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Abstract—This paper shows two approaches to determine the
battery impedance of battery cells or battery modules when
used in a reconfigurable battery system (RBS) or in any type
of modular multilevel converter (MMC) for electric drive appli-
cations. A generic battery model is used and the concepts of the
recursive time and frequency-domain parameter extraction, using
a current step and an electrochemical impedance spectroscopy,
are explained. Thus, it is shown and demonstrated that the
balancing current of neighboring cells/modules ,when in parallel
operation, can be used, similar to the time-domain parameter
extraction utilizing a current step, to determine the battery
parameters. Furthermore, it is shown and demonstrated that
a part of the inverter can be used as variable AC voltage source
to control a sinusoidal current through the motor inductances of
the drive train, which can be injected to the inserted battery
cells/modules of an adjacent phase to perform an on-board
impedance spectroscopy. Using either of the two presented
approaches, the individual battery impedances can be easily
determined, yielding the state of health (SOH) and the power
capability of individual battery cells/modules. Nonetheless, the
analyzed approaches were just considered to be applied at
machine standstill, which is not suitable for grid-tied applications.

Index Terms—Batteries, Electrochemical impedance spec-
troscopy, Modular multilevel converters, Multilevel systems, Pa-
rameter estimation.

I. INTRODUCTION

Modular multilevel converter or reconfigurable battery sys-

tem topologies are gaining in interest within the field of

transportation electrification or electric energy storage sys-

tems. Multilevel converters, in comparison to classical two-

level converters, have several advantages as for example fault

tolerant operation [1]–[3], increased drive cycle or partial

load efficiency, when using low voltage MOSFETs in com-

parison to common IGBT solutions [4]–[9], and reduced

electromagnetic emissions (EME) [10]–[12]. Nevertheless, due

the cascaded or interleaved structure of the converter, the

integrated battery packs are stressed with additional low order

harmonic components, which reduces the battery efficiency

in comparison to a classical two-level converter system [6],

[13], [14]. It is often controversially discussed that these

low order harmonics can cause a rapid aging of the battery

cells, which has been proven to be wrong in [15], [16].

Integrating the power electronics even on cell or small battery

pack level, the converter can additionally act as a part of

the battery management system (BMS) [16]–[18], sometimes

referred to as a reconfigurable battery system [17]–[19]. Using

a multilevel converter with integrated batteries or an RBS

drive train topology, each battery cell/module can be drained

according to its individual capacity. In this manner the battery

can be fully utilized even if individual battery cells have a

reduced state of health. This in turn increases the actual life

time of the drive train, since common traction batteries are

typically replaced if the SOH drops below 80%. However,

an RBS typically needs an additional, dedicated propulsion

inverter.

For two-level inverter drives, different algorithms to trigger

battery faults [20] or to monitor the battery pack’s state of

health and state of charge (SOC) [21], [22] can be found.

Furthermore, detailed analysis for the recursive parameter

extraction of a generic electric impedance model [23]–[27]

in time [27]–[31] and frequency-domain [27], [32], [33] can

be found. Especially, the battery’s impedance is of interest,

since it indicates power capability and state of health [34],

[35]. Nonetheless, a common battery pack consists of hard-

wired connections, which make an impedance determination

and replacement of weak or faulty battery cells complicated,

which is indeed an advantage of multilevel converter or RBS

topologies. In [36] the SOHs of individual battery packs are

determined and balanced over time to increase the life time of

the drive system.

However, missing in the entire previously mentioned lit-

erature is the battery impedance determination of individual
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Fig. 1: (a) Arrangement and working principle of the recon-

figurable battery BM3 system with flexible series and parallel

connections of battery cells: (b) series connection, (c) parallel

connection and (d) bypass connection.

battery cells/modules of RB or multilevel drive systems.

Therefore, this paper introduces the application of two di-

agnostic approaches to determine the impedance of battery

cells/modules when used in an RB or multilevel drive system

without needing any additional hardware. The first approach

utilizes the balancing current when a parallel operation is

triggered between adjacent battery cells/modules. The second

approach, rearranges the inverter and traction motor so that

an online impedance spectroscopy can be carried out. Both

methods are validated by experiments and simulations.

