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The often-observed current distribution between parallel-connected lithium-ion cells within battery modules is probably evoked by
the properties of the connection, inhomogeneous contact and power line resistances, the impedance behavior of single cells and
of the DoD. The extent to which each of the contributors and the interaction between them affects the current distribution within the
battery module is crucial to improve the system’s efficiency, which is investigated here via various electrically cross-linked,
physicochemical-thermal simulations with variable system terminal (ST). Consequently, cross-connectors balance the system and
reduce DoD shifts between cells. Furthermore, if one compares ST-side and ST-cross, the position of the ST is negligible for
topologies that incorporate at least two cells in serial and parallel. Depending on the ST configuration, point and axis symmetry
patterns appear for the current distribution. Compared to welding seam and cross-connector resistances, the string connector
resistance dominates the current distribution. Like the behavior of a single cell, the system’s rate capability shows a non-linear
decrease with increasing C-rate under constant current discharge. As a recommendation for the assembly of battery modules using
multiple lithium-ion cells, the position of the ST is of minor importance compared to the presence of cross-connectors and low-
resistance string connectors.
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Range anxiety is named as one of the leading reasons why people
buy conventional cars instead of battery electric vehicles (BEVs).! At
same system voltage, an increase in range can be achieved by both
higher cell capacities and parallel connection of the cells. As cells with
sufficient capacity still lack market maturity, parallel connection is
currently the remaining alternative.”> However, parallel connection of
cells often leads to inhomogeneous current distributions. An inhomo-
geneous current distribution can be caused by different reasons. Thus,
cell-related causes such as the cell chemistry,®” deviations in
resistance and capacity,®'> or different temperature behavior'*™'®
influence the current distribution. Furthermore, the load profile>'” and
system-related influences such as the connection properties''*'? have
to be taken into account. Therefore, the focus of this paper is on
system-related influences and load profiles.

System-related deviations can be caused by the choice of the
system terminal (ST), the internal circuit design of the serial and
parallel connection of the cells, or a variation of different contact
resistances. Rumpf et al.!? investigated the influence of the ST and
found that middle contactin§ (ST-mid) is preferable to left con-
tacting (ST-left). Griin et al.'” emphasized that the ratio of the cell’s
internal resistance to the contact resistances is particularly important.
Additionally, Wang et al.'® showed that the connector plate causes
the current distribution and that their resistance therefore has to be
minimized.

So far, only a few researchers have dealt with the general
description of interconnected systems. Wu et al.® developed a semi-
experimental equation system to describe serial and parallel con-
nected cells. In contrast to Rumpf et al.'* who described an equation
system for ST-side and ST-mid, the influence of the ST on the
current deviation was not taken into account. Furthermore, the
possibility of inhomogeneous current distribution in parallel-con-
nected cells was neglected by assuming that equal capacities lead to
a homogeneous current distribution. For the reader’s convenience,
additional descriptions of interconnected systems can be found in
Refs. 2, 3, 9 and 12.

Even though physicochemical models are becoming more gopular
due to the advantages of local analyzing opportunities,'>!'*!®2° most

“E-mail: markus.ms.schindler@tum.de

publications describing serial and parallel connected systems are based
on equivalent circuit models (e.g. Refs. 2—4, 15, 21, 22). However,
none of the existing publications describe a method of how the ST can
be described flexibly or how the connection between serial and
parallel strings (cross connectors) can be taken into account.

The focus of this paper is therefore on the development of a
system which allows a flexible choice of the ST and considers cross-
connectors. For this purpose, the model presented in our previous
study'® is developed further and the features named here are
implemented. Subsequently, the influence of different STs and
varying system resistances on the current distribution within a
4s4p system including cross-connectors is examined. Finally, the
energy efficiency of the entire system is evaluated.

Model Structure

The electrical model (ELM) developed by Rumpf et al."’
describes a set of X serial and Y parallel-connected cells and is
the basis for the extension presented in this paper. Therefore, the
components and the nomenclature of the ELM as well as the coupled
simulation model are briefly described. Following that, the exten-
sions of the ELM and the calculation method of the cell currents are
discussed. The last part of this section addresses the assumptions
made for the simulation.

Basics of the electrical model—The ELM of a 4s4p system
including cross-connectors is illustrated in Fig. 1. Additionally,
Table I lists all components of the ELM with a short description.
Based on their numbering, the components of Fig. 1 can be clearly
assigned. As Fig. 1 illustrates, the numbering of the cells corre-
sponds to the numbering of matrix elements. Therefore, the
numbering of the cells ¢ starts at the top left with ¢, ; and ends at
the bottom right with cy y. Both the numbering of the cell currents /
and the resistances of the welding seams on the positive (Ryp) and
negative (R,s,) tabs of the cell equal the cell numbering. The
connector resistance between two serial cells R oy, gets its number
from the cell above it. R, and R, are the string connector resistances
on the top and bottom between two parallel strings and are therefore
numbered according to the string number to their right. The
numbering of these string connector resistances ends by Y. If one
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Figure 1. System topology of the ELM for a 4s4p system. Part (a) shows the entire system, including all of its components. Part (b) is the graphically reduced
version and will be used instead of (a) in the following. For both versions, the STs are positioned in a cross wise manner. Cross-connectors between adjacent
strings and cells resemble a connector plate.

of the STs is positioned on the right side, the numbering ends by welded onto the busbar leading to the ST (see Eq. 6). The same
Y + 1. Note that there is no Reon, present at the link between Ry, applies to Ry, and R, respectively. The numbering of the cross-
and R;. This is due to the assumption that the tabs are directly connector resistances R, between two serial-connected cells and two
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Table 1. Descriptions, units, and initial values of the components used in the ELM.

