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Battery Loss and Stress Mitigation in a Cascaded
H-Bridge Multilevel Inverter for Vehicle Traction

Applications by Filter Capacitors
Anton Kersten, Student Member, IEEE, Oskar Theliander, Emma Grunditz,

Torbjörn Thiringer, Senior Member, IEEE, and Massimo Bongiorno, Senior Member, IEEE

Abstract—In this paper, two types of filter capacitors of varying
capacity, were connected to the battery packs of a cascaded
H-Bridge single-star multilevel vehicle traction inverter, and their
influence on the battery losses has been analyzed. The battery
and capacitor simulation models used are experimentally verified
in a down-scaled system. Different capacitor configurations were
simulated for four drive cycle scenarios to determine the poten-
tials for the mitigation of current pulse stresses and battery loss
reduction with respect to the added weight. By adding capacitors
corresponding to a weight of 4% of the initial battery storage,
the peak current is reduced by 5%-20%, depending on the
operating point from DC to a few kHz, and the battery losses are
reduced by 10%. In comparison, it is demonstrated that adding
supercapacitors is more beneficial for lower output frequencies,
while adding electrolytic capacitors is better for higher output
frequencies. Furthermore, the low-order voltage harmonics of
the DC-rails between the converter and battery were reduced
by 10%-30% for frequencies above 9 kHz, which decreases the
potential of electromagnetic disturbances. In addition, during
cold battery temperatures, when it is very important to avoid
heavy cyclings, the loss reduction using the capacitors was 2.5
times larger than for nominal temperature.

Index Terms—Cascaded, Efficiency, Electric vehicle, Elec-
trolytic capacitor, H-bridge, Multilevel converter, Multilevel sys-
tem, Supercapacitor.

NOMENCLATURE

CISPR Comité international spécial

des perturbations radioélectriques

E-cap Electrolytic Capacitor

EMI Electromagnetic interference

EV Electric vehicle

FSHE Fundamental selective harmonic elimination

FTP75 EPA federal test procedure

HESS Hybrid electric storage system

HWFET Highway fuel economy test

MLI Multilevel inverter

MMC Modular multilevel converter

NEDC New european driving cycle

No Number

NPC Neutral point clamped

OP Operating point

PHEV Plug-in-hybrid electric vehicle

SS Small scale
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US06 Supplemental federal test procedure

CCap Capacitance of filter capacitor
CLargeScale

CSmallScale
Capacity ratio between the systems

Cx Transient cell capacitance with {1, 2, 3} ∈ x

Cx,Bat Transient battery capacitance with {1, 2, 3} ∈ x

h Harmonic order

Î Fundamental output current peak

ÎBat Battery current peak

iBat Battery current

iCap Capacitor current

iCell H-bridge cell current

iCell,aj
Current of cell j of phase a

with {1, 2..., n} ∈ j
ILargeScale

ISmallScale
Current ratio between the systems

m Number of output levels

n Number of H-bridge cells per phase
Nser,Large

Nser,Small
Ratio of series cells between the systems

R0 Internal cell resistance

R0,Bat Internal battery resistance

RESR Equivalent series resistance

Rx Transient cell resistance with {1, 2, 3} ∈ x

Rx,Bat Transient battery resistance with {1, 2, 3} ∈ x

VBat Battery pack output voltage

VCell Battery cell output voltage

VDCML
Nominal module voltage

VLargeScale

VSmallScale
Voltage ratio between the systems

VOCV Battery cell open circuit voltage

VOCV,Bat Battery pack open circuit voltage

αj Switching angle with {1, 2..., n} ∈ j

I. INTRODUCTION

FOR traction applications, as in electrified vehicles (EVs),

it is of utmost importance to have a high efficiency in

order to minimize the necessary cooling, as well as to be

able to utilize the amount of charge in the battery as much

as possible. A reduced cooling effort results in an increased

inverter power density and, consequently, a lighter vehicle

weight. Conventionally, a two-level inverter is utilized as the

vehicle traction converter, though in [1]–[4] the advantages

and disadvantages of multilevel inverters (MLI) for EVs are

analyzed. In these articles the single-star cascaded H-bridge

inverter is evaluated. With this structure, the inverter achieves
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reduced inverter losses as well as allows for a reduced EMI.

For the operation of the inverter, different control strategies

can be found in [5]–[8], using a reduced switching frequency,

down to fundamental frequency. In [9]–[11] a multilevel

inverter system with fundamental selective harmonic elimi-

nation, reducing the RMS-current, is proposed as a suitable

control strategy. A major drawback of this topology is that it

might increase the battery losses, since it stresses the battery

packs with strong current pulses ranging from DC up to

1 kHz [12]. It has been discussed whether these current pulses

cause an additional rapid aging of the battery cells, but this

controversy has been proven wrong, except for the increased

RMS current [13], [14].

