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ARTICLE INFO ABSTRACT

Battery powered energy systems such as electric vehicles utilize power electronics for controlling energy flows
between the battery and the load or generation, respectively. Therefore, the battery is under high frequency
stress due to fast switching power electronic devices. However, most battery models throughout the literature
are not able to cope with high frequency excitation. This paper proposes an easy to implement equivalent circuit
model that covers aforementioned frequency regions with a series of inductors that are each connected in
parallel with an ohmic resistance. This circuit is parameterized by electrochemical impedance spectroscopy (EIS)
up to 100 kHz. For further regions that reach regions of megahertz a skin effect model is investigated and
compared to the RL-model. It is shown that such semi-empirical models can be motivated by geometrical con-
siderations that can be found in the literature. Moreover, the proposed model is validated by simulating the
voltage response from an input current that originates from an actual back-to-back half bridge DC/DC converter.
The promising results indicate that such models might be implemented in future battery energy systems to
improve insights on how batteries react to perturbations such as EMI noise or high frequency current ripple.
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1. Introduction

It is commonly accepted that lithium-ion batteries are going to be a
crucial factor for the energy transition from fossil fuels towards re-
newable energies regarding either the necessity to buffer fluctuating
feed-ins from solar and wind power plants, improving grid quality and
grid stability or as one feasible energy storage for electric mobility
[1,2]. Given that distributed generation is an immanent feature of re-
newable energies, a paradigm shift towards new forms of electrical
energy networks such as microgrids [3] has been initiated and batteries
are commonly seen as a self-evident part of such smaller scaled net-
works to guarantee uninterrupted service or increase the degree of
utilization of renewable power plants [4]. One example is to equip
electric cars with back-to-back battery chargers [5] instead of the
nowadays widely used unidirectional vehicle battery chargers [6] so
that the car's traction battery can be used as a backup storage which is
known as the concept “vehicle to grid” (V2G) [7,8].

Regardless of all the aforementioned ideas being future concepts or
already commercially available, they have one vital similarity: The
design of energy systems cannot be done without taking power elec-
tronics into account. In principle, power electronic devices convert a
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mostly arbitrary current or voltage signal into another with power
switches such as field-effect transistors (FET) or insulated gate bipolar
transistors (IGBT) that are turned on and off periodically, e.g. con-
trolled by pulse-width modulation (PWM) [9]. The switching frequency
is within the magnitude of several kilohertz and therefore induces high-
frequency noise and current ripple as shown for a half bridge based DC/
DC converter in Fig. 1.

Thus, batteries that are connected to power electronics face high-
frequency excitation. Therefore, a novel model that is able to represent
a battery's high-frequency behavior with a satisfactory explanation for
its elements needs to be developed. In order to achieve a model that is
easy to parameterize and is potentially simple enough to be im-
plemented in online battery monitoring systems without inducing too
much computational burden [10], two well established methods for
modeling and parameterizing batteries, respectively, have been chosen.
In this work, electrochemical impedance spectroscopy (EIS) is used to
measure the voltage response due to a harmonic input current to cal-
culate the cell's impedance which is then passed to a fitting algorithm so
that an equivalent circuit model can be implemented [11]. In the past,
this practice has been discussed thoroughly in the literature, e.g. in
[12-14]. Yet, only a few researchers have dealt with models that take
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Fig. 1. The left side shows a qualitative diagram of a typical battery current waveform if connected to a DC/DC-converter, e.g. a boost converter. On the right side,
the corresponding harmonic spectrum is shown qualitatively, too. It declines in orders of 1/n.

Fig. 2. Exemplary impedance spectra clearly show significant growth of the real part for high frequencies for various cylindrical cells.

the inductive branch, i.e. the high-frequency behavior, into account. In
[15,16] and to some extent [17] an impedance analysis with high-fre-
quency excitation has been undertaken and an inductance in parallel to
an ohmic resistance is proposed as an equivalent circuit model. Their
conclusions are motivated by an increasing real part at high fre-
quencies, as illustrated in Fig. 2, which seems to be imminent for a lot of
cell technologies, since a regrowth of the real part at higher frequencies
has been observed in the past and is clearly visible for every mea-
surement throughout this work. However, a deep analysis is missing in
the literature. Moreover, it is established to provide aforementioned
inductive equivalent circuits to achieve an exceedingly precise fitting
result but neglecting them in the following simulation for reasons
concerning simulation stability [18].