Variable Initial Value Unit Description

¢ 42 v Voltage of a single cell

1 1C A Current through single cell

Lipp Y-1C A Current applied to the system

Iy 0 A Current through cross-connector m

R; 28.7 mS Internal resistance of a single cell

Rysp 62.5 ud Resistance of the welding seam at the positive tab
Rysn 62.5 1 Resistance of the welding seam at the negative tab
Reonn 30.9 1 Resistance of the serial connection within a string

R 15.4 ud Resistance of the cross-connector between two strings
R, 154 1 Resistance of the parallel connection at the positive tab
R, 15.4 ud Resistance of the parallel connection at the negative tab

parallel strings is separated from the cell numbering, but also
corresponds to the numbering of matrix elements.

In order to clarify the naming of the system, in addition to the
number of cells connected in serial and in parallel, the location of the
ST (left or cross) is also added. Fig. 1 illustrates the system for ST-
cross. Furthermore, the system includes four cell packages (I-IV).
One cell package includes all cells at the same level of serial
connection. For example, cell package III includes the cells c3 1, ¢3 2,
¢33, and ¢z 4.

Extension of the electrical model.—As shown in Fig. 2, Rumpf
et al."* coupled the ELM with a physicochemical model (PCM) and
a thermal model (THM). The coupled model was then used to
investigate the influence of the ST, the contact resistance and
varying internal resistances, capacities and temperature gradients
on the current distribution within parallel-connected lithium iron
phosphate (LFP) cells. To calculate the string currents, Kirchhoff’s
nodal and mesh equations were used and an equation system was
given.

However, calculating systems including cross-connectors (see
Fig. 1) is not possible with the developed equation system.
Additionally, the position of the ST is limited to a side (left or
right) and middle connection. Hence, two extensions of the ELM are
necessary. First, the model should be capable of dealing with
systems including cross-connectors, and second, the position of the
ST should be freely chosen.

To ensure that the ST can be freely chosen, setting up the meshes
to calculate the string currents has to be considered. Therefore,
attention has to be paid to the node where the currents branch
differently. Consequently, the sign of affected R, and R, has to be
adjusted if necessary. The sign of all other components as well as the
general calculation method for the currents remains the same as
described by Rumpf et al.'?

However, including cross-connectors in the ELM has more
impact on the calculation algorithm because the mesh equations
have to be defined differently. In addition to the increased number of
cell currents /, the currents I, through the cross-connector resis-
tances have to be calculated as well. This means that every
additional cross-connector adds three additional variables to the
equation system. Note that cross-connectors can only be imple-
mented when X, Y > 2 holds true. To achieve at least a quadratic
equation system, the same number of equations has to be added.
Therefore, the procedure of adding equations is explained for a 2s2p
system (ST-left), shown in Fig. 3.

In Fig. 3a, only two currents have to be calculated, since the
currents through ¢, ; and ¢, as well as through ¢, and c,, are
equal. Therefore, two equations are generated by the node k; on the
bottom of string 1 and the mesh m; in between the cells. This leads
to a quadratic equation system that can be solved analytically.

By including the cross-connector in Fig. 3b, three additional
currents are generated. Now, the four cell currents [, ;, I 5, I ;, and
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Figure 2. Coupling of the PCM, ELM, and THM according to Rumpf
et al."* An electrical load is applied to the ELM in form of a profile. The
shown exchange variables are used to couple the three models.
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Figure 3. A 2s2p system (a) without and (b) including a cross-connector,
highlighting the impact of the cross-connector on the number of currents/
equations necessary. In part (a), only two currents are needed to describe the
system. In part (b), however, five currents can be distinguished.

I, as well as the current I, ; ; through the cross-connector have to
be calculated. To do so, the meshes m; and m, between c¢; ; and ¢ »
as well as between c,; and c,, are determined. Additionally, the
node k; on the bottom of string 1 and the nodes k, and ks at the
connection points on the left and right of the cross-connector are
considered. Consequently, three additional equations are generated
and the equation system is analytically solvable. If the system is
extended by another cell package in serial or string in parallel,
additional resulting nodes and meshes surrounding the additional
cross-connectors have to be defined to retrieve the required
equations. Consequently, it can be summarized that even in a system
including cross-connectors, enough equations can be determined to
set up a quadratic equation system.
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Specifications of the simulation scenarios.—The PCM and
THM used in this study are based on the model developed by
Sturm et al.>*** The model development and its parametrization for
a nickel-rich manganese cobalt (NMC-811), silicon—graghite (SiC)
lithium-ion cell (LG Chem, INR18650-MJ1, 3.35 Ah* ), using a
wide range of experimental measurements, are shown in detail in
Refs. 23, 24. The model equations and the resulting parametrization
are summarized in Tables A-1 and A-Il as well as in Fig. A-1. To
maintain the validity of the single cell model the presented
simulation studies were chosen within the experimental validated
operating range. The single cell PCM shows a mean open-circuit-
voltage (OCV) error of 5.7 mV and a mean error of 13.5mV for 1 C
discharge (see Ref. 23, Figs. 1b and 4f). The THM shows a mean
temperature error of less than 0.1 K (see Ref. 24, Fig. 4d)) for the
intended C-rates. Therefore, it is assumed that the PCM and THM do
not significantly affect the results. Furthermore, the following
assumptions were made: It is assumed that the subsequently
calculated resistances apply to industrially produced, interconnected
systems using large format cells. Currently, such systems can be
found mainly in BEVs. The available Audi, Jaguar, and Porsche
BEVs can be seen as examples.”*® Additionally, each cell of the
system is assumed to have the same capacity, internal resistance, and
thermal behavior. Unless stated otherwise, the initial values corre-
spond to those of Table I and the ambient temperature is set to 25 °C.
Moreover, the tabs of the cells are considered to be welded onto an
aluminum connector plate with a thickness of 2 mm using two
14 mm welding seams on each tab.

