we point out that the optimal temperature of
the battery cell depends upon the chemistry and the load cycle
characteristics [35]. Given that the optimal temperature can vary
over a wide range (i.e., ~10 �C to > 30 �C) [35,36], it is difficult to
address how the increasing temperature influences battery
degradation for different chemistries. As a result, the temperature
gradient in the battery string should be considered as an inde-
pendent topic. In the analysis in Section 3 the temperature varia-
tion is not considered, given cooling structures in practical
applications vary substantially, while the heat generation rates of
different cells are analyzed.

3. Theoretical analysis

In this section, the current imbalance and cell-to-cell variations
in SoC, heat generation, and degradation rate are analyzed based on
the thermal electric agingmodel introduced in Section 2. A two-cell
case is chosen at first to simplify the analysis. We consider two cells
with different initial capacities, and assume that cell #1 has a lower
capacity than cell #2 due to degradation, namely:�
Qb1 þ Qb2 ¼ Qbs;
Qb2 ¼ c,Qb1;

(16)

where Qbs is the total capacity of two cells and c is the capacity ratio
between two cells (i.e., c > 1). This analysis applies to two cells with
different capacities, regardless of total capacity and capacity ratio.
In addition, while the cell resistance is influenced by many factors
such as temperature and SoC, it significantly increases with
degradation [37]. For example, the ohmic resistance of a lithium-
ion battery cell can increase by more than 200% when the cell ca-
pacity degrades to 85% of the initial value at 25 �C [38]. Therefore,
both the ohmic resistance Rs and the diffusion resistance Rt are
assumed to increase more quickly than degradation in this paper,
i.e.:

Rsj ¼ ε

 
Q0

Qbj

!l

Rs0;

Rtj ¼ ε

 
Q0

Qbj

!l

Rt0;

(17)

where both ε and l are constant coefficients (ε > 1, l � 1), Q0 is the
nominal capacity, and Rs0 and Rt0 are the nominal ohmic resistance
and diffusion resistance corresponding to the fresh cell, respec-
tively. As shown in Eq. (17), the battery resistance is assumed to
exponentially increase with degradation. This is a general form
describing the resistance increase and can be fitted to actual data.
Note that the influence of temperature is not quantitatively
considered in the analysis, for reasons mentioned in Section 2.3.
Furthermore, the OCV-SoC relationship is assumed to be constant
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with respect to degradation, as verified in many existing studies
[39e43].

3.1. Current imbalance

When two battery cells have been connected in parallel after a
long standing period, the following initial conditions are achieved:

vC1ð0Þ ¼ vC2ð0Þ ¼ 0;
vOC1ð0Þ ¼ vOC2ð0Þ ¼ vbð0Þ;
SoC1ð0Þ ¼ SoC2ð0Þ:

(18)

Note that when OCV does not degrade with the decreasing cell
capacity, the cell voltage after equilibrationwill be in the acceptable
range as long as all individual voltages are normal. However, when
there is significant degradation in OCV, the voltage of lower-
capacity cell in high SoC range may be above its maximum
voltage after equilibration. Similarly, the voltage of higher-capacity
cell in low SoC range may be below its minimum voltage after
equilibration. This issue will be further elaborated in Section 5. To
better understand the uneven distributions of cell current, heat
generation, and SoC variation, analysis is conducted in the fre-
quency domain. Consider a current ib flows into the battery string.
The following relationships can be obtained based on the circuit
shown in Fig. 1.

Ib1ðsÞ þ Ib2ðsÞ ¼ IbðsÞ;
VbðsÞ ¼ VOC1ðsÞ � Z1ðsÞIb1ðsÞ

¼ VOC2ðsÞ � Z2ðsÞIb2ðsÞ;
(19)

where

Z1ðsÞ ¼
�
Rs1 þ

Rt1
1þ st1

�
;

Z2ðsÞ ¼
�
Rs2 þ

Rt2
1þ st2

�
;

and s is Laplace variable and Z1(s)

and Z2(s) are the cell impedances. Note that in this section OCV-SoC
relationship is assumed to be constant and the time constants of
different cells (i.e., t1 and t2) are assumed to be same. Therefore,
based on Eqs. (2) and (3) we have