A. Literature Review

Several investigations regarding the efficiency, low voltage

output harmonics and fault tolerance of multilevel traction-

inverters can be found in [15]–[19], but missing in the avail-

able literature is the consideration and quantification of the

battery losses. An H-bridge has always a capacitor connected

between the two DC-link rails to stabilize the DC-link and to

reduce the drawn battery RMS current. The same is true for

two-level inverters, which are predominant in the powertrain

of modern vehicles. Several investigations of two-level traction

inverters show that a Hybrid Electric Storage System (HESS)

of a battery pack and a supercapacitor can be an effective

means to increase the power density of the storage and, thus,

achieve an improved battery efficiency [20]–[22], especially

for low voltage hybrid vehicles as in [23]. Additionally, the

hybrid storage prolongs the lifetime of the battery, but missing

in the available investigations is the relation of the reduced

battery losses and the additional system costs. Since, the

voltage sources in a multilevel inverter are exposed to medium-

frequency current stresses, it is also beneficial to employ

additional high power storages as electrolytic capacitors as

well as supercapacitors in order to reduce the loss and current

stress. Therefore, [24] and [25] show different approaches for

the application of supercapacitors for an NPC and an MMC

multilevel traction inverter, but a common DC-link is used

and the capacitors thus require a voltage balancing algorithm.

Placing several battery packages directly into the module, as

suggested in [26]–[28], provides an intrinsic safety regard-

ing the battery pack voltage level [29], [30]. However, the

topic of HESS directly employed in the modules for traction

applications is not covered yet. Another benefit with extra

capacitors is also that the low-frequency EMI emitted from

the negative and positive DC-link rails and cables, is reduced

[31], since the lower EMI limit for conducted noise according

to the Chinese standard [32] is 9 kHz. Therefore, the applied

supercapacitors would act as a differential mode filter for low

frequency harmonics. In comparison, the standard CISPR 25

[33] regulates disturbances beginning from 150 kHz and up to

30MHz. Also, for a cold battery, it is important to avoid heavy

cyclings of the battery cells, since the internal impedance

increases by a multiple [34]. Thus, the life time loss, due to

the power dissipation is substantial as the temperature goes to

0 ◦C or below [35], [36].

B. Key Contributions

The concept of using cascaded H-bridges equipped with

parts of the battery and capacitors to form an HESS, and in this

way to eliminate the traditional two-level propulsion inverter

completely for an electrified vehicle, is a very new topic. The

issue of how relieving capacitors could assist the battery cells

to form a unit with higher power density as well as reduced

EMI has yet to be covered. Therefore, the contribution of this

paper is that it demonstrates a new concept, a vehicle converter

equipped with combinations of battery cells and capacitors

to form a unit with increased power density and lowered

EMI. Electrolytic capacitors as well as supercapacitors are

used to reduce stress and losses that medium-frequency current

pulsations cause in a vehicle’s battery packs with a multilevel

inverter setup. Further, the reduction of current harmonics with

respect to capacitor type and capacitance and the battery loss

reduction with respect to the added weight and systems costs

are quantified using simulations and experiments.

C. Paper Organization

The remainder of this paper is divided into six sections

as follows: In Section II, an example powertrain is modeled,

the control of the converter is described and the battery loss

modeling including filter capacitors is explained. Section III

shows the small scale lab setup used to prove the validity of

concept. Section IV deals with the reduction of the low-order

battery current harmonics, followed by a drive cycle analysis

in Section V and a cold climate performance investigation in

Section VI. Finally, conclusions are presented in Section VII.

II. DRIVE TRAIN MODELING AND CONTROL

A plug-in hybrid electric vehicle (PHEV) with a 50 km
electric driving range is considered as the reference system.

Instead of utilizing a common two-level inverter, a cascaded

H-bridge multilevel inverter is used. To be able to determine

the influence of the filter capacitors, connected to the battery

packs of the H-bridges in a multilevel inverter, a drive train

is designed and parametrized. It should be mentioned that

there are always capacitors attached to an H-bridge to facilitate

the high-frequency switched current, but here the amount of

capacitance is increased to filter out the low-order current

harmonics produced by the inverter. The analyzed drive system

is a 7-level cascaded multilevel inverter consisting of H-bridge

modules, as can be seen in Fig. 1(a) and 1(b). The system com-

prises 9 H-bridges connected into 3 branches with 3 H-bridges

in series for each phase. Every H-bridge has a separate energy

storage connected to its DC side. By controlling the switches

in the H-bridge in different ways, one bridge can create an

output voltage equal to VDCML
, −VDCML

, 0V and open circuit

at its terminals, where VDCML
is the input voltage of each H-

bridge. Assuming the voltage sources are equal, the number

of levels per phase that can be created are equal to

2n+ 1 , (1)

where n equals the number of full-bridge modules per phase.

The modeled vehicle should resemble a small passenger

car as in [37], which is propelled by an interior permanent
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Fig. 1: Overview of (a) the analyzed 7-level cascaded H-bridge multilevel inverter and (b) one single H-bridge cell equipped

with a capacitor.