Schmidt et al.?® measured a contact resistance of Rpyji_a1 =
250 2 for Al-Al connections built on a single welding seam
with an area of 15.71 mm?”. Due to the doubled welding seams, the
contact resistance decreases by a factor of 2. Moreover, it is assumed
that due to industrialized welding techniques and increased welding
areas, the contact resistance can be decreased by an additional factor
of 2. In total, the contact resistance of Ry, and Ry, is set to
62.5 uf). Furthermore, the average distance between the positive and
negative tabs /s of the cells connected in serial is assumed to be
3 cm. Additionally, the average distance of adjacent positive or
negative tabs is set to be 0.5 - [,s. With an electrical conductivity of
aluminum of oa; = 34.7 - 10° S m~',* the values of R.on, and
Ry, can be calculated using Egs. 1 and 2. R, and R, are assumed to
have the same characteristics as R,, and are therefore set to the same
value (Eq. 3).

R = L . l“’iﬂn
o OAl lws * Tconn
_ 1 . 0.03 m _ 3088 10
347 -10° S m~! 0.014 m-0.002 m
(1]
Ry = L Wi
OAl hm Im
_ 1 ) 0.015 m — 1544 40
347 -10° S m~! 0.014 m-0.002 m
(2]
R, =R, =Ry (3]

A common feature of the BEVs mentioned here is the use of
large format lithium-ion batteries with a capacity of approx. 60 Ah.
In order to ensure practical relevance, a capacity of 60 Ah is
therefore assumed to be the reference cell capacity in the following.
However, the model developed by Sturm et al.?® was validated for a
3.35 Ah cell. As the cell under consideration and the cell used by
Sturm et al.>* differ in capacity and resistance, the values of Rysps
Rysn> Reonns Rm, Rp, and R, from Table I have to be scaled to ensure
comparability. Therefore, a scaling factor scaling factor SF has to be
calculated, using the ratios of the cells’ capacities or internal

Table II. Overview of the investigated cases.

Investigation Initial Value Variation
ST —_ left, cross
Rusp 62.5 2 +100%
R 15.4 12 +100%
R, 15.4 pu2 +100%
Lipp 1 C per cell C-rate

resistances. Since the focus of this study is not on high power but
on high energy applications, the influence of the capacity should
dominate the influence of the resistances. Consequently, the initial
values of the resistances named here are scaled by the cells’
capacities using SFe = 17.9.

Subsequently, the influence of different STs, varying Rysp, Ry, and
R, on the current distribution is discussed. Therefore, a side (ST-left)
and cross-connection (ST-cross) are investigated first. Following this,
the influence of varying Ry, are examined. The value of the
homogeneous case is therefore increased by +100%. Next, the same
variation is applied to different R,,. Finally, the rate capability of the
extractable energy content of the system is examined. Note that only
one Ry, Ry, or R, is varied at a time. Table II summarizes the
investigated cases. Note that Rumpf et al.'® showed that middle
contacting would lead to a more homogeneous current distribution.
Consequently, the deviations shown in the following exceed the
deviations of middle contacting, which is why the focus of the
following investigations is on ST-left and ST-cross.

As described above, it is assumed that every cell has the same
thermal behavior. Consequently, the conditions (see Tables A-l
and A-Il) applied to the cells are equal. Furthermore, thermal
coupling between adjacent cells as well as heat transfer through
contact surfaces have not yet been implemented in the THM.
Therefore, an equal current load leads to an equal temperature
behavior, independently of a cell’s position within the system. As
shown below, the current distribution throughout the system exhibits
relatively small deviations between cells over a wide depth of
discharge (DoD) range. Consequently, uneven temperature devel-
opment is not expected to have a significant influence on the current
deviation for the investigated cases. However, the development of a
thermally coupled model and the analysis of temperature gradients
and cooling strategies within battery systems are crucial for cooling
strategies and battery safety and may be the scope of future studies.

The applied current to the system equals Y - ;. That in turn means
that the expected current load per cell is equal to a C-rate of I = 1 C
(I1¢). Each discharge begins with fully charged cells (DoD = 0) at a
cell voltage of 4.2 V and ends when a cell reaches the discharge cutoff
voltage of 2.5 V (DoD = 1). This means that for the investigated 4s4p
system the measurable voltage level at the STs is between 16.8 V and
10.0 V. Furthermore, the expected amount of energy that can be drawn
from the system equals the sum of the extractable energies of the
individual cells and can be calculated using the following equation:

X Y
Egys = Z Z Esp (4]
s=1p=1

In this matter, the nominal energy (Ey.sys) is summarized from
the total of all cells (16 - Excen), which is used to compare the
simulated cases shown in Table II.

Results

The following results are based on the systems 4s4p ST-left and
4s4p ST-cross, as described above. Both systems include cross-
connectors.

Influence of the system terminal.—Figure 4 illustrates the
resulting current distribution of a 4s4p system connected on the
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Figure 4. Influence of the STs on the current distribution in the homo-
geneous case for a 4s4p system including cross-connectors. The system in (a)
is contacted on its left side (ST-left), the system in (b) is cross-connected
(ST-cross).
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Figure 5. Resulting symmetry for homogeneous interconnected systems.
Side connection (a) leads to axis symmetry, cross-connection (b) leads to
point symmetry. As in Fig. 1, the numbers stand for the cell index. Colors
and letters both highlight the symmetry and thus mark symmetry partners.

left side (ST-left, (a)) and cross-connected (ST-cross, (b)), for the
homogeneous case. Homogeneous here means that the same system
components have the same initial values. By comparing Figs. 4a and
4b qualitatively, it can be seen that there is no difference between the
current distribution within the systems. Note that equal line colors
indicate quasi-identical current distributions of different cells within
the systems. Therefore, it can be stated that within XsYp systems
including cross-connectors, the choice of the ST is negligible for the
homogeneous case, if X, ¥ > 2 holds true.

