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Abstract—The battery module of parallel-connected lithium-
ion cells is extensively applied in electric vehicles to satisfy the
capacity and power capability. However, the performance of the
module is influenced by the interconnect resistances and the
position of its current collector. An equivalent circuit simulation
model is developed and validated by pulse discharge tests.
Based on the model, a module of five cells connected in
parallel is established, including interconnect resistances.
Then the effect of interconnect resistances and different
positions of module current collector in parallel-
connected cells is tested and discussed by the simulation.
Results indicate that the interconnect resistances lead to
inhomogeneous currents, and the cell directly connected
to the module current collector appears the highest
current. That is, the farther the cell is away from the
module current collector, the lower current is. The cause
are clarified from an angle of the currents through
interconnect resistances. Therefore, in order to prolong
the module lifetime, the interconnect resistance should be
as small as possible, and the module current collector
should not be connected with the edge single cell.
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I. INTRODUCTION

Electric Vehicles (EVs) receive increasing attentions in
recent years, which lead to the decarbonization of the Light
Duty Vehicle fleet [1, 2]. In EVs, Lithium-ion batteries (LIB)
have been extensively applied in energy storage system due to
their outstanding characteristics of small size, high energy
density and long cycle life [3, 4]. In application, the battery
module always consists of several relatively small battery
cells in parallel to satisfy the required capacity and power in
EVs, like Tesla Model S BMW E-Mini and Jaguar I-pace
released in 2018. However, the module with parallel-
connected cells is very sensitive to cell-to-cell parameter
variations, a position of module current collector and
interconnect resistances between parallel-connected cells,
which all lead to pronounced current and state of charge (SOC)
inhomogeneities [5, 6]. This not only affects the capacity of
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the module, but also causes early degradation of battery and
potential safety issues [7].

In most of relevant literatures, the model simulation and
experimental methods were adopted to examine the parallel-
connected cells with different cell parameters (such as
resistance and capacity) [8-13]. Therefore, there were the
abundant phenomena of inhomogeneous current and SOC
distributions within the parallel-connected cells. However,
previous studies seldom focused on the influence of the
interconnect resistances and the position of current collector
on a battery module performance. Offer al. [14] concluded that
single high inter-cell contact resistance caused currents to
flow unevenly within the module, and led to cells being
unequally worked by a simulated model. Then Wang al. [15]
simulated the effect of inter-cell connecting plate resistance on
the battery module performance. Simulation results indicated
that the plate resistance caused unevenly current flow. Most
recently, Griin al. [16] varied the cell internal resistance, the
current collector resistance and the topology of the circuitry to
determine the influence of each of these parameters on the
current distribution by the simulation. In summary, the
simulation is an important and effective approach to study the
performance of a module with parallel-connected cells.

Following the latest perspective, this paper firstly develops
an equivalent circuit simulation model. Then based on the
model, a module of five cells connected in parallel is
established, including interconnect resistances. Moreover, the
influences of interconnect resistances and different positions
of module current collector in parallel-connected cells is
tested and discussed by the simulation. Finally, a conclusion
is presented.

II. MODEL DEVELOPMENT

A. Battery cell model

The equivalent circuit model (ECM) is widely used due to
its relative simplicity, ease of parameterization and real-time
feasibility [17, 18]. In this paper, the developed single cell
ECM consists of several elements, as shown in Fig. 1: the open
circuit voltage (OCV) Uoc, ohmic internal resistance Ro and
two resistor-capacitor (RC) pairs, each of which is a resistor
and capacitor in parallel. This is the best tradeoff between
accuracy and complexity [17].
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Fig. 1. Equivalent Circuit Model

The equation group Eq. (3) is obtained from Fig. 1 by
using Kirchhoff's laws, where 7 is the given current, Ur is the
terminal voltage and the voltage of both of the RC pairs is Ui,
and Uy respectively. The critical parameters, Uoc, Ry, R;s and
Cy, are related to SOC and current in a constant-temperature
application (ignoring temperature effects) [18]. Therefore,
tables can quantitatively describe the relationship of SOC and
current on these parameters, which need to be pre-established
and pre-calibrated by experiments.
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B. Identification and validation of model parameters

To establish the above mentioned tables, pulse power tests
are carried out with 18650-format LiFePOy4 battery cells on a
test bench. In a pulse test, there are 4 pairs of 60 second
charging and discharging pulses at increasing magnitudes and
scaled relative to the maximum current rate of the cell (0.2 C,
0.5C, 1C, 2 C), followed by a 30 min rest. The pulse test is
repeated at different SOCs to capture the parameters variation
across the SOC range.

Fig. 2 shows a magnified view of one discharge pulse. The
transient response is characterized by two RC pairs in Fig. 2,
which are responsible for short- and long-time constants of the
step response, shown by the four circles in Fig. 2. By
analyzing the testing data, it is found that the response of a
pulse process is obviously different with a resting process,
shown by the four circles in Fig. 2. And the time constant of
the resting process is greater than that of the pulse process.
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Fig. 2. The transient voltage characteristics of lithium battery

To fit the measurement data, the parameters of the ECM

are adjusted with the pattern search optimization algorithm in
the program Matlab, such as a Recursive Least Squares
algorithm [17]. Then the identified model parameters at
different SOCs and processes are shown in Fig. 3.
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Fig. 3. Parameter identification results at different SOC: (a-b) the
resistances and capacitances in the pulse process; (c-d) the resistances and
capacitances in the resting process.