Further battery models that are based on transmission line ap-
proaches are also discussed. In case of [19], the effect of EMI on the
battery is investigated so that its primary frequency range is by far
higher than a typical switching frequency of power electronics, which
normally operates in the range of several kilohertz. The authors of [20]
provide a more promising concept for a lower band which is based on
the geometrical concept of a spiral-wound cell [21]. Therefore, another
goal of this work is to provide an equivalent circuit model that is usable
in simulations of power electronic battery systems as it uses RL-circuits
not only in terms of an improved parameterization but as a key part of
the simulation as well. With this modeling approach, a more precise
prediction of the battery's voltage response due to high frequency
current ripple is achieved.

In Section 2 the carried out electrochemical impedance measure-
ments are presented. It is followed by the modeling approach with an
equivalent circuit and its parameterization in Section 3. Afterwards, the
developed model is evaluated and discussed in Section 4 as it is tested
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with measurement data of a real life battery system, based on a half-
bridge DC/DC converter.

2. Experimental
2.1. Cell characteristics and equipment used

All measurements presented in this work are done with commercial
spiral wound cylindrical cells with varying chemistry, see Fig. 2b. Al-
beit the proposed model has been derived for any given cylindrical cell,
only a 18,650 spiral wound cylindrical high power lithium-ion cell is
investigated further to focus on the properties of the model. The anode
consists of graphite and the cathode is made of lithium iron phosphate
(LFP). The nominal properties of the identical cells are listed in Table 1.
They are both cycled and characterized by a Zahner Zennium impedance
spectroscope. This device has also been used to conduct the EIS-mea-
surements. The cells are connected in a way to utilize four-terminal
sensing. The wires for voltage and current are twisted in pairs respec-
tively to minimize the stray effects. Ultimately, the cells are tested in a
Binder MK 240 climate chamber.

Table 1

Nominal features of the battery under test.
Value Symbol Quantity
Nominal capacity Cn 1,1Ah
Nominal voltage Un 3,3V
End-of-charge voltage Ugoc 3,6V
Cutoff voltage Uco 2V
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Fig. 3. Terminal voltage measurements for the given LFP-cell at C/40 current
rate to represent phase transitions and voltage hysteresis between charge and
discharge. (For interpretation of the references to color in this figure citation,
the reader is referred to the web version of this article.)

2.2. Results

To obtain the curves in Fig. 3, the fully charged battery has been
discharged between Ug,c and Uco with a current-rate of C/40 to get the
lower of the two curves, marked in blue. At the time when the battery
has hit Uco, it has been charged again until Ug,c with the same current-
rate to obtain the upper red line. Both curves should be as close to their
respective open circuit voltage (OCV) as possible since overpotentials
may be neglected when using such low current rates [22]. Thus, the
voltage curves in Fig. 3 are used as a time-saving approximation instead
of an OCV curve.

EIS-measurements have been done at each combination of state of
charge (SOC) and temperature, given in Table 2. The cells have been
excited galvanostatically with an amplitude of 50 mA and without any
underlaid constant current component. To ensure minimal parameter
variance, e.g. aging processes due to severe temperature conditions, a
new cell of the same batch has been used for each temperature. At each
SOC listed in Table 2, an EIS-measurement has been conducted after a
partial charge and after a partial discharge, respectively. Thus, every
cell has undergone 14 EIS measurements. After each partial charge/
discharge the cell has been relaxated for four hours to ensure that re-
laxation processes do not interfere with the actual measurement [23].
The frequency range of the EIS-measurements has been set to
fas € [1Hz 1MHz] to cover typical switching frequencies of power
electronic converters and sufficient parts of their harmonic spectrum.
For illustrative purposes, the frequency ranges that are shown in the
following diagrams are adapted accordingly.