Additionally, five current paths can be distinguished in both
subplots. As a total of 16 current distributions have to occur for the
analyzed 4s4p system, the noticeable current paths can be interpreted as
group current paths. It is therefore necessary to clarify where the
number of group paths originates from and how the groups are formed.

Considering Fig. 4, the number of group paths strongly depends
on the number of cells connected in parallel, since a group current
path occurs for each of the Y parallel strings. These current paths
differ from the applied current of /;c for the first and the last cell
package of the system due to uneven path resistances Rpg.>'> For
parallel-connected systems with X > 2, an additional group current
path occurs which lies directly on the applied current line.

Consequently, the number of group current paths Ngcp within a
XsYp system is given by the following rule:

N _ Y forX<2 ANY>=2 (5]
CPTIY+1 forX>2 A Y>2

Marking the cells from the same group current path in Fig. 1b
leads to Fig. 5. Considering ST-left shown in Fig. 5a, the current
distribution within the system follows the axis symmetry to the
mirror axis between cell packages II and III. On the other hand, the
current distribution regarding ST-cross leads to point symmetry to
the central point of the system of Fig. 5b. Once again, the
symmetries can be justified with the cells’ Rpg. For example in the
case of ST-cross Rpr of ¢ 3 and ¢4, to the nearest ST calculate to:

Reonn, 13
Rpr,13= % + Rysp13 + Ris
+ Rwsn,1,3 + Rp,3 + Rp,Z [6]
Reonn,32
Rpr4p = —"2 + Ryspan + Rian
+ Rysna2 + Rus + Rua [7]

Since Eqgs. 6 and 7 consist of equal system elements with equal
values, the same current is applied to c¢; 3 and ¢y .

The symmetry effects found can now be used to examine the
maximum deviations from the applied current at the beginning of
discharge (BoD) and at the end of discharge (EoD) (see Fig. 4). Note
that the choice made for BoD and EoD represents the maximum
deviation during the entire discharge of the cells, as can be seen in
Fig. 4. This is why the deviations from the applied current at these
points in time can be assumed to be a worst-case scenario. Table I1I
lists the deviations from the applied /¢ discharge current for cells
1.1, €12, €13 and c; 4 for the homogeneous case.

Thus, at the beginning, /; ; and I, ; are increased by 1.9% and
0.3% due to their smaller Rpg as compared to the applied /¢ current.
In contrast, ;3 and I;4 are decreased by 0.8% and 1.4%.
Consequently, until currents cross at around 75% DoD, c;; and
c1, are discharged with a higher current and their DoD increases
faster. Subsequently, c¢;3 and c¢;4 have to compensate for this
imbalance until the EoD. Therefore, I, 5 and I, 4 increase up to 1.5%
and 2.4% compared to the applied /¢ current. Depending on the
choice of the ST, these deviations correspond to the deviations of the
symmetry partners marked in Fig. 5. Cells of cell packages II and III
are not listed because their maximum deviation to the applied /;¢
current is less than 0.02% and is therefore considered negligible.
Furthermore, an extractable energy content for the homogeneous
case Epom of 193.2 Wh occurs for both systems. Since the nominal
energy content of a single cell calculates to Eycen = 12.18 Wh,
following Eq. 4 Engys calculates to 194.9 Wh. Consequently,
99.13% of Ex sy can be extracted for the homogeneous case.

The analysis by Hofmann et al.® performed with an equivalent
circuit model using linearized OCV, showed that differences in OCV,
impedance, and capacity are the main reasons for an inhomogeneous
current distribution within parallel connections. Thereby, differences in
the OCV dominate the influences of uneven capacity and impedance.

Table III. Maximum deviation to the applied /;c current at the
beginning (BoD) and at the end of discharge (EoD). The same
deviations apply to the symmetry partners of the cells according to
Fig. 5.

Al AL, Al 3 Al 4
BoD +1.9% +0.3% —0.8% —1.4%
EoD —3.4% —0.5% +1.5% +2.4%
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Figure 6. Analysis of the differences in polarization and OCV for cells ¢; ;
and c) , of the homogeneous 2s2p system of Fig. 3b for a 1 C discharge. The
difference A indicates the difference between cell c¢;, and ¢, ie.
OCV,; — OCV, ;. Differences in the polarization at surrounding components
are not included in the diagram.
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Figure 7. Influence of the variation of Ry, ;1,1 (dashed lines) on the current
distribution within cell package I as compared to the homogeneous case
(solid lines).

To further analyze the origin of the current distribution, the PCM was
used to perform a polarization analysis.®® With respect to the
complexity, the analysis was conducted for the upper cell package in
Fig. 3b instead of a cell package of the 4s4p system. The parametriza-
tion of the PCM, ELM, and THM remained unchanged (see Table II).
Figure 6 illustrates the resulting differences in polarization and OCV
between the cells. Since Rpg ; ; is decreased as compared to Rpg ;1 2, €11
is discharged with an increased current compared to c;, at the BoD.
Since the polarization of the single cell depends on the current, the
resulting inhomogeneous current distribution causes a difference in the
polarization of ¢;; and c¢,. In addition, as both cells are discharged
from 0% DoD, no OCV shift occurs at the BoD. Hence, the current
distribution is caused by the differences in Rpg and polarization during
the BoD. However, with progressive discharge of the cells, the
inhomogeneous current distribution leads to a difference of the cells’
DoDs. As a result, the cells’ OCVs are shifted against each other.
Figure 6 also illustrates that as soon as the difference of the OCVs
exceeds the difference of the polarizations, the shift of the cells’ OCVs
becomes dominant. As the OCV difference leads to different cell
potentials, the current distribution is dominated by the OCV difference.
For the modeling design, this means that the use of a validated
equivalent circuit model could also be justified. However, since the
polarization analysis is seen as an important tool for subsequent studies,
a PCM model was also used for the sensitivity analysis shown in the
following. Note that Fig. 6 does not include differences of the
polarization at surrounding components, and thus the difference between
the cells’ OCVs and the internal polarizations 7 differs from zero.