VOC1ðsÞ ¼ a
�
SoC1ð0Þ

s
� h

sQb1
Ib1ðsÞ

�
þ b;

VOC2ðsÞ ¼ a
�
SoC2ð0Þ

s
� h

sQb2
Ib2ðsÞ

�
þ b:

(20)

According to Eqs. (16)e(20), the current distribution in the
frequency domain can be derived as

Ib1ðsÞ ¼
Z2ðsÞ þ

ah
sQb2

ð1þ clÞZ2ðsÞ þ ð1þ cÞ ah
sQb2

;

Ib2ðsÞ ¼
clZ2ðsÞ þ c

ah
sQb2

ð1þ clÞZ2ðsÞ þ ð1þ cÞ ah
sQb2

:

(21)

This shows that the current of the higher-capacity cell ib2 is
larger and the resistance ratio (i.e., Rs2/Rs1 ¼ c-l) significantly in-
fluences the transient response of current distribution (i.e., s/∞),
while the capacity ratio (i.e., Qb2/Qb1 ¼ c) dominates the steady-
state response of current distribution (i.e., s/0). If the current
profile contains high-frequency content the current distribution
mainly depends on the cell resistance since the ohmic resistance
dominates the high-frequency voltage response of the battery cell
[22]. In addition, given that l � 1, the following relationship on the
amplitudes of individual cell currents can be given by
5

jib2ðjuÞj � cjib1ðjuÞj: (22)

The joule heat, which generally dominates the heat generation
[44], is also analyzed for different cells. Based on Eqs. (17) and (22),
the uneven joule heat generation within the battery string can be
shown as

_qb2 ¼Re½z2ðjuÞ�jib2ðjuÞj2 �
c2

cl
Re½z1ðjuÞ�jib1ðjuÞj2 ¼

c2

cl
_qb1: (23)

This shows that if l < 2, the higher-capacity cell will always
generate more heat since _qb2ðtÞ = _qb1ðtÞ � cð2�lÞ >1. However, if
l � 2, the lower-capacity cell may generate more heat due to its
high resistance. However, when the current contains significant
high-frequency components, the current is distributed according to
the cell resistances (i.e., ib2=ib1zcl), as mentioned above. Hence,
the higher-capacity cell will generate more heat as
_qb2ðtÞ= _qb1ðtÞzcl >1, and the higher-capacity cell will have a higher
temperature when the cooling conditions for the two cells are the
same.

Incorporating Eqs. (3) and (21), the SoC variations of two cells
can be derived as:

DSoC1ðsÞ ¼
cZ2ðsÞ þ c

ah
sQb2

ð1þ clÞZ2ðsÞ þ ð1þ cÞ ah
sQb2

ah
sQb2

;

DSoC2ðsÞ ¼
clZ2ðsÞ þ c

ah
sQb2

ð1þ clÞZ2ðsÞ þ ð1þ cÞ ah
sQb2

ah
sQb2

:

(24)

Therefore, when l > 1, the SoC variation of higher-capacity cell
(DSoC2) is larger than that of the lower-capacity cell (DSoC1). Since
they have the same initial SoC, the higher-capacity cell is more
vulnerable to over-discharge and over-charge. However, when
appropriate control algorithm is used, the upper and lower voltages
can be imposed as controls and therefore the potential over-charge
and over-discharge can be avoided. The complexity of the control
algorithm depends on how significant the degradation in OCV is.
When l ¼ 1, the battery cells have the same SoC (i.e., SoC1 ¼ SoC2),
as the current is always distributed according to the cell capacities
(i.e., Qb2=Qb1 ¼ ib2=ib1 ¼ c).
3.2. Cell-to-cell variation of degradation

The temperatures of the two cells are assumed to be the same to
simplify the analysis. Based on the degradationmodel (see Eq. (13)),
the degradation rates of different cells and the corresponding ratio
can be derived as:

8>>>>>>>>>>><
>>>>>>>>>>>:

Qloss1 ¼ jib1jTszA
1
ze

�

0
BB@Ea�B,

jib1j
Qb1

zRTb

1
CCA�

1� Qb1
Q0

�z�1
z

;