The essential results of the EIS measurement are depicted in Figs. 4
and Figure 5. Each Nyquist plot is cut off at f., = 100 kHz so that the
inductive branch appears shorter, thus leaving the capacitive area and
the cross section with the real axis at lower frequencies visible. The
starting frequencies range from f5;, = 1 Hz to fsy = 100 Hz, depending
on temperature and SOC. This range is chosen so that the measurement

Table 2

Test conditions for EIS-measurements.
Temperature in °C -20 -10 0 10 20 40 55
State of charge (SOC) in % 0 10 30 50 70 90 100
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frequencies are in the range of typical switching frequencies of power
electronics in the range of several kilohertz. Besides, a differentiation
between charge and discharge is neglected since the deviations between
the corresponding impedance measurements are comparatively small.
Therefore, only the spectra after a discharge pulse are shown.

In Fig. 4, four exemplary temperatures to represent Table 2 are
chosen and the impedance is plotted for each SOC. Except for the lower
frequency region and there especially SOC = 0, the curves are similar
and show no significantly different behavior. Moreover, each plot
shows a curvature in the inductive branch which leads to the conclusion
that the increase of the ohmic resistance is not purely linear. Taking
Fig. 5 into account, those observations are further supported. Each
graph shows a different SOC and the corresponding curves at the
temperatures listed in Table 2. As expected, a lower temperature such
as —20°C, —10°C or 0°C leads to a lower ion conductivity and
therefore results in a significantly higher inner resistance that can be
estimated as the intersection of the real axis. The unexpected shift of the
light blue and square marked curve, measured at 40 °C, is most likely
linked to the variation of cell parameters since a different cell has been
used for each temperature. Furthermore, it is bent more than the graphs
at lower temperatures. This can be generally noted: The higher the
temperature, the more compressed the first capacitive semicircle ap-
pears as it can be seen in the details in Fig. 5. This corresponds with the
second row of Table 3 as the point of intersection is directly linked to
the first depressed semicircle in the capacitive half-plane because
double layer capacitive effects are defined by the law of Debye and
Hiickel [24].

The first two rows of Table 3 are the aforementioned frequency fis
and resistance Ry at the intersection that are subject to temperature,
respectively. They are followed by the relative increase of the real part
AR;, measured at 100 kHz and at 1 MHz. Those measurements can be
seen as “how far” the inductive branch has been bent towards higher
real parts and how it develops over the given frequency domain. As the
ohmic changes ARjgoxm, and AR; vy, are related to each respective
intersection, a slight connection between temperature and the real part
at high frequencies is observed, for the real part rises more at higher
temperatures. The effect is more visible for AR; ¢ kp. @s it is for ARy v,-
Yet, this is not distinctive enough to be investigated deeper within the
scope of this work. However, especially when it comes to the resistive
rise until 100 kHz, it has to be noted that the behavior at high fre-
quencies is influenced by the battery's capacitive parts so that those
need to be taken into account in an electric model, too. This is shown in
more detail in Section 3.

In the last row, the imaginary part at 1 MHz has been approximated
as an inductance, calculated by Im{Z}; yu, & jwL;ymu, to give an im-
pression at which orders of magnitude the inductive behavior of a
spiral-wound 18,650 lithium-ion battery is located. The given range
and its independence from temperature clearly indicates that the in-
ductive part is mainly affected by wiring and the cell's geometry.

3. Modeling

In the past, equivalent circuit models have been thoroughly in-
vestigated. Yet, the inductive behavior has mostly been modeled by a
simple series inductor, e.g. in [12,25], or has been neglected [26]. The
results shown in Section 2.2 and recent studies [18] clearly indicate
that this is insufficient for a comprehensive model that is also capable of
simulating the battery's behavior under high-frequency excitation be-
cause they cannot cope with the consistently observed rise of the real
part in the positive half-plane. Besides, the measurements suggest that
the ohmic-inductive characteristic at higher frequencies are hardly in-
fluenced by the SOC and do not show significant correlations to tem-
perature variations. Therefore, a strong dependence on the geometry of
the cell and the wiring is assumed. This has been stated before without
any further reason, e.g. in [27] and has been rigorously investigated in
[20]. It is based on the assumption that spiral wound cells are basically
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Fig. 4. Measurement results, summarized for same temperatures with a shown measurement range from f;; € [1Hz 100 kHz].

a parallel connection of a large number of fractional cells connected by
the current collectors which are modeled by differential ohmic re-
sistances and a differential inductors. Albeit generating satisfactory
replications, the proposed model in [20] needs 38 independent para-
meters that are computed by complex geometrical equations for spiral-
wound cells as in [21]. This approach requires knowledge of the cell's
inner dimensions which are often unknown. Thus, a more practical
approach is to approximate the complex network of small but numerous
resistive and inductive parts with a simpler network that is an empirical
description of the fractional modeling of the current collectors. Con-
sequently, the proposed model does not need profound knowledge of
the cell's geometry as it is completely parameterizable by impedance
measurements.