Influence of the welding seam resistance.—The influence of
Ry on the current deviation within both systems is analyzed next.
For this purpose, all Ry, are successively increased by +100% for
ST-left and ST-cross.

------- Smaller cell package index

--- Larger cell package index

ST-left ST-cross
ol a) 1 f) N
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Figure 8. Influence of varying Ry, on the current distribution within
interconnected 4s4p systems. Each subplot illustrates the current deviation
from I,c for the symmetry partners of the cell package with the smaller
(dotted) and larger (dashed) index at the EoD. The x-axis refers to the varied
(+100%) Ryp, Whereas h represents the homogenous case. Consequently,
the influence of the varied R, on the cell of interest can be seen in the
related subplot.

Figure 7 illustrates an example of the resulting current profile of
the 4sdp system (ST-left) for a variation of Ry, ;1 as compared to the
homogeneous case. Due to the increased contact resistance of ¢y j, I
decreases in the beginning. At the same time, I, 5, /; 3, and I, 4 have to
increase so that cell package I can still pass on the required current to
the next cell package level (II). Consequently, the increased current
through cells ¢; 5, c¢; 3, and ¢ 4 at the BoD leads to a faster discharge
of these cells. This in turn means that at the EoD, ¢, ; has to deliver a
higher current as compared to the homogeneous case, whereas the
currents through ¢y 5, ¢13, and ¢, 4 decrease. This means that there is
always an interplay of the current load within the cell package so that
the overall applied current of 4 - I}~ can be passed on to the next cell
package. Hence it is examined next, if a variation of Ry, only affects
cells within the same cell package and therefore, whether every cell
package can be analyzed independently.

Accordingly, Fig. 8 illustrates the deviations of the cell currents
at the EoD (see Fig. 7) as compared to the applied /¢ current for a
variation of Ry,. On the left side of Fig. 8, every subplot illustrates
the influence of Ry, on the current deviation of the symmetry
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Figure 9. Influence of the variation of R, (dashed lines) on the current
distribution within cell package I as compared to the homogeneous case
(solid lines). The result is independent of the ST.

partners for ST-left. Consequently, the influence of Ry, 11 on the
currents of cell package I can be investigated by comparing the
deviation of I, 1, I, 2, I; 3, and I, 4 in the subplots (a), (b), (c), and (d)
(dotted lines) above index 1,1. In contrast, if a variation of Ry,
would affect cell currents of cell packages I, III, or IV, at least one
cell current of I, I3, 141, 142, 143, or 14 would deviate from the
homogeneous case (index h) under variation of Ry 1,1 (index 1,1) in
Fig. 8. As this is not the case, it can be stated that a variation of Ry.p 1,1
only affects cell currents within cell package I. If one continues to
analyze the effects of the variations in other Ry, (index 1,2 — 4,4),
this statement by cell package I can be extended to the entire system.
Accordingly, it can generally be stated that an increased contact
resistance only affects the cell package in which the increased contact
resistance occurs. Thus, each cell package can be evaluated in a
decoupled manner. The reason why a variation within a cell package
has no influence on the surrounding cell packages is the presence of
cross-connectors between the cell packages. Consequently, cross-
connectors can be seen as balancing elements inside the system.

Due to the finding that cell packages can be analyzed individu-
ally, the position of an increased Rys, within the cell package is
investigated further. Hence, a variation of Rygp 1,1, Rwsp,1,2> Rwsp.1.3,
or Rysp1.4 leads to a maximum increase at the EoD of the currents
I 1, 52, Iy 301 Iy 4, 0of 2.94%, 2.98%, 3.01%, or 3.04% as compared
to the homogeneous case. Referring to the symmetry partners shown
in Fig. 5, the same deviations occur for a variation of R, within
cell package IV. Within cell packages II and III, a deviation of
3.01% as compared to the homogeneous case remains the same for
every varied Ry, as indicated by the subplots (e) and (j) in Fig. 8.
The maximum difference between the deviations of all investigated
cases can be calculated to 0.1%. Consequently, the influence of the
position of an increased Ry, has no significant impact on the rate of
current increase for the analyzed system. The reason for this is that
the ratio between Ry, to the resistance of Ry, and R,, is dominated by
the welding seam resistances. An increase of Ry, reinforces this
effect, which is why the named resistances are even less important.

Additionally, the impact of Ry, R,, Ry, and R.on, 0N the maximum
cell current load can be examined by evaluating the deviation at the
EoD as compared to the applied /;¢ current rate. Thus, I, 1, I, 5, I 3,
and [, 4 deviate at the EoD from the applied /;c current in the
homogeneous case by —3.41%, —0.51%, 1.46%, and 2.45%, and
under variation of the corresponding Ry, by —0.46%, 2.48%, 4.48%,
and 5.50% (see Fig. 8). Therefore, it can be determined that in both
cases, the maximum cell current load increases with increasing
distance to the ST for cell package I. This can in turn be explained
by the fact that an increased distance from the ST corresponds to an
increased Rpg, which leads to a lower current load during the BoD and
an increased current load during the EoD (see also Fig. 7). As
described above, an increase of R, reinforces this effect. Therefore,
it can be summarized that the position of an increased Ry, has no
impact on the rate of current increase within the cell package, but on
the maximum current deviation at the EoD.