Qloss2 ¼ jib2jTszA
1
ze

�

0
BB@Ea�B,

jib2j
Qb2

zRTb

1
CCA�

1� Qb2
Q0

�z�1
z

;

(25)
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Qloss1
Qloss2

¼ jib1j
jib2j

e

0
BB@Ea�B,

jib2j
Qb2

zRTb

1
CCA�

0
BB@Ea�B,

jib1j
Qb1

zRTb

1
CCA�

Q0 � Qb1
Q0 � cQb1

�z�1
z

: (26)

Since generally Ea » B > R > 0 [11], it can be verified that, when
z � 1, Qloss1=Qloss2 <1, meaning that the higher-capacity cell (i.e.,
cell #2) has a higher degradation ratewhen compared to the lower-
capacity cell (i.e., cell #1). Therefore, the cell-to-cell variation of
capacity will decrease over time, and it is verified that battery cells
with non-concave (i.e., z � 1) degradation characteristics have a
self-balancing mechanism (i.e., the capacities converge over time
without control efforts) when they are connected in parallel. We
point out that, even when the battery cell has a concave degrada-
tion curve (i.e., z > 1), the self-balancing mechanism may also be
preserved, but it depends on how concave the degradation curve is
(i.e., the value of z). Specifically, given the same current, the cell will
have less, same, and more degradation via aging when the degra-
dation curve is convex, linear, and concave, respectively. In addi-
tion, the lower-capacity cell in a parallel battery string has less
current given its larger resistance. As a result, the cell-to-cell vari-
ation will converge to 0 for parallel-connected cells with non-
concave degradation curves.

The temperature distribution is assumed to be homogeneous in
the above analysis. Note that in practical applications, it is chal-
lenging to keep all temperatures same. But it is reasonable to as-
sume similar cooling conditions for different cells as the cooling
system is generally designed for this purpose. As illustrated in
vDQtot

vQvar
¼ �vQloss1

vQb1
þ vQloss2

vQb2

¼ vjib2j
vQb2

TszA
1
ze

�

0
BB@Ea�B,

jib2j
Qb2

zRTb

1
CCA�

1� Qb2
Q0

�z�1
z

� vjib1j
vQb1

TszA
1
ze

�

0
BB@Ea�B,

jib1j
Qb1

zRTb

1
CCA�

1� Qb1
Q0

�z�1
z

þjib2jTszA
1
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(30)
Section 3.1, a higher-capacity cell will have a higher temperature
due to its higher current, assuming the cooling conditions of
different cells are the same. The battery resistance will decrease
with the increasing temperature [29]. Therefore, current imbalance
is enhanced by the higher temperature of the higher-capacity cell,
and will induce a faster convergence of cell-to-cell variation. All
conclusions derived from above analysis are still valid. Note that the
battery degradation model shown in Section 2.2 adopts the
normalized C rate rather than the absolute of current, and the in-
crease in temperature (not current) of the higher-capacity cell will
be the main reason for speeding up the self-balancing process.
6

Currently, battery manufacturers make massive efforts to keep
the individual cells consistent and ensure that vehicle manufac-
turers can assemble battery packs with uniform cells. But the
benefit of doing so is not obvious; therefore, the impact of cell-to-
cell variation on pack aging is quantified in this study. Based on Eq.
(16), the capacity variation Qvar can be defined as:

Qvar ¼Qb2 � Qb1
2

(27)

And we have

Qvar ¼Qbs
2

� Qb1 ¼ Qb2 �
Qbs
2

(28)

Given a constant current ib, the total degradation of the battery
string during one sampling period can be formulated as

DQtot¼
X2
i¼1
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with Qb12

�
0;

Qbs
2

�

(29)

where DQtot is the total degradation of battery string. The rela-
tionship between cell-to-cell variation and total degradation of the
battery string can be obtained based on Eqs. (28) and (29). Then the
impact of cell-to-cell variation can be quantified by differentiating
Eq. (29) as follows
It can be proven that, when z � 1, the first and second terms of
the expression are positive, while the third term depends on the
value of l, indicating the characteristics of the resistance-
degradation curve. Specifically, when l ¼ 1, the resistance in-
creases linearly with degradation and it can be proven that the
third term in Eq. (30) is 0. As a result, we can prove vDQtot=vQvar >0,
meaning that a cell-to-cell variation will increase the total degra-
dation of the battery string and therefore there is a benefit to
assemble the cells with the same capacity in one string. Even
though l ¼ 1 is a special case, the analysis presented in Ref. [28]
found that the battery resistance increases “linearly” (i.e., l z 1) in



Table 1
Simulation parameters.