TABLE I: Drive-train parameters

(a) Vehicle

Value Unit

Vehicle mass mveh 1025 kg

Occupant weight mocc 75 kg

Frontal area A 2.2 m2

Drag cofficient Cd 0.205

Rolling resistance Cr 0.01

Wheel radius rwheel 0.33 m

Gear box ratio Gr 11.5

Gearbox efficiency ηG 90 %

Top speed vmax 130 km/h

(b) Motor-PMSM

Value Unit

Stator resistance Rs 20 mΩ

D-axis inductance Ld 150 µH

Q-axis inductance Lq 300 µH

Flux constant ψm 33 mWb

Pole pairs np 5

Max torque Tmax 109 Nm

phase current IRMS 212 A

phase voltage V̂pk 150 V

Max speed n 12000 rpm

magnet machine. The vehicle and motor parameters are shown

in TABLE I(a) and I(b), respectively. The operating points of

the vehicle and inverter can be calculated according to [38].

The electric machine has a power rating of about 50 kW.

A. Battery Model

To supply the voltage to the H-bridge cells of the multi-

level inverter (MLI), 9 battery packs are used, building up

a total capacity of 10 kWh. Each battery pack consists of

150 cells, 10 in parallel and 15 in series. In this way a

Battery cell

R0

VOCV
R1

C1

+

VCell

-

R2

C2

R3

C3

Fig. 2: Three-time-constant Randles model of a battery cell.

nominal battery pack voltage of about 50V and a capacity of

23Ah is achieved. Power-optimized, cylindrical 26650 battery

cells (ANR26650M1A [39]) with a LiFePO4 chemistry of

the manufacturer A123 Systems are chosen. Each cell has a

nominal capacity and voltage of about 2300mAh and 3.3V,

respectively, with a maximum output current of 70A. For

normal operation, it is assumed that the ambient battery tem-

perature is about 25 ◦C, whereas for cold climate conditions

the temperature is below 0 ◦C. The electric behaviour of the

battery cells is modeled using the Randles model [40]–[42]

and up to three series RC-elements are applied, as depicted in

Fig. 2. Here, the resistances R1 to R3 and the capacitances

C1 to C3 describe the dynamic performance of the battery

cell. The resistance R0 is the internal cell resistance and the

voltage source VOCV represents the open circuit voltage, which

is dependent on the SOC. Since the considered frequency

range is in the range of a few kHz and below, the battery

inductance is assumed to be negligible in the further analysis

and it is, therefore, not depicted in the scheme of the battery

cell model [41], [43]. In an experimental setup, a pulsed

current with an amplitude of 28A and a frequency of 1Hz
was applied to extract the cell parameters [44]. With the

help of the monitored cell and open circuit voltages, as well
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TABLE II: Battery cell parameters

Measurement: R0 [mΩ] R1 [mΩ] R2 [mΩ] R3 [mΩ] C1 [F] C2 [F] C3 [F] Fit [%]

3.23V 1Hz 28A 10.02 2.47 1.41 1.37 0.49 9.93 168.94 99.49

TABLE III: Battery configuration per H-bridge

Value Unit

No. of cells in series 15

No. of cells in parallel 10

DC-resistance 22.9 mΩ

Weight 12.5 kg

Volume 5.28 L

TABLE IV: Capacitor configurations, values per H-bridge

Config. Color Type C [mF] R [mΩ] m [kg] V [L] ρ [Whkg−1]

0 N/A - - - - -

1 E-cap 5.87 52.5 0.55 0.37 0.0036

2 E-cap 23.5 13.1 2.2 1.5 0.0036

3 E-cap 41.1 7.5 3.9 2.6 0.0036

4 E-cap 58.7 5.25 5.5 3.7 0.0036

5 Supercap 4440 104 0.46 0.36 3.28

6 Supercap 17800 25.9 1.8 1.4 3.28

7 Supercap 31100 14.8 3.2 2.5 3.28

8 Supercap 44400 10.4 4.6 3.6 3.28

as the battery current, the battery cell parameters could be

numerically determined, as shown in TABLE II. For the full

scale system, the battery pack’s parameters for each H-bridge

are described in TABLE III.

B. Filter Capacitors

Each battery pack is equipped with an additional capacitor,

which is modeled as a series RC-element connected in parallel.

Since the considered frequency range up to a few kHz is

sufficient for the determination of the losses, the series induc-

tance or additional parasitic elements can be neglected. Two

different capacitors types, electrolytic and super capacitors,

of various capacity, as shown in TABLE IV, are considered

for the analysis. These are compared to the standard solution

without filter capacitors (Configuration 0). It should be noted

that the electrolytic configurations (configuration 1-4) have

about the same weight and volume as the corresponding super

capacitance configurations (configuration 5-8).