A closer look at, for example, Fig. 2 reveals a convoluted curve in
the positive imaginary half-plane which is congruent with earlier re-
search, as in [15,16,18,28,29]. Therefore, an “inductive constant phase
element” (CPE) is proposed. Its impedance is
Zepgina = ()2 L = A e/™/@0) (€]
with 0% L = Ay, the complex number j, the angular frequency w and the
inductance L. The tilde is used to indicate that L is not purely inductive
since its unit is [L] = Hsé. As &, induces fractional order differential
equations [30], the implementation of the proposed model in tools such
as MATLAB/Simulink becomes rather difficult. Therefore, in full ana-
logy to the well-known practice in the low-frequency region, the in-
ductive CPE is approximated with m RL-circuits as shown in the upper
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half of Fig. 6.

Taking a look back at Table 3 indicates that the cross section of the
real axis is dependent on temperature and reaches regions of possible
switching frequencies of power electronics. Therefore, the capacitive
part cannot be neglected and is measured down to fs;, = 1 Hz so that the
first semicircle is completely covered even at higher temperatures, see
Fig. 4. It is widely recognized that the depressed semicircle can be
described by a ZARC-element, consisting of a capacitive constant phase
element and a resistor in parallel [12,25,27]. For the same reasons
mentioned above, a ZARC-element is also difficult to implement and
thus described by n RC-circuits instead, see the lower part of Fig. 6.

The full model is thereby written as

Z=R+ i JoL + Zn: Rq
S Z 1+ jei/Ry) 21+ juCRe;
Zz,ind Zz (2)

In this work, choosing m = 3 and n = 5 as parameters has delivered
satisfactory results. Four examples for two different SOC and two dif-
ferent temperatures are shown in Fig. 7. Only minimal deviations are
observable which are verified by the normalized root mean square error

\/(lzlmeas - |Zlcalc)2/N

[Zlmeas

NRMSE =

€))

because it does not exceed the range of low single digit percentages for
any measurement and is way below 0.5% at most times. Moreover, the
deviations rise from the low frequency part as the equivalent circuit in
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Fig. 5. Measurement results, summarized for same state of charge with a shown measurement range from f.; € [1Hz 100kHz].

Table 3 Fig. 6 is designed for the first semicircle that is obviously exceeded with

Analysis of descriptive parameters for the inductive behavior, taken from the lower temperatures, as it can be seen in Fig. 5. All Nyquist plots used for

measurements shown in Figs. 4 and 5. parameterization have been cut off at f,, = 100 kHz. At frequencies
Temperature in °C~ —20 10 0 10 20 40 55 higher than f.,, the performance of the proposed model will decline.
fis in kHz 800 644 49 379 267 186  0.89 That is due to its structure as RL-circuits: Eventually, they are going to
Rjs in mQ 41.1 3.6 286 346 227 279 228 form a semicircle. However, this cannot be anticipated because the
ARi100 a1z in m& 3.4 4.4 55 6.4 7.4 8.2 o1 diagrams show an outward curvature for a prolonged band as it can be
AR i, in mQ 642 605 615 638 652 660  70.2

seen in Fig. 8 in which the full spectrum up to 1 MHz shown. The detail

Ly wnz in nH 575 503 498 51.5 511 483 517 > . ; oo
in the smaller picture shows the Nyquist curve up to f.,. In this wider

Fig. 6. Proposed circuit model. The inductive ZARC-element is modeled as m RL-circuits as the capacitive ZARC-element is approximated by n RC-circuits. They both
form depressed semicircles in the positive and negative half-plane, respectively.
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Fig. 7. Example plots with fitting results, based on the equivalent circuit in Fig. 6. The normalized root mean square errors are in the region of 0.3%.