Parameter Value

Cell nominal capacity (Ah) 60
Cell ohmic resistance Rs (mU) ~1
Cell diffusion resistance Rt (mU) ~1
Cell time constant t (s) 4
OCV-SoC ratio a (mV/%) ~1.5
Pre-exponential factor A 0.0032
Compensation factor B 1516
Activation energy Ea (J) 15162
Time factor z 0.824
Gas constant R (J/(mol $ K)) 8.314
Cell thermal capacity Cb (J/K) 2300
Heat transfer coefficient hb (W/K) 5
Ambient temperature (�C) 25
Constant coefficient ε 1.2
Constant coefficient l 2
Constant coefficient h 0.99
Sampling time (s) 30
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the normal operation range before the highly nonlinear region near
end-of-life. However, when l > 1 the resistance increases convexly
with degradation, and so the third term depends on the total cur-
rent and the battery parameters (could be positive, negative, or 0).
In this case vDQtot=vQvar >0 may be preserved but is difficult to be
rigorously proven.

Based on the above analysis, two remarks can be given.

Remark 1. When the cell has convex or linear degradation char-
acteristics, cell-to-cell variationwithin parallel-connected cells will
naturally decrease (i.e., self-balancing). The convergence acceler-
ates with a more linear cell degradation curve (i.e., z approaches to
1).

Remark 2. The total degradation of the battery string is mini-
mized when the same cells (i.e., no cell-to-cell variation) are
adopted.

4. Simulation results

To further verify the insights given in Section 3, a simulation is
conducted considering battery strings including more cells (i.e.,
5 cells in one string). 60 A h LiFePO4 cells are used in the simulation;
detailed information on this cell is given in Refs. [11,29]. It is
assumed that all cells have the same cooling condition (i.e., the
same heat transfer coefficient), and the ambient temperature (i.e.,
the initial temperature of the cells) is 25 �C. The relationship be-
tween temperature and cell resistance is quantified as�
Rsi ¼ ½1� hðTbi � Tb0Þ�Rs0;
Rti ¼ ½1� hðTbi � Tb0Þ�Rt0; (31)

where Tb0 is the temperature at which the baseline resistance is
calibrated, and h is a constant coefficient which is positive as the
battery resistance decreases with the increasing temperature. The
Table 2
Three battery strings considered in simulation.

String #1 String #2 String #3

Cell #1 (Ah) 60.44560 59.53430 58.68382
Cell #2 (Ah) 60.14180 58.92680 58.68382
Cell #3 (Ah) 58.92680 58.92680 58.68382
Cell #4 (Ah) 57.10430 58.31930 58.68382
Cell #5 (Ah) 56.80060 57.71180 58.68382
Total capacity (Ah) 293.4191 293.4191 293.4191
Capacity variation (Ah2) 2.8324 0.4798 0
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specifications for the simulation are listed in Table 1. Note that the
adopted battery cell has a convex degradation curve since z < 1.

An electric model achieved by discretizing Eqs. (6) and (7), the
aging model shown in Eq. (3), and the thermal model shown in Eq.
(15) are used in the simulation. Given that battery degradation is a
long-term process, the sampling time is set to 30s in the simulation
without losing accuracy. We point out that in general one does not
cycle a LiFePO4 battery at high current, as it will induce significant
degradation. However, in this simulation the battery string is dis-
charging and charging repeatedly at a 6C rate with an initial SoC of
60% to expedite the degradation. We point out that this is the
accelerated aging test andwill not occur in practical EV applications
where the maximum battery current is below 2C [39]. As the bat-
tery degradation is a long-term issue, there is a trade-off between
simulation time and accuracy. When the current is increased to 6C,
the simulation time can be significantly reduced, which is the main
consideration of this study to use aggressive current profile to
speed up the simulation process. When the current profile changes,
the degradation processes of different cells will change accordingly,
but all conclusions in the following analysis will be preserved. We
point out that the adopted current profile will not make battery
violate any operation constraint. Three battery strings with the
same total capacity and different capacity variations are consid-
ered, as listed in Table 2, to investigate the cell-to-cell convergence
and its impact on total degradation of battery strings. The capacity
variation among different cells is defined as:

Qsv ¼ 1
N � 1

XN
i¼1

"
Qbi �

1
N

XN
i¼1

ðQbiÞ
#2

; (32)

where Qsv denotes the capacity variation (Ah2) and N is the cell
number (i.e., 5). Based on the thermal electric aging model intro-
duced in Section 2, the simulation for string #1 is conducted under
the current profile shown in Fig. 3. The current amplitude decreases
with battery aging to achieve a constant C rate.

As shown in Fig. 4(a), the higher-capacity cells (i.e., cell #1 and
cell #2) degrade faster than the lower-capacity cells (e.g., cell #5).
As a result, the cell-to-cell variation almost converges to 0 after
300 h of operation, as shown in Fig. 4(b). Therefore the analysis of
the convergence of cell-to-cell variation provided in Section 3.2 is
verified. In addition, under the same cooling conditions, the higher-
capacity cells have a higher temperature initially due to their larger
currents. With the decreasing cell-to-cell variation, the current is
distributed more evenly, and therefore the temperatures of
different cells converge to the same value ultimately, as shown in
Fig. 4(c). The SoC of the higher-capacity cells vary over a wider
range when compared to the lower-capacity cells, as shown in
Fig. 4(d). The higher-capacity cells are discharged and charged
more quickly than the lower-capacity cells, as shown in Eq. (22).
Since the SoC trajectories are periodic, only a small fraction of them
are presented. In this paper, a powerful cooling system is incor-
porated in the simulation to control the battery temperature under
this aggressive current profile, which is chosen to reduce the
simulation time. The strong cooling system indicates a lower
temperature of coolant or a higher flow rate of coolant, which can
increase the heat transfer between cells and coolant. We point out
that in practical applications the strong cooling system may not
exist. But all conclusions, obtained by the analytical investigation in
Section 3, will preserve regardless of the current profile and the
cooling capacity. The numerical analysis in this section is conducted
to further verify the above findings.

Note that the current circumfluence may exist among different
cells after testing and this was not considered in this paper. As
shown in Fig. 4(d), the SoC difference among cells during testing is



Fig. 3. The current profile for battery cycling.

Fig. 4. Simulation results for string #1.
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below 3%, which will not cause significant OCV difference (i.e., less
than 10 mV) as the OCV-SoC curve is flat. Therefore, the current
circumfluence among cells will be no more than 5 A (i.e., 1/12C). In
addition, the current circumfluence will not last long after testing.
As a result, when compared to the testing current (i.e., 6C), the
influence of current circumfluence on variation progression can be
neglected.

Another battery string with smaller initial variation (i.e., string
#2) is also investigated. As shown in Fig. 5, the capacities of the
8

different cells converge to the same value and the cell-to-cell
variation converges to 0 after around 300 h. Note that conver-
gence will take longer in actual applications since the current will
likely be much less than that of the simulations. To evaluate the
influence of cell-to-cell variation on the total degradation of the
battery string, string #3 including consistent cells is also consid-
ered. These 3 battery strings, which have the same total capacity
and different initial cell-to-cell variations, are compared under the
500-h cycling simulation. The total degradation values of three



Fig. 5. Simulation results for string #2.

Fig. 6. Effects of z on capacities convergence.

Fig. 7. The OCV-SoC curves of the studied LiFePO4 cell under different SoH and
temperatures.

Fig. 8. The degradation of OCV.
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battery strings are 55.3746 A h, 54.8107 A h, and 54.6980 A h,
respectively. It shows that the battery string including consistent
cells has less total degradationwhen compared to the battery string
with cell-to-cell variation, though the benefit is not significant.