C. Control - Fundamental Selective Harmonic Elimination

Space vector modulation or carrier based PWM are common

approaches to operate a multilevel inverter [45]–[47]. These

methods work properly over a wide speed range, whereas

fundamental switching techniques offer a high inverter effi-

ciency at high speeds and nominal output voltage. Therefore,

the 7-level inverter is controlled by Fundamental Selective

0  /2 3  /2 2 

         

1

2

3

Phase voltage

Phase current

(a)

0 /2 3  /2 2

  

1

Battery current without C

Average battery  current

(b)

Fig. 3: Waveforms: (a) phase current and voltage. (b) battery

current in cell number 1.

Harmonic Elimination (FSHE) [10], [11] in order to create

the desired three phase voltages with acceptable low-order

harmonic content. By being able to choose the sequence of

turn on/off time instants for the different H-bridges in the

multilevel inverter, the amplitude of the fundamental frequency

as well as a selection of low-order harmonics in the inverters’s

output voltage can be controlled. For an m-level inverter, the

amplitude of the fundamental frequency and m−3
2

number of

harmonics can be controlled. Since the motor inductance acts

as a current low pass filter, it is of utmost importance to

minimize the low frequency voltage harmonics. The voltage

waveform built up by the 7-level inverter can be seen in

Fig. 3(a). The angles α1, α2 and α3 describe the instants

when H-bridge 1-3 should be activated. According to [10],

[11], the fourier series expansion of the signal for the different

harmonics, h, can be written as

VhML
=

4VDCML

h π

(

cos(hα1)+cos(hα2)+cos(hα3)
)

, (2)
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when assuming the DC-voltages are equal for all H-bridges.

The resulting battery current in comparison to the average

current is exemplified in Fig. 3(b). It is far from a DC

quantity. Within this analysis, the voltage harmonics of the

5th and 7th order are set to be zero. Equation (2) can be used

to calculate the switching angles for different amplitudes of

the fundamental output voltage. At a low modulation index

(below 0.487), the simultaneous control over both harmonics

cannot be fully achieved, but they are instead minimized with

a prioritization on the 5th harmonic. For high modulation

indices (up to 1.07), the 5th and 7th harmonic can easily

be eliminated [9]. To keep the battery packs balanced during

motor operation, the controller makes sure to use the battery

with the highest and lowest voltage to the largest and smallest

extent, respectively. The maximum output voltage the inverter

can create with a DC-link margin of 10% to account for the

voltage drops and the needed blanking time of the inverter

valves, as well as to have a sufficient control margin, can be

expressed as

VphaseRMS,MAX
= 0.9 · 1.07VDCML

· n√
2

, (3)

where VDCML
describes the input voltage of an H-bridge unit.

For this analysis the vehicle does not incorporate regenerative

breaking, since it simplifies the control of the machine, while

the relative difference between various results is not affected

[37].

D. Modeling Battery Losses

The battery losses, dealt with in this paper, are the

ohmic/joule losses. As shown in Fig. 3(b), the H-bridge

modules of the inverter are stressed with a chopped sinusoidal

current profile, containing a band of low-order harmonics. For

example, Fig. 4 depicts the Fourier analysis of the current

shape seen in Fig. 3(b). It can be seen, that the second

harmonic is even larger than the DC component. Therefore,

the low-order harmonic components should be filtered out

by paralleled filter capacitors. Depending on the frequency,

the various current components are distributedly conducted

through the impedance network of the battery-pack and the

parallel filter capacitor, as schematically depicted in Fig. 5

[40], [43], [48]. Thus, ohmic losses are caused in the equiva-

lent series resistance (RESR) of the capacitor [49] and in the

battery pack’s resistances (R0,Bat to R3,Bat) [41], which are

equally considered as the battery or energy storage losses. To

analytically determine the battery losses is not readily done,

since the H-bridge cells are stressed with a current, that is nei-

ther a DC nor a pure sinusoidal quantity, containing numerous

low-order harmonic components. However, using simulation

tools, can largely resolve this issue. For this purpose, just

the impedance network needs to be modeled and the current

source must be programmed according to the operating point

and the number of the H-bridge module. As for example, the

current profile of the H-bridge can be derived, beginning from

the three phase output currents

iabc = Îsin(ωt− k · 120− ϕ) with {0, 1, 2} ∈ k , (4)

0 10 20 30 40 50 60 70 80

Harmonic Order h

0

0.1

0.2

0.3

0.4

0.5

0.6
Even harmonics

DC component

Fig. 4: Frequency spectrum of the drawn battery current shown

in Fig.3(b).

Capacitor

Battery pack

R0,Bat
R1,Bat

C1,Bat

R2,Bat R3,Bat

RESR
CCap

VOCV,Bat iBat

iCap

C2,Bat C3,Bat

iCell

Fig. 5: Impedance network of the battery pack and the parallel

capacitor to determine the battery losses.

where k accounts for the phase shift among the phases and

ϕ is the power factor of the corresponding operating point.

