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Abstract

This study shows a novel online approach for characterizing battery cells or modules in any type of
reconfigurable battery system (RBS) for electric driving applications, which allows neighboring cells
or modules to switch in parallel. Also, the different representations (time and frequency domain) of
conventional battery modeling based on equivalent circuit models (ECM) are described. Finally, it is
shown that the balancing current of neighboring cells can be used to characterize the batteries’ dynamic
parameters and, as a result, estimate the state of health (SoH) and remaining useful life (RUL) of each

cell individually.

1 Introduction

The demand for dependable electrified means of
transportation based on electrical energy storage
systems, above all battery systems, has been
emerging with the goal of reducing local carbon
emission [1]. Therefore, the improvement of char-
acteristics of this system like reliability, effective
driving range and lifetime has to be taken into con-
sideration to be a valid substitution for conventional
method of transportation [2]-[4]. Above all men-
tioned aspects, the lifetime of a battery electric ve-
hicle (BEV) could be considered as a major draw-
back as opposed to conventional vehicles. Firstly,
the system degradation is governed by a vast num-
ber of controllable and uncontrollable parameters
like the charging/ discharging method and calen-
dar aging of battery cells respectively. Secondly,
it is difficult to accurately estimate the RUL and
SoH due to the high number of interrelated and
interdependent parameters. Battery degradation
can be investigated with respect to electrochemical
phenomena. In other words, it is stated as a de-
crease in effective nominal capacity or an increase
in internal resistance. Battery aging is a complex
phenomenon that is mostly caused by loss of con-
ductivity, charge-transfer and double layer capac-

itance, solid electrolyte interface (SEI) formation,
diffusion and lithium-plating [5]-[8].

Offline non-destructive characterization methods
like electrochemical impedance spectroscopy (EIS)
are used to deeply investigate the degradation of
Lithium-ion (Li-lon) battery cells. This approach is
based on applying a sinusoidal perturbation signal
(current, voltage) with a constant AC amplitude and
the desired frequency range, and then measuring
the amplitude and phase shift of the feedback signal
(voltage, current) of the system [8]-[10]. Despite
being highly accurate, an offline method like EIS
can hardly be implemented to investigate a BEV
battery’s RUL and SoH during the operation [10]—
[12]. Therefore, a variety of online methods have
been introduced to track the battery’s aging while
in operation [12]-[14]. The conventional online EIS
methods try to create a perturbation signal, for ex-
ample with the help of a DC-DC power converter
around battery’s output voltage or battery charger
and balancing circuit [5], [12]. However, conducting
online EIS normally interferes with the normal oper-
ation or needs special equipment, which limits the
applicability of these methods [12], [15].

In contrast to conventional battery pack systems
with hardwired connections, changing the connec-
tions between nearby battery cells/ modules is
possible in RBS [16]-[19]. Figure 1 depicts the
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Fig. 1: BM3 system with valid switching states [20], [21]

schematic of a Battery Modular Multilevel Manage-
ment (BM3) Converter System. It consists of a con-
stant voltage source, e.g. a Li-lon battery, and three
semiconductor switches. The three valid switching
states for a BM3 module are known as series, par-
allel, and bypass connection states (Fig. 1). Due to
the low battery module/ strand voltages, MOSFETs
are commonly used for the discrete switches Sy, So,
and S3 [20], [21].

This paper introduces a non-destructive online char-
acterization method based on RBS topologies, in
particular BM3 modules or any other RBS enabling
parallel switching between neighboring cells. This
diagnostic approach needs no additional hardware
and does not interfere with the system’s normal op-
eration. This method stimulates the battery cell by
a balancing current between neighboring cells, that
results from parallel switching. Although effective
balancing strategies, such as proactive balancing
[18], [20], [21], have been proposed to keep the dy-
namic output voltage and SoC of the cells in RBS at
the same level, minor output dynamic-voltage vari-
ation is unavoidable. Also, balancing methods like
proactive balancing can control the output dynamic-
voltage of cells to create the temporary needed
Voltage deviation between neighboring cells.

2 Battery Modeling

Direct state monitoring of Li-lon batteries is not
feasible due to the complexity of their internal struc-
ture and the aging process. Among all methods
for estimating a battery’s states like SoH and SoC,
model-based methods provide trustworthy and pre-
cise estimations of both the SoC and the SoH. Elec-
trochemical/ physics-based models and equivalent
circuit models (ECM) are frequently used to char-
acterize Li-lon batteries due to their accuracy and
low level of computational effort [22], [23]. Fur-
thermore, it is feasible to estimate and imitate the
battery’s behavior, resulting in avoiding cost and
time-intensive testing. Figure 2 represents a ECM
model. This model consists of a SoC related voltage
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Fig. 2: Most common equivalent circuit model for char-
acterization of vehicle batteries: (a) Thevenin
Model (1RC), (b) Dual Polarization Model (2RC),
(c) NRC generalized Thevenin Model [24]

source (Voev), an internal ohmic resistance Ry and
a number of RC-pairs, which can describe a batter-
ies’ voltage-current relation [25]. On the one hand,
a higher number of RC-pairs increases the accu-
racy of modeling, on the other hand, it increases
the computational effort drastically. Therefore, the
second-order Thevenin model is taken into con-
sideration since it accurately models a batteries’
dynamics while keeping simulation times reason-
able.