Fig. 8. Example plot showing the full measurement range up to 1 MHz. The
more detailed view shows the Nyquist curve up to 100 kHz as all other figures
before.

45

region, it is most likely that the impedance will mainly be affected by
the skin effect [27]. This is going to be discussed deeper in the following
Section 3.1.

3.1. Very high frequencies

The current collectors of the investigated batteries consist of copper
and aluminum. As stated in [27], the skin effect is going to have a
noticeable impact on the cell impedance, i.e. a rising resistance, at
frequencies higher than several tens of kilohertz which is supported by
Fig. 8. Therefore, it should be taken care of the skin effect if a model
should be able to reproduce the cell's behavior at very high frequencies.

It is widely known that the electrical energy is transported by the
electromagnetic field that propagates along the surface of a conductor
and its diffusion into the conductor is directly linked to the electro-
magnetic properties of the conducting material and the field's fre-
quency. As an approximate result of a diffusion equation, the penetra-
tion depth is often described by

—_—

|2
°= e

with the angular frequency of the electromagnetic field w, the perme-
ability u and the conductivity « of the particular material. The pene-
tration depth is seen as the section thickness of an equivalent circular
conductor. Thus, & can be linked to the geometrical description

C)
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R=—

XA %)

of a resistor with the length [ and the cross section A. Since A ~ 4, it
follows that

R~ Jo. (6)

Based on the empirically motivated idea, that is presented in [31], the
resistor R consists of an AC- and a DC-part that are added geometrically
which leads to the resistance

R(w) = RpcV1 + x%w = :Rpc+/1 + yw @

with the newly introduced parameter y, with [y] = s. This formula can
be used to simulate the skin effect. In order to compare this approach
with Eq. (2), it has been combined with an inductance and the same
ZARC element that is used in the previously discussed model withn = 5
as well. The full model equation follows accordingly as

. C Rc
Zse(w) = jwL + RpcJ1 + yw + Z

£ 1 + joCiRq,
=17 T

i

®

and can be described with the equivalent circuit model that is depicted
in Fig. 9.

A comparison between the skin effect model, the approximation
chosen in the previous part with three RL-circuits and a more complex
model with five RL-circuits is given in Fig. 10. All models have been
fitted in the frequency region lower than 100 kHz. Moreover, the
models based on RL-circuits have been given the same starting points
for the fitting algorithm to ensure comparability. Obviously, a higher
count of RL-circuits under the same conditions does not automatically
lead to an approximation that is substantially more accurate. Until
roughly f., = 100 kHz both RL-model based curves are very close to the
original measurement as it has also been shown in Fig. 7. In the same
region of very high frequencies, the RL-circuit based models suffer from
their mentioned design as a combination of inductive semicircles. The
skin-effect based model can cope with this region much better. Yet, it
cannot be ruled out that the deviation at the last point is connected to
measurement errors.

Ultimately, there is no clear indication which model or a combi-
nation thereof should be used as they all have assets and drawbacks.
One possible drawback of the skin effect model is that the knowledge of
physical characteristics such as the conductivity or the permeability is
often very limited and in most cases only a rough estimate would be
available. Moreover, an impedance that is dependent on the square root
of w such as R(w) would most likely be approximated by RL- or RC-
circuits, respectively, which would further increase computational
burden. In this work, the model based on RL-circuits is used since it is
easy to parameterize and to implement although it is only viable in
regions below 100 kHz. Yet, it is expected in any case that the harmo-
nics of most switched power electronics should have declined far en-
ough at the end of the model's frequency range as they normally de-
crease in orders of 1/n” or at least 1/n, as already illustrated in Fig. 1. In
the next section, the chosen model is going to be validated with a si-
mulation of a measured voltage response induced by an also measured

Zz

Fig. 9. Equivalent circuit for the skin effect model. The resistance stands for
R(w) = Rpcy/1 + yw and therefore not a pure ohmic resistance, obviously.
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Fig. 10. Example plot showing the full measurement range up to 1 MHz and
several fitting attempts with different models. Every model has been fitted in
the standard frequency range [1 Hz 100kHz]. This range is explicitly shown in
detail in the upper right corner.

alternating charging and discharging current, respectively, that origi-
nates from a DC/DC-converter connected to the battery.