Thus, if focusing on just one phase, the current in phase a is

ia = Îsin(ωt− ϕ) . (5)

Due to the cascaded H-bridge topology and the used FSHE

control, each H-bridge cell is stressed with a chopped sinu-

soidal current as

iCell,aj
=











+ia, if αj ≤ ωt ≤ π − αj

−ia, if π + αj ≤ ωt ≤ 2π − αj

0, else

(6)

where j equals the number of the corresponding H-bridge cells

as j = {1, 2, ..., n} .

III. SMALL SCALE LAB SETUP

To verify the theory assumptions and to demonstrate the

validity of concept, a small scale system is built, shown in

Fig. 6. The H-bridges’ battery packs consist of 4 in series

connected battery cells, which gives a nominal voltage of

13.2V and a total capacity of 270Wh. This results in a voltage

ratio of the large and small scale system as

VLargeScale

VSmallScale

=
Nser,Large

Nser,Small

=
50.0V

13.2V
≈ 3.8 (7)
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Fig. 6: Lab setup according to small scale ratios.

TABLE V: Small scale capacitor configurations, values per

H-bridge

Config. Color Type C [mF] R [mΩ] m [kg] V [L] ρ [Whkg−1]

0SS N/A - - - - -

4SS E-cap 22 14 0.14 0.098 0.0038

8SS Supercap 16700 27.6 0.12 0.094 3.37

and a current ratio as

CLargeScale

CSmallScale

=
10 kWh

0.27 kWh
=

ILargeScaleVLargeScale

ISmallScaleVSmallScale

(8)

ILargeScale

ISmallScale

≈ 9.7 . (9)

For verification purposes, configuration 0, configuration 4 and

configuration 8 are scaled down to fit the small scale system,

so that the specific energy in Whkg−1 of both systems are

equal. The small scale capacitor configurations are shown in

TABLE V.

A. Operating Points

A passenger vehicle operates over a wide range of torque

and speed, resulting in a broad speed-torque region of the elec-

tric drive train [50]. In order to determine the actual drive train

losses, a limited number of representative operating points

of an electrified vehicle are considered. Therefore, a detailed

analysis of the drive train was performed at six different

operating points taken from chapter 4 in [37]. The inverter

operating points for this small passenger vehicle are shown

in Fig. 7. The six selected operating points are depicted with

white dots and can additionally be found in TABLE VI. To

get the equivalent operating points of the small scale system,

the large scale operating points are converted according to (7)

and (9), with the result shown in TABLE VII.

B. Experimental Model Verification

Before determining the battery performance for the chosen

six operating points, presented in TABLE VII, the battery and

TABLE VI: Analyzed operating points for the vehicle accord-

ing to [37]

OP No: Speed T IRMS Vphase ϕ f

1 1000 RPM 30Nm 78ARMS 17VRMS 25◦ 83Hz

2 1000 RPM 60Nm 137ARMS 22VRMS 36◦ 83Hz

3 1000 RPM 90Nm 185ARMS 28VRMS 42◦ 83Hz

4 5000 RPM 30Nm 78ARMS 77VRMS 27◦ 417Hz

5 5000 RPM 60Nm 137ARMS 103VRMS 40◦ 417Hz

6 10000 RPM 30Nm 101ARMS 106VRMS 1◦ 833Hz

TABLE VII: Analyzed operating points for the small scale lab

setup

OP No: Speed T IRMS Vphase ϕ f

1 1000 RPM - Nm 8ARMS 4VRMS 25◦ 83Hz

2 1000 RPM - Nm 14ARMS 6VRMS 36◦ 83Hz

3 1000 RPM - Nm 19ARMS 7VRMS 42◦ 83Hz

4 5000 RPM - Nm 8ARMS 20VRMS 27◦ 417Hz

5 5000 RPM - Nm 14ARMS 27VRMS 40◦ 417Hz

6 10000 RPM - Nm 10ARMS 28VRMS 1◦ 833Hz

capacitor models need to be experimentally verified, using the

small scale system. The voltage drop and current are sampled,

while applying a current step to the H-Bridge. The measured

and simulated waveforms for the small scale configurations

for a current step of about 16A are shown in Fig. 8. The

waveforms agree very well between the simulations and the

measurements for each configuration. Almost the same current

was used for the three measurements. The highest voltage

drop is observed without the capacitances (configuration 0SS),

while the electrolytic capacitance holds the voltage very well

in the beginning of the pulse due to its low resistance. Since

the electrolytic capacitor does not have a high capacitance,

the voltage drop starts to increase quite quickly at the low

frequency that operating point 1 has. The supercapacitor

configuration (8SS) shows a slightly different behaviour, since

it has a higher resistance and more capacitance. It has a

higher voltage drop in the beginning of the pulse compared

to the electrolytic configuration, but it holds this voltage

drop, since the capacitance is very high. The product of

the voltage drop and the battery current yields the battery

losses, so that the simulated and measured battery losses can

easily be compared with each other. The open circuit voltage

VOCV of the battery was estimated using a Kalman filter.