II. RECONFIGURABLE BATTERY AND MULTILEVEL

CONVERTER SYSTEM

In literature, several RB [17]–[19] or multilevel converter

systems [37]–[39] can be found.

For example, the RBS topology shown and described in

Fig. 1, referred to as battery modular multilevel management

(BM3) [16], [40] system, can be used to dynamically alter

the connections between adjacent battery cells/modules. In this

way, parallel or series connections can be dynamically formed

or individual cells can be bypassed. In this way, a dedicated

BMS becomes obsolete. An RBS is normally operated with

an additional, dedicated propulsion inverter. Using one strand

per phase, the BM3 topology could even be applied as a

propulsion converter, similar to the cascaded H-bridge (CHB)

[41], [42] or the M2B/MMSP [6], [43] converter, shown in

Fig. 2. In comparison to an RBS, a multilevel converter utilizes

dedicated battery packs with a moderate number of series
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Fig. 2: (a) Structure of the CHB or M2B/MMSP multilevel

inverter topology for a drive application with the motor’s

stator inductance Lσ, s and (b) submodule arrangement of the

CHB inverter and additional half-bridges of the M2B/MMSP

topology emphasized in blue.

connected battery cell strings. Thus, each battery pack is

equipped with a passive balancing circuit. Due to the limited

number of series connected battery cells, the balancing effort

is not as large as for high voltage battery packs. The shown

CHB converter can dynamically insert the battery packs in

forward or reverse direction and these could also be bypassed.

In this manner any kind of phase output voltage waveform

can be achieved. Additionally, the M2B/MMSP converter can

parallelize battery modules to reduce the battery losses.

Within the frame of this paper’s analysis just the two

mentioned topologies are considered. However, the in the

following described algorithms can be easily adapted to several

types of multilevel converter or RB systems.

III. BATTERY MODELING

Several battery equivalent circuit models, based on

RC-networks, can be found in [23]–[27]. The Randles model,

as can be seen in Fig. 3, seems to be the most suitable to

describe the electric dynamics of the battery. With the help

of the battery impedance the maximum power limit of the

battery cell can be determined and, as a function over time,

the battery aging can be assessed. Furthermore, as described

in [13] and [6], simple energy calculations can be performed

using the equivalent circuit models.

The impedance of the Randles model in the s-domain can

be mathematically described as

Z̄Cell(s) = R0 +
R1

s+R1C1

+ ...+
Rn

s+RnCn

+ sLσ,b . (1)

When neglecting the stray inductance Lσ,b, (1) can be rewrit-

ten in transfer function form as

Z̄Cell(s) =
bns

n + bn−1s
n−1 + ...+ b1s+ b0

sn + an−1sn−1 + ...+ a1s+ a0
. (2)
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Fig. 3: Generalized Randles model of a battery cell’s

impedance including the stray inductance Lσ,b.

Using its corresponding poles, p = {pn, pn−1, pn−2 ... p1},

and zeros, z = {zn, zn−1, zn−2 ... z1}, the cell impedance

term becomes

Z̄Cell(s) = bn
(s− zn)(s− zn−1) ... (s− z1)

(s− pn)(s− pn−1) ... (s− p1)
. (3)

The selection of the number of RC-links n depends on the

actual application to be described by the model. For example,

as described in [13], when used for energy calculations of

CHB propulsion inverters it can be reasonable to choose up

to three RC pairs.