Varying R, within a 4sdp ST-cross system leads to the results
in Figs. 8f-8j. Compared to the results of ST-left, only the symmetry
partners change according to Fig. 5b for ST-cross. The aforemen-
tioned conclusions apply similarly for the cross-connected system.
That also holds true for the influence of the position and the rate of
current increase that corresponds to the variation of Ryp.

Furthermore, only a negligible influence of a variation of Ry, on
the extractable energy content can be observed, as the difference
between the maximum and the minimum extractable energy only
calculates to 0.01 Wh. This in turn means that an increased R, by
+100% could not be detected by the measurable extractable energy
content at the system terminals.

Influence of the cross-connector resistance.—In addition to the
influence of Ry, the influence of increased R, on the current
distribution is investigated next. For this reason, R, were increased
individually by 4100% for both system configurations. Table IV
evaluates the maximum current deviation of I, as compared to the
homogeneous case under variation of R,,,. Therefore, it can be seen that
Rmi2 and Ry,3, show the highest current deviation of Al =
0.024%. This current is distributed to the subsequent cell package
differently than in the homogeneous case. Moreover, in the worst case,
Al is passed on to only a single cell of the next cell package over
the entire ;¢ discharge. Compared to I;c, an additional deviation of
AlL.x corresponds to a current of 0.024% of the cells’ current. Such a
deviation is therefore classified as not significant. Furthermore, the
extractable energy content under a variation of R, equals the value of
the homogeneous case. Accordingly, it can be said that an increase of
R, by +100% has no significant influence on either the current
distribution or the extractable energy content of the analyzed system.

Taking into account the respective symmetry partner, Table IV
and the statements made apply equivalently to ST-cross.

Influence of the string connector resistance.—After investi-
gating the influence of R, and Ry, the influence of varying string
connectors is examined next. Therefore, Ry, Ry 3, and R, 4 of cell
package I are successively increased by +100% for both systems. A
variation of R, 5, R, 3, and R,, 4 is omitted, due to symmetry effects to
cell package I.

Figure 9 illustrates the current distribution within cell package I for
a variation of R,, in a system with ST-left. Compared to the
homogeneous case, 1, ; is increased by 1.3% at the BoD whereas /, 5,
I 3, and I, 4 are decreased by 0.5%, 0.4% and 0.4%. The reason for this
deviation is that the string connectors can be seen as segmenting
elements of the system. The segmenting in turn leads to increased Rpr
for all strings, whose position in the current path is behind the varied
resistance. Consequently, strings with higher Rpr lead to lower string
currents at the BoD, and thus /; 5, I; 3, and I; 4 are decreased during the
BoD and only 1, is increased. Consequently, if Ry, is increased, cell
package I divides into two segments. String 1 is located in front of the
increased string connector and experiences a higher current during the
BoD because of the lower path resistance. However, if R;,3 is varied,
the deviation of /; ; and [, » is smaller, since the additional current can
split up to both strings. In contrast to Ry, and R, 3, R, 4 takes a special
place, as it is the last string connector. Figure 1 illustrates that R, 4 acts
as an element of the string itself rather than as a string connector. Thus,
a variation of R4 leads to the same findings as varying Ry 1 4.

Comparing the maximum current deviations occurring for a
variation of Ry, (see Fig. 8) to those of a variation of Ry, the influence
of varying R, seems to dominate R;’s influence. However, taking into

Table IV. Maximum current deviation of I,,, as compared to the
homogeneous case under variation of R,,, by +100%. The entries
marked with * have a maximum deviation of less than 3 - 107°% and
were therefore set to zero.

Rois 0016%  Rmi»  0024%  Ruys  0.011%
R, 0% Rmp2 0%* Rin23 0%"
R 0016%  Rms»  0024%  Rpss  0.011%
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Figure 10. Extractable energy content of the analyzed 4s4p system for
different C-rates. Solid lines show the amount in the homogeneous case,
dashed lines refer to an increase of R, by +100%.

account that there is a factor of 4 between the increased values of R,
and Ry, and only a factor of 1.7 between the maximum deviations at
the EoD, it can be determined that the influence of R, dominates the
influence of Ry, on the current distribution within the system. The
same applies for R, since, as shown above, the influence of a variation
of R,, is negligible. Consequently, it can be stated that attention has to
be paid to the string connectors when assembling such a system.

The maximum deviation of the extractable energy from the
homogeneous case calculates to 0.02 Wh for a variation of Ry,. Thus,
even an increased string connector resistance cannot be detected by
means of the measurable extractable energy content. This in turn
means that none of the investigated cases can be detected due to
measurable quantities at the STs. The almost constant extractable
energy is thus achieved by a higher load on individual system
components (see deviations in Fig. 9). The impact of this effect on
the durability of the components and thus of the investigated system
therefore needs to be investigated in further studies.

Rate capability and energy efficiency of the system.—Previous
sections have shown that the influences of varying Ry, Ry, and R, on
the current deviation and the extractable energy content of the system
is negligible for a 1C constant-current discharge. Therefore, the
influence of various C-rates is investigated to demonstrate both
the rate capability and the influence of varying contact resistances on
the extractable energy content of the system. For this purpose, various
C-rates (1, 1.25, 1.5, 1.75, 2, 2.25, 2.5, 2.75, and 3) were applied to a
4sdp system connected on the left (ST-left). Additionally, a variation of
R, by +100% was accomplished to examine whether the extractable
energy content differs significantly from the homogeneous case. As it
is assumed that the analysis of the extractable energy content is more
meaningful for the rate capability of the system than the maximum
current deviation at a specific point in time, the following analysis
focuses on the extractable energy content. Since the previous sections
have shown that the variations of R, and R, have a minor influence
compared to Ry, an additional analysis of the variation of Ry, and Ry,
is omitted here. Furthermore, an additional analysis of ST-cross was
not conducted due to the symmetry effects shown in Fig. 5.

