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Abstract: This paper shows a preliminary study about the output voltage modulation of a modular
battery system based on a seven-level cascaded H-bridge inverter used for vehicle propulsion. Two
generally known modulation techniques, pulse width modulation (PWM) and fundamental selective
harmonic elimination (FSHE), are extensively compared for such an innovative modular battery
system inverter considering EVs’ broad torque-speed range. The inverter and the battery losses, as
well as the inverter-induced current THD, are modeled and quantified using simulations. At low
speeds, if the modulation index M is below 0.3, FSHE induces a high current THD (>>5%) and, thus,
cannot be used. At medium speeds, FSHE reduces the drivetrain losses (including the battery losses),
while operating at higher speeds, it even reduces the current THD. Thus, an individual boundary
between multilevel PWM and FSHE can be determined using weightings for efficiency and current
quality. Based on this, a simple hybrid modulation technique is suggested for modular battery system
inverters, improving the simulated drive cycle efficiency by a maximum of 0.29% to 0.42% for a
modeled small passenger vehicle. Furthermore, FSHE’s high speed dominance is demonstrated
using a simple experimental setup with an inductive load.

Keywords: batteries; battery management systems; energy efficiency; modular multilevel systems;
pulse width modulation; torque; total harmonic distortion

1. Introduction

The two-level inverter topology is predominantly used in today’s electric vehicles
(EVs) [1,2]. A classical traction battery pack, as schematically depicted in Figure 1a, con-
sists of a large number of series and parallel connected battery cells in order to meet the
vehicle’s energy and power requirements [3–6]. To operate each cell within its safe oper-
ating boundaries, passive balancing is most commonly used [7,8], dissipating excessive
charge using bleeding resistors when charging. Since no charge exchange is taking place
between series cell strings during discharging, the usable capacity of the battery pack is
constrained by the parallel cell strand with the lowest capacity (bottle neck). On the one
hand, active balancing [9] or dynamic reconfiguration topologies [10] could increase the
energy utilization and the battery lifetime, whereas the system costs would be significantly
increased as well. On the other hand, a modular battery system, as depicted in Figure 1b,
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in combination with a multilevel inverter (MLI) topology can cost-effectively combine
traction inverter and battery management functionality [11] without individual cells acting
as bottle necks.

(a) (b)
Figure 1. (a) Overview of a generic battery pack utilizing passive balancing and (b) modular battery system consisting of
small, generic battery packs.

Employing a cascaded H-bridge converter topology, the battery packs in each phase
can be drained by their individual capacity [12,13], sometimes referred to as proactive bal-
ancing, and zero sequence currents can be used at standstill to effectively transfer charges
between modules of different phases, similar as described in [14]. For each small battery
pack, passive balancing should be applied. Additionally, using a multilevel converter
topology reduces the conducted emissions [13,15] and allows for a limp home mode [16,17].
A major drawback of MLI topologies is that these increase the ohmic battery losses, since
the battery packs are stressed with strong current pulses ranging from DC up to a couple of
kHz. It has been controversially 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 [18–20].