IV. RECURSIVE TIME-DOMAIN BATTERY PARAMETER

EXTRACTION USING CURRENT AND VOLTAGE WAVEFORM

A. Parameter Extraction using a Pulsed Current

A common way to determine the parameters of the transfer

function in (3) is the time-domain parameter extraction using

the current and voltage waveforms of the battery cell under

test, as for example described in [27]–[29]. Using an adaptive

control approach, the determination can be directly applied

during the operation of the vehicle [30]. However, due to

the dynamics of the drive train it might be more suitable to

apply just a defined current step during stand-still. Hence, the

transfer function can easily be parametrized using a generic

least-square fit approach. Numerical computer tools, such as

MATLAB’s curve fitting toolbox, can be used. The equivalent

circuit parameters, neglecting the stray inductance and using

three RC pairs, can then be extracted as described in the

following. From the poles, the system’s time constants can

be calculated according to




τ1
τ2
τ3



 = −





1/p1
1/p2
1/p3



 . (4)

Knowing the time constants, a matrix A can be created

according to

A =
1

τ1τ2τ3
·

[

τ1τ2τ3 0 0 0

τ1τ2 + τ1τ3 + τ2τ3 τ2τ3 τ1τ3 τ1τ2
τ1 + τ2 + τ3 τ2 + τ3 τ1 + τ3 τ1 + τ2

1 1 1 1

]

(5)
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Fig. 4: Battery cell parameter extraction using a pulsed current:

observed (a) current step and (b) battery cell’s voltage drop.

which can be used to calculate the equivalent circuit resis-

tances as








R0

R1

R2

R3









= A−1









b3
b2
b1
b0









. (6)

The capacitances can now be calculated as




C1

C2

C3



 =





τ1 0 0
0 τ2 0
0 0 τ3









1/R1

1/R2

1/R3



 . (7)

If the Randles model is used with two or one time constants,

the parameters can be calculated in a similar way from the

least-square fit.

For example, Fig. 4(a) shows a 0.5C pulse applied to a

single 18650 battery cell ([44]). Meanwhile, the battery voltage

drop is monitored as depicted in Fig. 4(b) in red. Using

MATLAB’s system identification toolbox and, for simplifica-

tion, considering just one RC pair, the cell impedance was

determined to be

Z̄Cell(s) =
0.07251s+ 0.0005935

s+ 0.004811
(8)

which can be rearranged to the pole-zero form as

Z̄Cell(s) = 0.07251
s+ 0.0082

s+ 0.004811
. (9)

Thus, the time constant τ1 can be calculated using the system

pole as

τ1 = −
1

p1
= 207.86 s (10)

and the A-matrix becomes

A =
1

τ1
·

[

τ1 0
1 1

]

. (11)
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Fig. 5: Used H-bridge module and battery cell with fuse.

Consequently, the equivalent circuit resistances can be calcu-

lated as follows:
[

R0

R1

]

= A−1

[

b1
b0

]

=

[

1 0
−1 τ1

] [

b1
b0

]

(12)

R0 = b1 = 72.5mΩ (13)

R1 = b0τ1 − b1 = 51mΩ (14)

Last, the equivalent circuit capacitance can be calculated as

C1 =
τ1
R1

= 4.08 kF . (15)

The simulated voltage drop, using the extracted parameters,

can be seen in Fig. 4(b) in blue. Due to the selection of just

one RC pair, the simulated voltage drop slightly differs from

the measurement in the beginning of the current step.

B. Parameter Extraction using Balancing Current

Considering the multilevel inverter or reconfigurable battery

system topologies as shown in Figs. 1 and 2, the battery pa-

rameters can be extracted using the balancing current between

battery cells/modules when in parallel operation.

As a short recap, in case of different SOCs of neighboring

battery cells or modules, a difference in their battery volt-

ages can be observed. Thus, when paralleling batteries with

different SOCs, charges, in form of an electric current, are

automatically transferred from the battery cell/module with

the higher SOC to the one with the lower SOC. Similar as

for an applied current pulse, with the help of the monitored

balancing current and the battery voltages the transfer function

in (1) can be parameterized.