4. Validation and discussion

Regarding the premise that the proposed model should be able to
represent a battery that is connected to power electronics and therefore
under high-frequency stress due to current ripple, it seems likely to use
an actual DC/DC-converter to conduct a convenient validation. Thus, a
standard half bridge DC/DC-converter, as seen in many textbooks, such
as [9], has been designed to charge and discharge an identical cylind-
rical 18650 LFP-battery since those have also been used to parameterize
the model. The circuit's working principle is evaluated in Fig. 11 for
both charging and discharging the battery. The battery is represented in
the circuit by a SOC-dependent voltage source Upcy that represents the
OCV and an inner resistance R.. By experience, such a reduced model
suffices when it comes to designing a control law. With the battery
being hard-wired to the low side of the converter, the differentiation
between charge mode and discharge mode is solely determined by the
switch between the voltage source that is used for charging the battery
and the parallel RC-structure that is used for discharging it again. Aside
from shutting down the circuit by sending a logical low signal to both
MOSFETS at the same time and provoking a short-circuit by turning
both transistors on at the same time, u and # indicate that antipodal
switching is used to control the circuit with a pulse width modulated
(PWM) signal. Based on the current direction and whether the battery is
charged or discharged an overall four conduction modes, that are
marked by the blue solid lines and the yellow dashed lines in Fig. 11,
can take effect and partly charge or discharge the inductance. As this is
highly influenced by the PWM, the current i; and ultimately the battery
current becomes controllable. Without going into further detail, current
control is done by an observer based state-feedback control loop that is
able to asymptotically follow a reference value even under pervasive
parameter perturbations.

The most important parameters of the DC/DC-converter that has
been built to validate the model are listed in Table 4. The resistive load,
the switching frequency and die inductor are designed in regard to the
voltage source so that the inductor current ripple is in orders of 40%
compared to the mean discharge or charge current, respectively.
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Fig. 11. Basic schematic of a half-bridge DC/DC-converter to illustrate the working principle. The converter connects a source for charging or a resistive load with a
smoothing capacitor for discharging with the battery. The current paths are shown as arrows for each switch setting.

Table 4

Main attributes of the DC/DC-converter, shown in Fig. 11.
Value Symbol Quantity
Input voltage Ucna 12V
Smoothing capacitor C, 1mF
Inductance L 860 uH
Switching frequency fs 5kHz
Resistive load R, 16Q

Standard low series resistance n-channel power MOSFETS with internal
body diodes have been used. As the voltage source and the load are
connected to the high side of the converter, the battery is found on the
low side and in series with the inductor. Its current is the controlled
state variable with its mean value being the desired value so that an
immediate influence on the charge and discharge current, respectively,
is established.

With the converter being set, a LFP-battery with parameters as in
Table 1 has been cycled with a mean charge current of Icya = 2.5 A and
a mean discharge current of Incy = — 2.5 A. At arbitrary points in time
the battery current and its voltage have been measured with a “Tek-
tronix TBS1064” digital oscilloscope. A shielded “Keysight 1146B”
current transducer with a bandwidth up to 100 kHz has been used to
measure the current whereas a “Testec SI 9001” differential voltage
probe with a frequency range up to 25 MHz has been used to detect the
cell's voltage.

An excerpt of the validation results is shown in Fig. 12 during dis-
charge on the left side as well as during charge on the right side of the
picture. In the first row, the current curve and its high frequency ripple
with an amplitude of roughly 1 A is observable. As stated before, the
current ripple has been designed to be around 40%. Yet, it is not pos-
sible in this basic converter design with a fixed frequency to obtain
ripple at all operation points, for it is dependent on the load which
constantly changes if the cell is charged or discharged with a constant
mean current.