The compliance of measurement and simulation results of the

battery losses for the six operating points for the configurations

0SS , 4SS and 8SS are presented in TABLE VIII. As shown in

Fig. 8, there are some small discrepancies, but the simulations

agree well with the measurements, with only a few percent

discrepancy. Therefore, the voltage-current relation of the

battery simulations could be verified by the measurement.

The battery losses can be determined in simulation by the

current and impedance network of the battery model and the
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Fig. 7: Inverter operating points when using an electric vehicle with the electrical machine in TABLE I. The NEDC is marked

with diamonds as a reference, while the white line shows the torque needed to propel the vehicle at constant speed. Circles

mark the six analyzed operating points.
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TABLE VIII: Loss verification meas.
model

Configuration Op1 Op2 Op3 Op4 Op5 Op6

0SS 98.9 % 100.8 % 100.2 % 102.4 % 102.0 % 103.8 %

4SS 100.4 % 99.4 % 99.7 % 101.5 % 102.2 % 102.8 %

8SS 102.5 % 99.6 % 99.9 % 100.5 % 99.7 % 100.2 %

performance for different drive cycles can be investigated.

IV. FREQUENCY ANALYSIS

Simulations of the operating points 1 and 6 are performed

for configuration 0, 1, 4, 5 and 8. Additionally, two mixtures,

consisting of one half of a supercapacitor and one half of an

electrolytic capacitor configuration, are considered. In Fig. 9

the harmonic spectrum of the battery pack voltage and current

are shown for configuration 0 (pure battery) and configuration

4 (large electrolytic capacitor) at operating point 1. It should be

noted that the capacitors suppress the harmonic content in the

battery to a very large extent, lowering the second harmonic

with a factor of about 4 for both, voltage and current. In

TABLE IX, the harmonic content of the second, fourth and

largest harmonic above 9 kHz are shown. The supercapacitors

show the greatest improvement of the harmonic content at

operating point 1 due to the low frequency. At operating point

6, the frequency is much higher. Therefore, the electrolytic

capacitors show the best performance in terms of harmonic

suppression.

From an EMI perspective, it is important to minimize the

voltage swings/ripples in the DC cables and all ’conducting

surfaces’, since these are the sources for radiated emissions.

The maximum amplitude at frequencies above 9 kHz is signif-

icantly reduced for both types of capacitors at operating point

1, leading to an improved low frequency EMI situation. For

operating point 6, the electrolytic capacitors show the best

improvement. In TABLE X, the second, fourth and sixth

harmonic for the battery current are shown. There is a clear

reduction of the current pulse stress on the battery. For the

low speed operating point 1, the second harmonic is best

filtered with the supercapacitors due to its low frequency. The

same tendency is also seen for the fourth and sixth harmonic,

although less pronounced. At operating point 6, the electrolytic

capacitors show a better improvement for all harmonics due

to the increased frequency at this operating point.

V. DRIVE CYCLE OPERATION

Configurations 1-8 from TABLE IV and several mixtures

of the two capacitor types are now used in simulations for

the four drive cycles NEDC, FTP75, US06 and HWFET to

be able to compare the performance. The battery current,

capacitor current and voltage drop are shown in Fig. 10 for

a short interval of the drive cycle HWFET at t=260 s for

the configuration 0, 4, 8 and a mix between 4 & 8. The

weight and volume of configuration 4 and 8 are very similar

(a bit more for the electrolytic case), but the relation between

the resistance and the capacitance is very different between
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Fig. 9: Harmonic spectrum of the battery waveforms for operating point 1 for configurations (a) 0 and (b) 4.

TABLE IX: Harmonic content of the battery pack voltage

OP Config. 2nd harmonic 4th harmonic Highest above 9 kHz

OP1

0 866 mV 100% 586 mV 100% 17 mV 100%

1 827 mV 95.5% 529 mV 90.3% 13 mV -

4 480 mV - 223 mV - 4 mV 23.6%

5 729 mV - 505 mV - 15 mV 88.24%

8 297 mV 34.3% 211 mV 36.0% 6 mV -

Mix 1 and 5 776 mV - 518 mV - 14 mV -

Mix 4 and 8 389 mV - 229 mV - 5 mV -

OP6

0 1179 mV 100% 274 mV 100% 30 mV 100%

1 634 mV - 209 mV - 23 mV -

4 194 mV 16.5% 63 mV 23.9% 7 mV 23.3%

5 714 mV 60.6% 238 mV 86.9% 27 mV 90.9%

8 302 mV - 101 mV - 11 mV -

Mix 1 and 5 672 mV - 222 mV - 25 mV -

Mix 4 and 8 238 mV - 78 mV - 9 mV -

the two chemistries. From the figure it can be seen that the

electrolytic capacitor (configuration 4) has less resistance than

the supercapacitor (configuration 8) and holds the voltage well

in the first period of time after the current is applied. However,

the capacitance is much lower in configuration 4 compared

to configuration 8. After some hundreds of microseconds the

voltage has dropped to a lower level than the supercapacitor.