To demonstrate this approach, a laboratory, small-scale

setup of a reconfigurable battery system, as show in Fig. 1,

was built. For the small-scale setup the H-bridges and battery

cells ([44]) as shown in Fig. 5 are used. Two H-bridges,
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ic,2S13/S22
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Fig. 6: (a) Schematic H-bridge arrangement of adjacent cells

to achieve an RBS topology and (b) laboratory, small-scale

setup.
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Fig. 7: (a) Balancing current between adjacent battery cells

(initially, VCell,1 =3.85V and VCell,2 =4.14V) and (b) moni-

tored battery cell voltage of battery cell number one and simu-

lated battery voltage using the extracted parameters. Extracted

Parameters:R0=62.5mΩ; R1=60.1mΩ and C1 =3.42 kF.

each equipped with one battery cell, were connected as

schematically depicted in Fig. 6(a). The actual laboratory

setup can be seen in Fig. 6(b). During a simple test, the

battery cells were switched from the series to the parallel

connection. The waveform of the measured balancing current,

when paralleling both battery cells (initially, VCell,1 =3.85V
and VCell,2 =4.14V), can be seen in Fig. 7(a). It should be

noted that the battery current flows from the second to the

first cell. The current looks similar to a proper current step,

except for the overshoot in the beginning. Furthermore, the

measured battery voltage of cell number one can be seen in

Fig. 7(b). Due to the noise of the voltage probe, the voltage
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Fig. 8: (a) Battery cell test fixture and (b) impedance plot of the high energy cell for different SOCs [6].

TABLE I: Battery cell parameters extracted from EIS [6] (shown in Fig. 8(b) in red)

R0 [mΩ] R1 [mΩ] R2 [mΩ] R3 [mΩ] C1 [mF] C2 [mF] C3 [F] Lσ,b [nH]

41.53 5.02 7.32 3.23 75.44 339.5 3.625 590.8

signal needed to be filtered. Again, using MATLAB’s system

identification toolbox, similar as described in (8) to (12), the

equivalent circuit parameters of the battery were determined

as

R0 = 62.5mΩ; R1 = 60.1mΩ and C1 = 3.42 kF . (16)

Consequently, using (16), the battery voltage was simulated as

can be seen in Fig. 7(b) in black (dashed). Similar as for the

before analyzed current step response, the model using just

one RC pair slightly overestimates the voltage swing during

the switching transient, while the steady state voltage drop is

accurately estimated. The proposed technique can be easily

extended to multiple RC pairs.

Nonetheless, the basic principle of the battery parame-

ter estimation using the balancing current between battery

cells/modules could be validated. Consequently, the presented

estimation approach could be implemented for any multilevel

inverter or reconfigurable battery system, which allows for

dynamic paralleling of battery cells/modules.

V. FREQUENCY-DOMAIN BATTERY PARAMETER

EXTRACTION USING IMPEDANCE SPECTROSCOPY

A. Parameter Extraction using Impedance Spectroscopy

Another way to extract the equivalent circuit parameters

of a battery cell/module is the electrochemical impedance

spectroscopy (EIS), which is extensively covered in [27], [32]

and [33]. For this method, a sinusoidal current with a certain

frequency is injected into the battery cell/module, while the

battery cell/module voltage oscillation is monitored. Thus, the

impedance for the selected frequency can be calculated using

the relation of the injected current, monitored voltage and their

phase shift. Using a frequency sweep, the impedance can be

determined for a broad frequency range. For example, Fig. 8

shows an EIS performed at a single battery cell ([44]) using

. . .
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Fig. 9: (a) Rearrangement of CHB/MMSP multilevel inverter

topology to apply an online impedance spectroscopy. (b)

Electric scheme of impedance spectroscopy application.

the battery analyzer Gamry Reference 3000 [45]. The battery

was mounted on a fixture to have a low contact resistance.

The obtained impedances for a frequency range from 10mHz
to 10 kHz can be seen in Fig. 8(b). As can be seen, the

impedance is highly dependent on the SOC. Nevertheless,

around an SOC of about 50% the impedance deviation relative

to the SOC is not that significant. Therefore, the impedance

is often extracted only for the characteristic SOC of about

50% [6]. To determine the equivalent circuit parameters of the

battery model a least square fit was used, considering three RC

pairs, to match the impedance within a frequency range from

1Hz to about 4 kHz. The obtained parameters can be seen in

TABLE I and the impedance is plotted in red in Fig. 8(b).
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Fig. 10: Schematic implementation of a PR controller to conduct an on-board impedance spectroscopy.