As described in [21], there are multiple techniques to modulate the output voltage of
an MLI. Thus, the question arises, which method is the best when operating a modular
battery inverter system? In [11,22–24] the authors have investigated the energy efficiency
of multilevel propulsion inverters using only multilevel PWM for the entire operating
range of a vehicle (considering variable output frequency and also low modulation in-
dices). Besides multilevel PWM or space vector modulation (SVM) [21], fundamental
frequency switching techniques as nearest-level control [25] or selective harmonic elimi-
nation (SHE) [26] are used to synthesize MLIs’ desired output voltage. These reduce the
switching losses, but induce low-order voltage harmonics. Thus, fundamental switching
techniques do not seem suitable for low modulation indices. Consequently, it might be
beneficial to combine both SHE and PWM for EV’s broad torque-speed range. For ex-
ample, selective harmonic elimination PWM (SHE-PWM) is such a combined approach.
A predefined number of pulse transition angles is used to mitigate a selection of low
order harmonics [27]. Nonetheless, due to the increased number of switching angles,
the SHE-PWM optimization problem is more intricate, often resulting in discontinuities
of the switching angles relative to the modulation index [27,28]. Hence, the available
literature [21,25–33] is only covering grid-tied converter applications, operating with con-
stant output frequency and modulation indices M higher than 0.65. Since standard PWM
typically shows a better dynamic performance over a broad modulation index range than
FSHE or SHE-PWM, the authors of [34] were the first to suggest to use FSHE at higher
speeds (M ≥ 0.5) and PWM at lower speeds (M < 0.5) for a seven-level inverter to achieve
an improved output current quality with reduced switching losses in comparison to using
only PWM. Since the method in [34] describes how to balance the charges of the individual
DC sources and the FSHE optimization problem can be easily solved, it seems very suitable
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for a CHB drivetrain with individual battery packs. However, no quantification/analysis
of the reduced energy losses or the improved current THD in comparison when using only
PWM for the broad torque-speed range of a vehicle has been provided in [34] and, further,
the optimal boundary (M ≈ 0.5) between PWM and FSHE was not verified.

Research Objective

The objective of this paper’s preliminary study is to show if the energy efficiency
and the current quality of an EV with a modular battery system inverter can be actually
enhanced when using PWM at lower speeds and FSHE at higher speeds. Furthermore,
the possible enhancement should be quantified for a small passenger vehicle.

In extension to [1], the analysis of this paper considers the ohmic battery losses,
the drive cycle losses are quantified and FSHE’s high speed dominance is demonstrated
using a simple experimental setup with an inductive load.

2. Cascaded H-Bridge Inverter Topology and Its Output Voltage Modulation

The cascaded H-bridge inverter topology can be used to realize a modular battery
system. Each of the modularized battery packs is equipped with an individual H-bridge
converter. As shown in Figure 2, the four switches of an H-bridge are operated in pairs,
resulting in four valid switching combinations.
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Figure 2. Valid switching combinations of each individual H-bridge converter. In (a,b) the battery module is bypassed.
In (c,d) the battery module is inserted in forward and reverse direction, respectively.

Consequently, each H-bridge can generate three valid output voltage levels accord-
ing to

Vout = {+VDCML ,−VDCML , 0}. (1)

Connecting a number of n H-bridges per phase in series, a cascaded H-bridge con-
verter topology can be formed. As can be seen from the analyses presented in [11,23,35,36],
a number of three submodules per phase is often selected for vehicles’ drivetrain, achieving
a seven-level inverter, as depicted in Figure 3.
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Figure 3. Topology of a seven-level CHB inverter forming a modular battery system used for variable
speed drive applications such as vehicle propulsion.
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The instantaneous phase voltage can be calculated by the superposition of the output
voltages of the individual H-bridge modules according to

vph = vaz = ∑n
j=1 Vout,j. (2)

For the time duration of one electrical period, the individual battery packs are un-
evenly drained/charged. Thus, to keep the battery packs balanced during motor operation,
the controller makes sure to use the battery pack with the highest and lowest voltage to
the largest and smallest extent, respectively. This simple approach is independent of the
modulation technique and it can be applied vice versa during generator mode. A more
advanced approach should be used when balancing also the battery temperatures [37].

2.1. Multilevel Pulse Width Modulation

Different variants of PWM methods are used to modulate the desired three-phase
output voltages [21,25]. Using a multilevel PWM technique, the desired three-phase
reference voltages are compared with several high frequency triangular carriers, yielding
the switching pattern for the inverter’s semiconductor switches. The number of triangular
carriers usually corresponds to the number of output voltage levels L minus one. Within the
scope of this paper, phase-disposition PWM (PD-PWM) is considered. This means, that the
individual carrier waves of all half-bridges are just level-shifted, but their phase angles are
constant. In comparison to other PWM methods (phase opposition disposition (POD) or
alternative phase opposition disposition (APOD)), PD-PWM introduces the lowest current
harmonic distortion by shifting a large portion of the harmonic energy content into the
common mode carrier harmonics [21]. Figure 4 shows the output voltage modulation for
a seven-level converter using PD-PWM for a modulation index M = 0.9 and a relative
fundamental frequency of f1/ fsw = 0.04 .