Figure 10 illustrates the extractable energy content for the
homogenous case (solid line) and for a variation of R, (dashed
line) for the C-rates named above. Comparing the homogeneous and

varied cases, significant deviation of the extractable energy content
cannot be depicted, since the maximum deviation calculates to
0.03%. Furthermore, the rate capability of the extractable energy
content can be divided into two branches. The first one is represented
by the range of 1 C to 1.75 C. In this domain, the extractable energy
content decreases from 99.1% (1 C) to 94.5% (1.75 C) for both
cases, which equals a mean decrease of 1.53% per increase of C-rate
by 0.25 C. Within the second branch, the mean gradient of energy
content per increase of the C-rate by 0.25 increases to 7.54% in the
remaining range between 1.75C and 3 C. This results in an
extractable energy content of 56.8% for an applied 3 C-rate.

Consequently, the analysis clearly shows the trend of a de-
creasing rate capability of the extractable energy content with
increasing C-rates. Furthermore, the findings show that an increased
contact resistance leads to a more uneven current distribution, but
that the extractable energy content remains the same. This leads to
the assumption that the almost constant energy output is achieved by
higher loads on individual system components, which is why the
longevity has to be investigated further. In addition, for future
studies the cell parametrization can be further specified in subse-
quent steps, as shown by Mao et al.>' and Rheinfeld et al.>* These
extensions would take into account additional limitations of elec-
trode kinetics, and thus increase the accuracy of the p2D model in
the event of even higher C-rates, especially higher than 3 C. Table V
summarizes the results of the investigated cases.

Conclusions

In this study, the structure of the ELM which describes battery
cells connected in serial and in parallel as described in Ref. 13 is
extended to include flexible STs and cross-connectors. Based on this
extension, the influence of ST-left and ST-cross, as well as the
influence of the welding seam resistance, the cross-connector
resistance and the string connector resistance on the current
distribution within a 4s4p system including cross connectors are
examined. Finally, the rate capability and the energy efficiency of
the systems are investigated for different C-rates.

If cross-connectors are implemented in the system, the choice of
the ST is negligible. Moreover, depending on the choice of the ST,
symmetries can be found within the analyzed system. Thus, ST-side
leads to axis symmetry to the middle axis of the system, whereas ST-
cross leads to point symmetry to the system’s center point. For the
homogeneous case, the maximum current deviations within the
analyzed system could be found at the BoD and at the EoD with a
maximum deviation of 1.9% and 2.4%, respectively. With increasing
distance to the ST, the current deviation decreases at the BoD, but
increases at the EoD. These deviations occur in cell packages I and
IV, whereas the deviation within cell packages II and III is nearly
zero and therefore negligible.

Furthermore, an increased welding seam resistance by 100%
alters the current distribution of all cells in the respective cell
package, but does not affect other cell packages within the system.
This is due to the presence of cross-connectors, which is why cross-
connectors can be seen as balancing elements. Additionally, an
increase of a cross-connector resistance by 100% has no significant
influence on the current distribution within the system. If the
maximum deviations of the cell packages are compared with one

Table V. Summary of the investigated cases.

Investigation Initial Value Variation Critical Component Result

ST — left, cross cross-connectors both Al = +2.40%
axis and point symmetry

Rysp 62.5 uQ2 +100% Ry 1,4 Alyax = +5.50%

R 15.4 uQ +100% Rm12 Alyax = +0.02%

R, 15.4 2 +100% R, Alyex = +3.20%

fapp 1 C per cell C-rate AEn.x = —43.2% (3 C)
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another, a variation of a welding seam resistance on one of the
enclosed cell packages II and III shows the greatest influence.

Moreover, the variation of the string connector resistances by
100% showed that the influence of the string connectors on the
current distribution dominates the influence of the welding seam
resistance. Thus, particular attention should be paid to the assem-
bling process. Additionally, the investigation showed that string
connectors can be seen as segmenting elements of the system.

The extractable energy content of the investigated system
remained almost the same for all examined cases performed with a
constant current discharge of 1C. This in turn means that the
measurable energy content cannot be used as an indicator for
inhomogeneous welding seam resistances, cross-connector resis-
tances, or string connector resistances within the system.

Finally, the investigation of the rate capability of the system
showed that the extractable energy content decreases non-linearly
with the C-rate. Furthermore, the extractable energy content under a
variation of a string connector resistance remained almost the same
as compared to the homogeneous case. This in turn means that the
nearly constant output is achieved by higher load on individual
system components, and thus the long-term durability has to be
investigated further.

Future studies should therefore verify these results using mea-
surement data. In particular, the heat input into the cells resulting
from increased resistances as well as temperature gradients in
general should be analyzed. Further extensions of the model could
take into account additional limitations of electrode kinetics to
improve the model’s high current behavior. Furthermore, the
influence of inhomogeneous current distribution on the aging
behavior of parallel-connected cells should also be investigated.
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Appendix. Model Characteristics
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Table A-I. Equations for the single p2D model.