In comparison to the parameter extraction in time-domain, the

resistance R0 is a bit smaller. This is due to the reason that the

electric impedance spectroscopy considers a broader frequency

range up to several kHz, whereas the parameter extraction

in time-domain, depending on the length of the current step,

focuses rather on the low frequency range. As can be seen

from Fig. 8(b), the real part of the impedance significantly

increases when approaching 0Hz.

B. Parameter Extraction using Impedance Spectroscopy by

Converter Rearrangement and Utilization of Motor Inductance

Considering the multilevel inverter or reconfigurable battery

system topologies as shown in Figs. 1 and 2, an on-board

impedance spectroscopy could be applied utilizing the motor

inductance and a part of the inverter or reconfigurable battery

system as a voltage source. For example, Fig. 9 shows the

rearrangement of the CHB/MMSP multilevel inverter topology

for a motor load in star-connection. If the motor would

be operated in delta connection, the same principle could

be applied, whereas the effective inductance value would

become 0.667Lσ,s instead of 2Lσ,s. As shown in Fig. 9, one

phase could be used as dynamic voltage source to inject a

sinusoidal current into the battery cells/modules of the neigh-

boring phase’s cells/modules. To properly control a sinusoidal

current waveform, the utilization of the motor inductance is

required. Figure 10 shows the schematic implementation of a

proportional-resonant (PR) controller to conduct an on-board

impedance spectroscopy. A PR controller, as described in [46],

[47], has a controller gain as can be written according to

Fc(s) = Kp +Ki

s

s2 + ω2
0

(17)
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Fig. 11: Monitored battery cell current and voltage oscillation

for the simulated impedance spectroscopy.

which is typically used to control sinusoidal current quantities

tuned for a certain frequency. For a simulation, the battery

parameters shown in TABLE I and Fig. 8(b) were chosen.

Next, a part of the converter or RBS was simulated as a

variable AC source to control a current of 1.5C and 100Hz
through the motor inductances (2Lσs), injected in one battery

cell. Figure 11 shows the obtained battery voltage oscilla-

tion relative to the controlled current. Thus, the battery cell

impedance for that specific can be calculated follows:

Z̄Cell =
V̂Cell

ÎCell

e−jλ =
204mV

4.2A
e−j5.4◦ (18)

Z̄Cell = 48.6mΩ e−j5.4◦ (19)

Z̄Cell = 48.6mΩ[cos(−5.4◦) + jsin(−5.4◦)] (20)

and, finally,

Z̄Cell = 48.38mΩ− j4.57mΩ . (21)

Comparing the obtained result in (21) with Fig. 8(b), it can be

seen that correct impedance value is obtained. Sweeping the



frequency of the injected current, such as shown in Fig. 8(b),

and using least-square fit, the impedance can be determined

for a broad frequency range.

VI. CONCLUSION

Modular multilevel converter or reconfigurable battery sys-

tems offer a better utilization of the battery cells in compar-

ison to a classical two-level inverter battery. In this manner,

the actual battery life-time can be increased. However, the

battery/cell monitoring and state estimation becomes more

complex, but offers certain possibilities to localize and replace

or bypass faulty battery cells. Therefore, this paper has been

shown the novel application of two diagnostic approaches to

determine the battery’s cell/module impedance.

The first approach, a recursive time-domain parameter

extraction, uses the balancing current between paralleled

cells/modules, while monitoring the cell voltage. This ap-

proach has been experimentally validated. It can be applied

even during the operation of the vehicle.

The second approach, rearranges the inverter topology so

that a part of the converter can be used to conduct an

electrochemical impedance spectroscopy at another part of

the by controlling a sinusoidal current through the motor

inductance. This method can be applied at standstill or halt.

For the application of either of the two approaches no

additional hardware is needed and, thus, these could be easily

implemented in any type of multilevel converter or RBS used

for vehicle traction or variable speed drive applications.
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