Depending on the operating speed (frequency) of the car, the

two chemistries clearly have different advantages. The total

battery losses for the drive cycles are presented in Fig. 11. In

general, it can be noted that a large decrease of battery losses

occurs, if the capacitors are place at the input of the H-bridges

of a multilevel inverter used in electrified vehicles.

The configurations with electrolytic capacitors (configura-

tion 1-4) show slight lower losses compared to the configura-

TABLE X: Harmonic content of the battery pack current

OP Config. 2nd harmonic 4th harmonic 6th harmonic

OP1

0 43 A 100% 31 A 100% 16 A 100%

1 41 A 95.3% 28 A 90.39% 13 A 81.3%

4 24 A - 12 A - 5 A 31.3%

5 36 A - 27 A - 13 A 81.3%

8 15 A 34.9% 11 A 35.5% 6 A -

Mix 1 and 5 39 A - 27 A - 13 A 81.3%

Mix 4 and 8 19 A - 12 A - 5 A 31.3%

OP6

0 45 A 100% 15 A 100% 6 A 100%

1 34 A - 11 A - 4 A -

4 10 A 22.8% 3 A 20.0% 1 A 16.7%

5 39 A 86.7% 13 A 86.7% 5 A 83.3%

8 16 A - 5 A - 2 A -

Mix 1 and 5 36 A - 12 A - 5 A 83.3%

Mix 4 and 8 13 A - 4 A - 2 A -

tions with supercapacitors (configurations 5-8), but they also

weigh slightly more. With configurations 4 and 8 a reduction

of the battery losses by about 40% is achieved. However,

there is an added mass of about 5 kg per H-bridge module,

which initially weighed 12.5 kg each. In Fig. 12 the battery

loss reduction as a function of added weight is plotted. Adding

capacitors is always an advantage, from a loss point of view,

compared to adding more batteries for the four drive cycles,

when considering the total weight of the storage system. For

three of the four drive cycles it is most advantageous from a

loss perspective to add a certain mass of electrolytic capacitors

and for one of the four drive cycles it is most advantageous

to add supercapacitors. Adding a mix of both capacitor types

shows a similar effect, as the losses are at a level between

the supercapacitor and the electrolytic capacitor cases. If the
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Fig. 10: Battery performance during a short interval of the HWFET-drive cycle, if controlled with (a) α1 ,(b) α2 and (c) α3.
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capacitors were instead replaced with more battery cells with

a similar mass addition, the losses in the battery would also

be lowered, however, to a lower extent.

Nevertheless, the reduction of the battery losses should be

also assessed in comparison to the added cost per battery

module. For this purpose, the high-volume costs for the

capacitors and batteries are required. Since all additional cells

or capacitors can be passively paralleled to the battery pack, it

is sufficient to consider the prices on the cell level, excluding

the costs for the packaging and the electronics. This linearized

cost estimation is valid as long as the added weight does

not significantly exceed the batteries initial weight, hence

an additional mass of up to 50% is considered. From the

literature, it can be seen that battery prices are constantly

decreasing, while the current price is about 200 $ per kWh

[51], [52]. The used battery cells have an energy density of

about 108 Whkg−1, which results in an estimated cost of about

21.6 $ per kg. In comparison, according to [52], the cost of

supercapacitors is about 10,000 $ per kWh, which results in

a relative cost of about 32.8 $ per kg for the chosen superca-

pacitors. The used electrolyte capacitor system was based on

the peh169gd5220q capacitor from Kemet [53]. Considering

the current high-volume price of the PEH169 and PEH200

capacitor series with respect to the energy density, results in

a relative price of about 40.18 $ per kg [54]. Consequently,

the added cost relative to the reduced battery losses can be
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calculated, as shown in Fig. 13, for the mean of all four

driving cycles. It can be seen that an HESS of battery pack

and supercapacitors is a cost-effective solution to optimize the

chosen PHEV power train with respect to weight and system

cost. Also, the electrolyte capacitors achieve an improvement

regarding the system efficiency and the system costs, however,

less than in comparison to the supercapacitors. Nonetheless,

additional battery cells linearly increase the electric driving

range of the vehicle, which is a great benefit. On the contrary,

the filter capacitors reduce the size of the necessary EMI

filters, which is not taken into account yet. Furthermore, the

supercapacitors extend the lifetime of the battery system [52],

which is neither considered yet.

VI. COLD CLIMATE PERFORMANCE

The effect of the filter capacitors can be even more ben-

eficial, if the impedance of the battery pack relative to the

capacitor impedance is increased, as for example during winter

weather conditions. Therefore, this section shortly emphasizes

the improved loss reduction by the filter capacitors during cold

climate. Only simulations are used for this analysis.