Asmentioned in the prequel, the cell degradation characteristics
significantly influence the progression of cell-to-cell variation.
Therefore, the variation progression of string #1 is evaluated for
different z values. First, z is increased from 0.824 to 0.99 so the cell
degradation curve is more linear. Based on Eq. (26), the cell-to-cell
variation will diminish faster with increasing z. This is also verified
in the simulation, as shown in Fig. 6. The convergence time of the
cell-to-cell variation decreases from ~300 h to ~100 h. On the other
hand, convergence takes longer when z is decreased from 0.824 to
0.5. Based on above analysis and simulation results, we point out
that for the battery aging management, consistent cells (i.e., small
initial cell-to-cell variation) should be selected for series-connected
cells, which should be carefully monitored and controlled in real-
time applications. The battery management system should ensure
similar degradation rates for all cells. In contrast, the cells con-
nected in parallel can tolerate some initial variations due to the self-
9
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balancing mechanism and they cannot be monitored and
controlled as there is no controllability.

5. Discussion

5.1. The influence of OCV degradation

In the above analysis, the OCV-SoC curves are assumed to be
fixed regardless of temperatures and cell degradation levels. For the
studied LiFePO4 cell, there is no significant change in the OCV-SoC
curve when the cell ages under different temperatures, as shown in
Fig. 7. Even though the OCV at 70% SoC reduces when the cell SoH
drops from 100% to 93%, no significant reduction is found
afterwards.

Fixed OCV-SoC curves are extensively found for LiFePO4 and
NCM cells [40e44]. However, a fixed OCV-SoC curve is not guar-
anteed for all batteries. For example, the decreasing OCV curves are
found for LiFePO4 cell in Ref. [45] and NCM cell in Ref. [46]. A
decreasing OCV-SoC curve (i.e., OCV decreases with degradation) is
depicted in Fig. 8. We point out that, as long as the OCV-SoC curves
can be linearized, which is generally true for LiFePO4 cells, and have
the same slopes for the fresh and lower-capacity cells, the provided
analysis is valid. For cells with significant nonlinearity and degra-
dation in the OCV-SoC curve, it is difficult to directly generalize the
conclusions drawn in this paper.

5.2. Uneven cooling conditions

The cooling condition for different cells is assumed to be same in
this paper; however, this is almost impossible to achieve in prac-
tical applications. As long as the cooling conditions for different
cells are not significantly different, the conclusions drawn in this
paper are still valid. And it is desirable to ensure similar cooling
conditions for different cells to suppress uneven temperature dis-
tributions, which can significantly increase the cell-to-cell variation
[5,19].

If some cells are located at a “hotspot” and have much higher
temperatures than the other cells, the hot cells will degrade much
faster and reach their end of life much earlier. The reasons are 1) the
high temperature will induce low resistance and therefore high
current, which will significantly increase the degradation; 2) the
high temperature also directly increases the degradation [29]. The
cooling system design for battery modules is therefore of critical
importance; however, this is a separate topic, which will not be
covered in this paper.

6. Conclusion

In this paper, the cell-to-cell variation of capacity among
parallel-connected battery cells is studied. To investigate the pro-
gression of capacity variation, an electric aging model is proposed
and analysis is provided. It shows that the progression of cell-to-
cell variation highly depends on the cell degradation characteris-
tics. Specifically, when a similar cooling condition can be guaran-
teed within the battery string, the variation will decrease for cells
with convex or linear degradation curves (i.e., the most common
ones), meaning that parallel-connected cells have a self-balancing
mechanism. In addition, when compared to the battery strings
with the same total capacity (i.e., no variation), an initial variation
slightly increases the total degradation of the battery string. The
higher-capacity cell has a wider SoC trajectory and higher tem-
perature due to higher losses. Simulation results further verify the
self-balancing mechanism.

In future work, the lab-level experiment will be conducted to
further validate how the cell-to-cell variation progresses within
10
parallel-connected cells. In addition, cell-to-cell variations due to
different cooling conditions will be considered, and typical cooling
structures will be studied to further investigate the progression of
cell-to-cell variation.
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