Electrochemical-thermal model (single p2D)
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T Ref. 33 " Ref. 34 x* = x € [0, Lucg] A [Lueg + Liseps Lneg + Lsep + Lyos]-

Poen _ _uip 25 (1 4 e ledan

08len) _ O HOD iy () = i(x, 1) + in(x, 1) Y, f
Ox oy 1

HRD - BED =0 with R0 = 2 F (v, 1)

. _io(x1) ag F n(x,t) ac F n(x,t)

o 1) = 0 exp (21D — exp(—2eL 1) |

n(x, 1) = Bx, 1) = Pix, 1) — Eeq(x, 1) — j, (x, )FRy

io(x, 1) = F k(Comax — Cos (X, D)% (Cos (x, D)™ (i (x, 1))
or

mcp o A - 9p2p + Om — Oconv — Orad

3esF

G =" o dx
_ 3&F . OEeq
qrev - rp '-].:C* -]YI ' BT ’ T dx

_fL|\eg+Lsep+Lpnsi OB
@ = x =0 L ox

qf:-];c*i“" ijf:dx

Gp2p = 4r + Grey T G T G
Om =i2 - Ru

Oconv = QconvAsurt (T — To)
Ora = &raa 0 Agurt (T* — T)




Journal of The Electrochemical Society, 2020 167 120542

Table A-II. Parameterization of the single p2D model with NMC-811/SiC electrodes.

Geometry Silicon-graphite Separator Nickel-rich
(SiC) NMC-811

Thickness L 86.7 ym ™ 12 ym ™ 66.2 pym ™
Particle radius r,, 6.1 pum ™P%° 3.8 pum ™P%°
Active material fraction &g 69.4% °© 74.5% ©
Inactive fraction & p, 9% " 8.4% "
Porosity ¢, _ 21.6% ™ 45% © 171%™
Bruggeman coefficient 5V fL= 1.5 1.5 1.85 ¢
Thermodynamics
Equilibrium potential E.q see Fig. A-la™ see Fig. A-1b™
Entropic coefficient if;q see Fig. A-la see Fig. A-1b
Stoichiometry 100% SoC 0.852 0.222

0% SoC 0.002 0.942
Max. theoretical loading b, 415mAhg ! 2755mAhg ' "
Density p 224 gcm™! 487gem>"
Concentration ¢ max 34684 mol m > ¢ 50060 mol m > ©
Transport
Solid diffusivity D, *** 5.10 4 m?s eV 5.107 B m?s VM
Specific activation % Hkok 1200K © 1200K ©
Solid conductivity o 100Sm~—'"Vv 0.17Sm™" =V
Film resistance Ry 0.0035 Q m> 0Qm?®
Kinetics
Reaction rate constant k *** 3-100""ms7'® 1-107"" ms™'®
Specific activation % Fkk 3600K © 3600K ©
Transfer coefficient o 0.5°¢ 0.5°¢
m = measured e = estimated * PVDF binder/Carbon black (Refs. 35, 36).
"Ref. 37. " Ref. 38 "™ Ref. 31 "V Ref. 39 V Ref. 40 " Ref. 41 V' Ref. 42.
#* Effective transport correction according to Bruggeman (Ref. 42): Uy = &7 - .

. AR T Eai (T—298[KD\ .0 -

##% Arrhenius law (Ref. 43): i(T) = i exp( il ek ) with i € k A D,
Table A-III. Nomenclature
Greek symbols
Symbol Unit Description
@ Transfer coefficient
Qeony Wm2K! Heat transfer coefficient
B Bruggeman coefficient
€ Volume fraction
Erad Radiation emission coefficient
n v Overpotential
K S m! ITonic conductivity
p kgm™? Mass density
o S m! Electrical conductivity
op 567-10 Wm 2K Stefan-Boltzmann constant
¢ \Y% External cell potential between cell terminals
P \Y Internal electrical potential
Latin symbols
Symbol Unit Description
a m! Specific surface
A m? Surface area
A Anode (domain)
c mol m™~? Concentration of lithium cations (LiT)
Cs,max mol m~ Maximum theoretical concentration of Li*
¢ Cell under consideration
I Jkg ' K! Heat capacity
C Cathode (domain)
D m?s! Diffusion coefficient
Eeq v Equilibrium potential vs Li/Li™
Ehom Wh Extractable system energy content for the homoge-

neous case
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Table A-IIL. (Continued).

Latin symbols

ENcen Wh Nominal cell energy content

ENys Wh Nominal system energy content

Eqys Wh Extractable system energy content

fo Mean molar activity coefficient of electrolyte
F 96485 A s mol ™' Faraday’s constant

i Am? Current density

I; A Current through single cell

Lypp A Current applied to the system

Iic A Current applied to the cell equals 1 C
L A Current applied to the cell equals 3 C
I A Current through cross-connector

io Am? Exchange current density

Jn mol m 2 s~ Pore-wall flux

k ms! Reaction rate constant

ki Current node (Kirchhoff)

Lys m Length of welding seam

L m Thickness

m kg Mass of the jelly roll

m; Mesh (Kirchhoff)

Nocp Number of group current paths

r m Radial coordinate in active particles of p2D model
T m Particle radius

R 8.314 T mol ' K™! Gas constant

Ry Om? Internal heat resistance

Rp m Particle radius

Reomn Q Resistance of the serial connection within a string
R¢ Q Film resistance

R; Q Internal Resistance

R, Q Cross-connector resistance

R, Q String connector resistance (negative tab)
R, Q String connector resistance (positive tab)
Rpr Q Path resistance

Rysn Q Welding seam resistance (negative tab)
Rysp Q Welding seam resistance (positive tab)
S Separator (domain)

ST System terminal

SF Scaling factor

q W m 2 Heat generation rate per area

(0] W Heat generation rate

Omn w Internal heat

t S Time

T K Temperature

to Transport number of Li*

X x-coordinate in p2D model

X Number of cells connected in serial

Y Number of cells connected in parallel
Indices

Symbol Description

a Anodic reaction (oxidation)

c Cathodic reaction (reduction)

conv Heat convection

eff Transport corrected (Bruggeman correlation)
l Liquid phase (i.e. electrolyte)

neg Negative electrode

pos Positive electrode

rad Heat radiation

r Reaction heat

rev Reversible heat

s Solid phase (i.e. active particle)

sep Separator

ss Active particle surface in solid phase

surf Surface
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