A. Performance at Operating Points 1-6

For a cold battery it is of utmost importance to avoid cy-

clings, since the life time loss is substantial, if the temperature
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TABLE XI: Battery performance in cold climate

Harmonics

OP Config. Losses Relative losses 2nd 4th 6th

OP1

0 750 W 100 % 43 A 31 A 16 A

1 528 W 70 % 32 A 18 A 8 A

5 522 W 70 % 24 A 18 A 9 A

OP2

0 2491 W 100 % 83 A 47 A 13 A

1 1862 W 75 % 61 A 27 A 7 A

5 1810 W 73 % 46 A 27 A 8 A

OP3

0 5158 W 100 % 117 A 51 A 24 A

1 3968 W 77 % 87 A 29 A 12 A

5 3859 W 75 % 65 A 29 A 13 A

OP4

0 3327 W 100 % 56 A 8 A 12 A

1 2377 W 71 % 25 A 3 A 5 A

5 2626 W 79 % 32 A 4 A 7 A

OP5

0 11987 W 100 % 108 A 22 A 10 A

1 8871 W 74 % 48 A 9 A 4 A

5 9680 W 81 % 62 A 13 A 6 A

OP6

0 9159 W 100 % 45 A 15 A 6 A

1 7534 W 82 % 19 A 6 A 2 A

5 7983 W 87 % 26 A 9 A 3 A

goes to 0 ◦C or below [34]. At cold temperatures, the battery

resistance increases, e.g. by about 400%, if the temperature

drops from 25 ◦C to 0 ◦C [37]. The used capacitors do not

increase their resistance by the same amount, roughly 20%,

for the same temperature drop [37]. Therefore, operating

points 1-6 are simulated again, while the battery resistance is

increased by 400% and the capacitor resistance is increased

by 20%. The resulting losses and battery output current

harmonics for configuration 0 (pure battery), 1 (small elec-

trolytic capacitors) and 5 (small supercapacitors) can be seen

in TABLE XI. It can be seen that the loss in the battery system

is substantial. For example, at OP5 the battery losses are about

12 kW, while the mechanical output power is about 31.4 kW.

This results already in a decreased drive train efficiency of

about 72.4%, excluding motor and inverter losses. This high

power dissipation indicates also that the possible driving range

is substantially decreased. Nevertheless, the loss reduction,

when using supporting capacitors, is significantly improved.

Roughly, a 2.5 times greater reduction is achieved at 0 ◦C
compared to 25 ◦C. It can also be observed, that the harmonic

content is significantly reduced as well, by adding these small

capacitors.

VII. CONCLUSION

This paper investigated the influence of adding filter ca-

pacitors at the input of the H-bridges in a cascaded H-bridge

multilevel inverter in an electrified vehicle application. The

purpose is to lower the current stress on the battery and

to decrease the battery losses. Therefore, this paper focused

on two main aspects, the reduction of the low-order battery

current and voltage harmonics and the enhancement of the

battery drive cycle efficiency relative to the added weight

and cost. A converted, small scale system was used to ex-

perimentally verify the assumptions and simulation results.

Furthermore, the loss reduction during cold climate conditions

was analyzed using simulations. Two different filter capacitor

types were investigated: supercapacitors and electrolytic ca-

pacitors. It was seen that the low-order battery current and

voltage harmonics can be substantially reduced by additional

capacitors. Depending on the chosen amount of capacitance

and the operating point of the drive train, the battery low-order

current and voltage harmonics, as for example the second and

the fourth harmonic, can be reduced by about 5% to 83.5%.

The drive cycle analysis showed that the battery losses are

lowered, if filter capacitors are placed at the inputs of the H-

bridges. A 4% addition of capacitors gives a loss reduction of

10% at a battery temperature of 25 ◦C. For a given mass of

capacitors, the loss reduction is almost the same when using

supercapacitors and electrolytic capacitors for the investigated

vehicle system. However, considering also the system costs,

an HESS of supercapacitors and battery is a cost-effective

solution for the chosen PHEV powertrain. Furthermore, the

simulated cold climate operation showed that the implemen-

tation of the capacitors at the input of the H-bridges relieves

the battery stress and reduces the battery losses to a great

extent, even for a small amount of capacitors. In the future, the

reduction of the required EMI filters and the battery life time

extension relative to the added weight and capacitance should

be investigated. Furthermore, the used battery model could be

used to determine an optimal modulation technique, depending

on the load torque and speed. For example, Fundamental

Selective Harmonic Elimination (FSHE) works very efficiently

at high speeds, whereas space vector modulation is more

suitable for low speeds [37]. Here, a challenge lies in an

implementation of an online battery impedance spectroscopy,

which is important, because of the battery parameter variation

due to climate conditions and ageing.
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