In general, there are two main representations of a
second order ECM [24]. Firstly, state space repre-
sentation, which can be described as follows.

Vi = Voov = Vi = Vo — Rol (1)

t
Vi (1) = Vaey — VorRie T — VogRae % (2)

Vjﬂ (t) = ‘/OCV - IRO — IRl[l — e_ﬁ]
—IRy[1 — e_%] (3)

i Vi1
dt - R101 Cl
vy Vo T
dt Ry(CYy (s
Equations (2) and (3) describe the output voltage
while relaxation and load, respectively [26], [27].
Secondly, a linear regression model is presented

based on bilinear transformation from analog to
digital domain Eq. (6).
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Egs. (7) and (8) mathematically represent the sec-
ond order ECM impedance in the s-domain. Equa-
tions (9) to (11) are derived by introducing a bilinear
transformation into Eq. (8) [28], [29]. The final recur-
sive Eq. (11) needs information from the previous
two-time steps. E(k — 1) and E(k — 2) are the
difference between the output voltage and the cor-
responding open-circuit voltage at the time k — 1
and k — 2, respectively. I(k), I(k—1) and I(k — 2)
represent the current at the time k, k — 1 and k — 2,

respectively.
_ E(k)
1y _
Os + 01271 + 05272
-1y _ Y3 4 5
G(Z ) N 1-— 612’_1 — 922_2

(10)

E(k) = 0,E(k — 1) + 05E(k — 2) + 031

F 04 (k—1)+ 051k —2) (11)

To simplify Eq. (11), the variables a,b,c,d, f are de-
fined as follows.

a= Ry (12)

b= Ri1C1RyCy (13)
¢ = R1C} + RoCy (14)
d=Ry+ Ri+ Ry (135)

f=RoR1C1+ RoR2C2+ RoR1Cy + R1R2Cy (16)

The coefficients of Eq. (11) can be re-written with
respect to a,b,c,d, f as follows.

8b — 277
T 4b+2¢h + T2
B 4cT
 Ab+ 2¢b + T2
4ab — 2fT + dT*?
©4b+2ch+ T2
_ 8ab— 2dT*?
 4b+2cb+ T2
dab — 2ft + dT?
 4b+2chb+ 12

0, (17)

6 —1 (18)

O3 = (19)

04 (20)

05 = (21)
Based on the battery’s prior states, linear recursive
Eq. (11) and its simplified coefficient, Egs. (12)
to (16), can be used to determine the battery’s
dynamic output voltage. However, the time-varying
parameters of the battery must be calculable at any

given time. As a result, Ry, Ry, C1, Ry and Co must
be derived from 61, 05, 03, 04, 05 (Egs. (22) to (35)).

(04— 03— 05)
T 00— 0) (22)
B T%(1+ 61 — 65)
b= (1— 61 — 605) (23)
_ T(1+69)
c= A—6—6y) (24)
(=04 — 03— 05)
= (1 -6, —06) (23)
_ T(05 —03)

/= (1 -6, —62) (6)
R101 =T (27)
RQCQ = 79 (28)
b=1+1m (29)

C=T1T2 (30)
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Ry = P (32)
RQZd—G—Rl (33)

_
Ci=g (34)

-2
Co = s (39)

3 Simulation and Proof of Concept

A BM3 converter system is implemented in MAT-
LAB/SIMULINK to demonstrate the concept’s valid-
ity. For simplicity, only two cells are implemented.
The internal resistances of all switches (MOSFETS)
are assumed as negligible. However, real switches
with non-negligible internal resistance can only
cause a voltage offset in the measured voltage
and can easily be subtracted from the voltage mea-
surement.

As part of the simulation, two battery cells based
on second order ECM are created and tuned ac-
cording to the test result of a 'LG18650HG2’ and
'LG18650MJ1’° battery cell. The cell models are
initialized with 90 % and 95 % SoC, respectively,
which leads to a 0.05V voltage deviation between
the cells. The two cells are switched in parallel for
0.3s. Subsequently, the cells’ relaxation periods
are monitored for 2.6 s. Figure 3 represents the
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Fig. 3: Monitored cell current and voltage of cells during parallel switching and relaxation. (a) Dynamic output
voltage of the cell with lower SoC during balancing. (b) Dynamic output voltage of the cell with higher SoC
during balancing. (c) Dynamic output voltage of the cell with lower SoC during relaxation. (d) Dynamic output
voltage of the cell with higher SoC during relaxation.

balancing current and dynamic output voltage of
corresponding cells. The balancing current con-
sists of a short current peak followed by a near
constant current phase. The current peak magni-
tude depends on the initial voltage deviation and
sum of ohmic resistances (Ry) of the correspond-
ing cells, therefore, it is important to keep the cells’
dynamic output voltages as close as possible while
parallel switching to avoid high current peaks. As
can be seen in Fig. 3 (a) and (b), the cells’ out-
put voltage are the same during balancing and this
behavior is highly dynamic as it is determined not
only by the internal structure of one cell but also by
both corresponding cells during balancing. As men-
tioned above, assuming that the switches’ internal
resistance is negligible, the cell’s output voltage is
without any offset.