Figure 4. Output voltage modulation using PD-PWM for M = 0.9 and f1/ fsw = 0.04.

2.2. Fundamental Selective Harmonic Elimination

Another category of techniques to synthesize the desired three-phase output voltages
is fundamental frequency switching [21,25,26]. Each battery module is activated in forward
and reverse direction at most once per fundamental period. With the help of the insertion
angles or pulse transition angles

α =
[
α1 α2 . . . αn

]T (3)

the output voltages of the individual H-bridges can be described as
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Vout,j(αj) =


+VDCML ; if αj ≤ ωt ≤ π − αj

−VDCML ; if π + αj ≤ ωt ≤ 2π − αj

0; else

(4)

with j = 1, 2, . . ., n.
Figure 5 shows the output voltage synthesis for a seven-level inverter using funda-

mental frequency switching for a modulation index M = 0.9. Nearest-level control (NLC),
as described in [25], is typically used for a large number of output levels. However, when
using only seven output voltage levels, low-order harmonic components are introduced.
Thus, a smart mitigation/elimination of a selection of low-order harmonics is desired.
According to [21], the staircase shaped output voltage waveform shown in Figure 5 shows
an odd quarter-wave symmetry. Thus, the harmonic components of the output voltage of
an L-level cascaded H-bridge converter can be expressed as

Vph,h = Vaz,h =
4VDCML

h π

(
cos(hα1) + . . . + cos(hα(L−1)/2)

)
(5)

with
h = 1, 3, 5, 7, . . .. . . (6)

Figure 5. Output voltage modulation using FSHE for M = 0.9.

For a seven-level inverter (L = 7), up to two selected harmonics can be eliminated
for a predetermined modulation index M [21]. Since the motor in a vehicle acts as an
inductance and any zero sequence components do not create currents in an ungrounded
three-phase system, the harmonic content should be minimized with a precedence on the
5th and the 7th harmonic. With the help of the pulse transition angles an optimization
problem relative to the modulation index M can be described as

minimize
α

7 · |Vph,5(α)|+ 5 · |Vph,7(α)|

subject to Vph,1 =
4VDCML

π

(
cos(α1) + . . . + cos(α3)

)
Vph,1 = 3VDCML M

0 ≤ α1 ≤ α2 ≤ α3 ≤
π

2

(7)

Figure 6 shows the obtained solutions of the optimization.
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Figure 6. (a) Optimized pulse transition angles and (b) resulting output voltage components.

It can be seen that the 5th and the 7th harmonic can be eliminated, if the modulation
index is between 0.487 and 1.07. If the modulation index is between 0.25 and 0.487, only
one of the selected harmonics is eliminated. Furthermore, it can be seen that there is a high
low-order harmonic content for low and high modulation indices.

2.3. Battery Harmonics and Modeling of Battery Losses

The battery packs in a cascaded H-bridge inverter are intermittently conducting the
corresponding phase current, which is illustrated in Figure 7a for the third converter mod-
ule when using multilevel PWM and FSHE as depicted in Figures 4 and 5, respectively.
The corresponding frequency components of the battery current are depicted in Figure 7b.
As already described in [13], the battery packs are subject to a large amount of low order
harmonics components. The second harmonic component, for single phase converters
referred to as double line frequency (DLF) pulsation [38], is dominant for both multilevel
PWM and FSHE. Due to the intermittent rectification of the phase current, the fourth har-
monic is notably strong pronounced as well. Comparing the distinct harmonics, multilevel
PWM typically creates side band harmonics around multiples of the switching frequency
fsw, whereas FSHE creates a series of low-frequency harmonics.