The nonlinear relation between the OCV and SOC is very
important to be included in the model. A voltage-controlled
voltage source Uoc is used to represent the relation, which is
defined by a table that depends on the SOC in this paper. The
OCV is normally measured as the steady-state terminal
voltage at different SOCs. However, this measurement can
take days for all SOCs. A pseudo OCV-SOC curve is obtained
by discharging and charging each cell at C/25, which can save
time. In this paper, a pseudo and resting OCV-SOC curve are
combined to realize a precision OCV-SOC table. Fig. 4 gives
the intuitive idea that it can be divided into several linear
regions. Firstly, the derivative of the pseudo OCV-SOC versus
should be obtained. Then the first and the second derivative of
the pseudo OCV-SOC versus are used to find out the proper
finite linear segments for the VOC-SOC table. At last, the
OCV-SOC versus is obtained by each 2h rest at the segment
points of SOC.
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Fig. 4. OCV piecewise linear curve



C. Model validation

According to the above tables and data, an ECM of a single
cell is built with the Matlab. Multiple discharge pulses test
profile is employed to exercise the 18650-format LiFePO4

cell (capacity is 1.5Ah) for verifying the accuracy of the model.

Fig. 5 shows the comparison of cell current, SOC, voltage and
the differences between the simulation and the experiment.
The simulation results agree well with the experimental data,
and the maximum difference is within 1%.
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Fig. 5. Pulse discharge curves of battery simulation model

III. EFFECT OF INTERCONNECT RESISTANCES AND DIFFERENT
POSITIONS OF MODULE CURRENT COLLECTOR IN PARALLEL-
CONNECTED CELLS

Using the example of five cells connected in parallel as
shown in Fig. 6 (a), the connecting plate is made of Nickel-
plated steel due to its corrosion resistance, high mechanical
stability, and good weld ability. The area of connecting plate
between two adjacent cells is 20 X 7 mm? , with the thickness
of 0.2mm. Then its resistance is about 1.2mQ (Rinter = 1.2mQ)
by calculation.

A. Different positions of module current collector

In Fig. 6 (b), the solid (P1) and dotted (P2) lines show the
module current collector are connected with the 5th cell and

the 3th cell, respectively. In Fig. 6 (c), the solid (P3) lines
show that the positive terminal and negative terminal of
module current collector are connected with the first cell
positive terminal and the 5th battery cell negative terminal,
respectively. Similarly, the dotted (P4) lines show that the
terminals of module current collector are connected with the
second and 4th cell, respectively.
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Fig. 6. (a) Five cells connected in parallel; (b-c) the different positons of of
module current collector.

B. Simulation

The ECM (in section 2) is assembled with the integrated
cell model by the above interconnect resistances. The cells are
labeled from celll (first) to cell5 (5th), from the left in the
battery module as shown in Fig. 6. The constant current (CC)
discharge is used with 1C. Four different positions (P1, P2, P3
and P4) of module current collector with Riner = 1.2mQ are
tested by the simulation, as shown in Fig. 7.
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Fig. 7. Currents with different positions (P1, P2, P3 and P4) of module
current collector



C. Discussion

According to Fig. 7, remarkable different currents are
observed within the parallel-connected cells. The cell directly
connected to the module current collector appears the highest
current. The farther cell is away from the module current
collector, the lower current is. Therefore, the differences
among the cell currents are the lowest in P4.

In order to analyze the reasons, the current through the ith
interconnect resistance I; can be calculated by Eq. 2,
depending on the topology, as shown in Fig. 8 (in P1).

A T (P

where J; is the current through the jth cell with Zj I,=5C.

However, in P2 of Fig. 8, I.; is calculated by Eq. 3. Obviously,
the highest differences of current in Eq. 2 is higher than Eq. 3,
which is consistent with the Fig. 7 (a) and Fig. 7 (b). There is
similar situation in P3 and P4 of Fig. 7.
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Fig. 8. the representative module for calculation currents.
The inhomogeneous currents can cause different

degradation levels of the parallel-connected cells. However, in
application, the module of parallel-connected cells is always
treated as a unit. Therefore, in order to reduce the
inhomogeneous currents, not only the interconnect resistance
should be as small as possible, but also the module current
collector should not be connected with the edge single cell.

IV. CONCLUSION

The CC discharge tests show that the impact of the
interconnect resistance and the position of the module current
collector on the performance of parallel-connected cells
cannot be neglected. Thus their influences on the module
performance is discussed by the simulation.

First of all, an EMC is developed with Matlab platform.
The parameters of the EMC is identified, which is described
by tables. This proposed model is validated by multiple
discharge pulses test. The simulation results agree well with
the experimental data.

Moreover, based on the model, the effect of interconnect
resistances and different positions of module current collector
in parallel-connected cells is discussed by simulating. Results
indicate that the cell directly connected to the module current
collector appears the higher current. And the farther the cell is
away from the module current collector, the lower current is.

Finally, in order to reduce the inhomogeneous currents, the
interconnect resistance should be as small as possible, and the
module current collector should not be connected with the
edge single cell.
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