Since both cells have the same output voltage while
balancing, it is not possible to distinguish the in-
dividual behavior and the corresponding internal
structure just by looking at the balancing part. Al-
ternatively, the relaxation part of each cell depends
only on its internal structure. However, this part is
not directly determined by the input current. There-
fore, it is important to examine the relaxation part,
Fig. 3 (c) and (d), as supplementary information to
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Fig. 4: Battery modeling based on 2nd order ECM and
Pulse characterization(fitting) based on 2nd or-
der ECM and its relative error.

characterize each individual cell.

3.1 Characterization

Within the scope of this paper, the linear recur-
sive Eq. (11) and its simplified coefficient, Egs. (12)
to (16), are used to characterize and model the
dynamic output voltage of each cell.

Figure 4 represents the quality of pulse fitting and



17.80 1.30 1.087 1.20 563.0
17.81 1.31 1.086 1.18 562.9

Tab. 1: Tuned (first row) and estimated (second row)
dynamic parameters of the battery cell.

characterization and its relative error. Thanks
to the linear recursive, Eq. (11), and based on
the ’IsqcurvefittMATLAB’ algorithm, highly accurate
characterization with relative error in the range of
10~ 7 is possible. Finally, the dynamic parameters
of each cell can be estimated based on Egs. (31)
to (35). Table 1 shows the tuned and estimated
dynamic parameters of the cell with higher SoC be-
fore balancing.

Contrary to reality and for the purpose of simplicity,
the second order ECM is used to simulate the cell’s
behavior while balancing. However, as discussed
above, the higher the number of RC elements, the
higher the modeling accuracy. Thus, the real cell
can be viewed as an ECM with an infinite number of
RC elements or NRC'. On the other hand, the real
cell model (N RC model) generates highly detailed
and complex data that cannot be fully captured by
a simple 2nd order ECM.

For the simulation and characterization of more
complex data (real cell), the battery model used
is upgraded with a third RC element. Then, the
generated information is characterized with simple
second order ECM. Figure 5 shows the slight re-
duction in fitting accuracy, namely increasing the
relative error from 2 x 1077 to 5 x 1075, but the
behavior of the cell is still modeled to a large extent.
As expected, the estimated dynamic parameters
are not the same as for the tuned model, since the
behavior of three RC' is modeled by two RC'. How-
ever, these two models (2RC and 3RC) have the
same output voltage feedback with respect to the
balancing current as Eq. (36).

Esrc(s) =~ Esre(s) (36)

By solving Eq. (36) in the charge and relaxation
condition based on Egs. (2) and (3) and assuming
that the different time constants (7) of the battery
do not differ too much, The following equations can
be obtained after simplification.

ARV R) ol =1
ORI R) T 2er 2y @D

In
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Fig. 5: Battery modeling based on the second order
ECM and Pulse characterization (fitting) based
on the third order ECM and its relative error.

Ro[mQ] R1[m] Ra[m] R3mQ] > [me)]
17.80 1.190 1.320 1.42 21.740
17.81 2.647 1.282 - 21.739

Tab. 2: Tuned (first row) and estimated (second row)
internal resistances of the battery cell.

C(IER) _ -l Nm 1
MRy T2 n )

From the equality of the Egs. (37) and (38), it fol-
lows that the sum of the internal resistances of two
ECM with a different number of RC' elements that
have the same voltage response to the specific
current input is equal, Eq. (39) and table 2. There-
fore, the sum of internal resistances of the modeled
ECM can be a practical value to track and estimate
the SoH of each cell. Resistance dependent SoH
or SoH, is normally defined as the ratio between
the actual resistance (R,.:) and the battery’s be-
ginning of life’s resistance (Rp,). In the context
of this paper, a new parameter, SoH,,, or sum of
resistances dependent SoH, is introduced. Equa-
tion (40) represents the SoH,,, as a ratio between
the sum of actual battery’s resistances and the sum
of battery’s beginning of life’s resistances.

> Ri~> R (39)
0 0
. (Z(T)L Ri)act
SoH s, = 7(28 R) ot (40)



4 Conclusion

The proposed online characterization method
based on the recursive derivation of parameters
in the time domain can accurately estimate the sum
of the battery’s resistances. Also, the new parame-
ter, SoH,r, is introduced to track the battery’s aging
phenomena dependent on the sum of the battery’s
resistances. In addition, the proposed approach
does not disrupt the normal operation of the battery
system and can be implemented in any RBS with
the ability to connect adjacent cells in parallel.
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