(a)

DC

DLF pulsation

PWM creates

sideband harmonics

FSHE creates

low-frequency

harmonics

(b)
Figure 7. (a) Drained battery currents when using multilevel PWM and FSHE according to Figures 4 and 5; (b) Correspond-
ing harmonic components.

To properly estimate the ohmic losses of the battery system, a dynamic battery model
for the entire torque-speed range of the drivetrain, covering a broad frequency range,
should be chosen according to [39]. Therefore, the three-time constant Randles model,
including a DC-link capacitance, as depicted in Figure 8 is chosen.
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Figure 8. Randles model of a battery pack, using three time constants, including DC capacitor.

As illustrated, the DC, low-frequency (LF) and high-frequency (HF) components
are conducted through different paths. The ohmic battery losses can be estimated using
simulations according to

PLoss =
3

∑
j=0

Rji2Rj
+ RESRi2RESR

. (8)

2.4. Concept of the Weighted THD (WTHD)

Besides the drivetrain losses, the torque ripple of a vehicle’s electric machine is another
important performance factor. To completely assess the torque ripple, the mechanical load,
including its resonant characteristics, and the slot harmonics need to be considered [40,41].
Nonetheless, when comparing different modulation techniques, the part of the torque ripple
induced by the inverter’s output voltage harmonics is of foremost interest. Depending on
the rotational direction (±), a voltage harmonic Vph,h with the frequency fh appears in the
dq-frame as a sinusoidal oscillation with a similar magnitude and a frequency fdq,h relative
to the fundamental frequency f1 according to

fdq,h = fh ± f1 → Xdq,h = 2π fdq,h · Ldq. (9)

For example, assuming constant dq-inductance values and neglecting the stator re-
sistance, the resulting dq-current harmonic in an interior permanent magnet machine at
steady state can be expressed as[

id,h
iq,h

]
=

[
X−1

q,h 0
0 X−1

d,h

]
·
[
±Vh cos (ω1(h± 1)t− π

2 )
±Vh sin (ω1(h± 1)t− π

2 )

]
. (10)

Consequently, the ripple torque’s magnitude induced by the voltage harmonic
Vph,h becomes

Te,h(t) =
3np

2
[(Ld − Lq)id,hiq,h + Ψmiq,h]. (11)

Neglecting the induced reluctance torque ripple ((Ld − Lq)id,hiq,h << Ψmiq,h), it can
be concluded that the induced torque ripple’s magnitude is proportional to the voltage
harmonic’s magnitude according to

∆Te,h(t) =
3np

2
[Ψm Iq,h] ∝ Vph,h. (12)

Thus, the output current quality (THDI), distorted by the converter’s voltage harmon-
ics, is a performance factor related to the induced ripple torques [21].

The value of the Weighted Total Harmonic Distortion (WTHD), as introduced in [21],
can be used to assess and compare the probable current quality of different voltage wave-
forms, e.g., created using different modulation techniques. To derive the concept of the
WTHD, it is reasonable to start from the voltage THD expression, which can be described as



Energies 2021, 14, 1424 8 of 19

THDV =

√(
Vrms

V1,rms

)2

− 1. (13)

Without a DC component, the voltage THD expression becomes

THDV =

√√√√ ∞

∑
h=2

(
Vh
V1

)2

. (14)

Similar as in (14), the current THD can be expressed as

THDI =

√√√√ ∞

∑
h=2

(
Ih
I1

)2

. (15)

Assuming that the voltage is applied to a lossless inductive load, the current harmonics
can be calculated with the help of the voltage harmonics according to

Ih ≈
Vh

hω1L
with h = {2, 3, 4. . .}. (16)

Inserting (16) in the current THD expression given in (16), the weighted THD as a
function of the voltage harmonics can be obtained according to

WTHD =
1

V1

√√√√ ∞

∑
h=2

(
Vh
h

)2

. (17)

Considering the phase voltage Vph of a floating three-phase system, the triplen har-
monics and the common mode carrier harmonics do not create any currents. Thus, to assess
the current quality, the WTHD of the line voltage waveform Vll should rather be considered
according to

WTHD3 =
1

Vll,h

√√√√ ∞

∑
h=2

(
Vll,h

h

)2

. (18)

For a set modulation index of M = 1, Figure 9 shows the simulated WTHD3 using
PWM relative to the ratio of the fundamental f1 and the switching frequency fsw as well as
the phase shift angle ψ, representing the phase shift of the high frequency carriers and the
reference voltages.