In the second row, the current harmonics are shown. The cropped
line at the zero order harmonic is the DC-part, thus it reaches the mean
charge or discharge current amplitude which is set here to
Icnapcu = * 2.5A. It can also be seen, that substantial peaks in current
harmonics all arise at multiples of the switching frequency which shows
that the current is periodical and symmetrical. As anticipated, a trian-
gular current's harmonics decline in orders of 1/n* so that there is not
any measurable excitation to be expected at frequencies higher than
100 kHz. Therefore, it suffices to parameterize the model up to 100 kHz
if the influence of the current ripple shall be simulated. If the battery's
behavior under EMI stress was to be examined, a more sophisticated
approach such as a complex transmission line model as discussed in
[19,20] or a model that includes the skin effect, see Section 3.1.

In the last row of Fig. 12, the measured voltage response is shown as
a solid line. On top of it, the simulated response is given. Except for
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random spikes that are most likely linked to EMI effects in the mea-
surement chain and therefore cannot be reproduced appropriately by
the developed model, a simple optical comparison suggests a well
working simulation. Calculating the normalized root mean square error,
see Eq. (3), confirms the optically gotten assumption as the error re-
mains below 0.2% for both charge and discharge.

Fig. 13 shows an excerpt of the battery's voltage response while
charging, shown on the right side of Fig. 12. As before, the measured
voltage and simulation result of the high frequency model with three
RL-circuits is shown in the colors and line pattern as before. Ad-
ditionally, the dash-dotted yellowish curve represents the same simu-
lation. However, the RL-circuits have been abandoned and only the
pure ohmic resistance remains to represent the high frequency beha-
vior. A small but distinct variation shows that the RL-circuits are able to
deal better with the steep ripple. However, using only the resistance can
still lead to satisfactory results in terms of short time frames if highest
accuracy is not crucial [32]. This could be the case if a fast, yet robust
control algorithm was implemented as it has been the case for the half-
bride test circuit used to validate the model. Additionally, exchanging
the RL-circuits with an inductance leads to severe overshoots due to the
direct feed through of EMI. Thus, this variant has not been investigated
further.

Consequently, it is concluded that the proposed model gives sa-
tisfying results and is a comprehensive addition to common equivalent
circuit models that do not include inductive behavior, not just as an
opportunity to give a more detailed description of a cell's behavior to
improve simulation results overall but as a useful tool for designing
battery power systems that imply an interconnection of batteries and
fast switching power electronics.

5. Conclusion

A battery model to represent the behavior under high frequency
excitation, e.g. induced by the current ripple of power electronics, has
been proposed. It is based on an equivalent circuit that consists of an
inductive constant phase element that is approximated by an almost
arbitrary number of RL-circuits. In this work, using three RL-circuits has
shown good results continuously within a frequency range up to
100kHz which should suffice for a broad variety of applications.
Moreover, a capacitive constant phase element has been added to take
mid frequency effects down to 1 Hz into account so that the simulation
can remain accurate as the inductive behavior is affected by the capa-
citive one and vice versa [18]. It is convenient to also model the ca-
pacitive CPE with corresponding RC-circuits. To obtain the parameters
of the model, electrochemical impedance measurements have been
conducted in a frequency range from 1 Hz to 1 MHz. However, the data
has been cropped at 100 kHz to achieve higher accuracy in the most
important range for a lot of power electronic applications, see Fig. 10
and the middle part of graphic Figure 12. The equivalent circuit has
been implemented into MATLAB/Simulink as a block diagram that has
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Fig. 12. Simulation results for discharging on the left side and charging on the right side. The measurements have been recorded with a digital oscilloscope.

Fig. 13. Exemplatory comparison between a simulation with three RL-circuits
(dashed red line) and a simulation without any inductive part (dash-dotted
yellow line). It has to be noted that both the input current and the measured
voltage have been filtered to a large extend to tone down the voltage's noise,
thus making the desired effect more visible. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

been given a battery current with severe ripple, originating from a half
bridge DC/DC-converter, to validate its calculated voltage response.
The results clearly indicate that the model delivers the anticipated

48

results so that it might be considered to improve commercial battery
models in battery energy systems such as electric vehicles or larger
scale stationary battery systems, for they all have their battery systems
connected to power electronics that induce high frequency ripple. At
the present day, it is not yet well known, how the aforementioned
current ripple affects the battery performance and especially if there is
any severe effects on battery aging. A model like the one that is in-
troduced in this work can play a key role in further investigating battery
systems and answer questions that have arisen in this context.
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