Figure 9. WTHD3 boundary between multilevel PWM and FSHE for a seven-level inverter operated
at a modulation index M = 1.
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Since the WTHD3 using FSHE does not change with the fundamental frequency, its
WTHD3 is depicted as an equipotential surface. As can be seen, when exceeding a relative
fundamental frequency of 0.047, the WTHD3 value using PWM becomes higher than
when using FSHE and, thus, the current quality (THDI) or the converter induced torque
ripple using FSHE should be theoretically improved for higher fundamental frequencies,
e.g., high speed.

3. Simulation Case Setup and Results

To analyze the effectiveness of the two output voltage modulation techniques, multi-
level PWM and FSHE, relative to the broad operating range of an electric vehicle, a reference
drivetrain is simulated and the power losses are weighted using different driving cycles.

A small passenger car driven by an 84 kW rated interior permanent magnet machine
with a battery capacity of about 45 kWh is considered. For the inverter model, data of an
Infineon OptiMOSTM-5 Power-Transistor IAUT300N10S5N015 [42] with BVDS = 100 V,
RDS,on = 1.5 mΩ, ID,nom = 300 A and Tj,max = 175 ◦C is used. The switching losses are
modeled as described in [43], while the conduction losses are modeled considering the
reverse conduction of the MOSFETs similar as described in [44]. For simplicity, the junc-
tion temperature of the MOSFETs is defined as constant according to Tj = Tcoolant = 70 ◦C.
The battery packs are modeled based on the impedance of a reference battery cell, given in
Table 1.

Table 1. Battery cell parameters of LG Chem CR18650 C2 2800 mAh.

R0 [mΩ] R1 [mΩ] R2 [mΩ] R3 [mΩ] C1 [mF] C2 [mF] C3 [F] L [nH]

41.53 5.02 7.32 3.23 75.44 339.5 3.625 590.8

The chosen cylindrical 18650 high energy cell is manufactured by LG Chem. It has a
nominal voltage of 3.72 V and a rated capacity of 2800 mAh, which corresponds to about
10.42 Wh [45]. Each battery pack comprises a capacity of about 5 kWh consisting of 18 and
27 cells in series and parallel, respectively. Additionally, each H-bridge module is equipped
with a small DC-link capacitor of about 20 mF. Since the electric machine is operated at
fundamental frequencies up to almost 1 kHz, the switching frequency, when using PWM,
is set to 10 kHz [25,46]. A full description of the modeled vehicle’s power train, including
the inverter and battery modeling and their parameter extraction, can be found in [11].
As described in [11], the costs for the MLI’s semiconductor switches in comparison to a
two-level IGBT inverter with a similar apparent power rating are significantly reduced
from 341.54 to 121.32 . The costs for the additional gate drivers are presumably increased
in comparison to a two-level inverter, whereas the MLI inherently acts as a part of the
battery management system and individual modules can be used as low-voltage auxiliary
supplies [12,47]. Therefore, the designed reference drivetrain is a cost-effective solution in
comparison to a two-level IGBT inverter with a 400 V battery system.

Matlab Simulink in combination with PLexim’s PLECS blockset package is used for all
simulations. Using a fixed motor speed and the current controller described in [17], a couple
of hundred steady state operating points within the motor’s torque-speed boundaries are
simulated, similar as in [22]. At each steady state operating point, the drivetrain losses
and the current THD are determined. Within the frame of this paper’s preliminary study,
the influence of the temperature and the SOC on the battery impedance or the inverter
losses are neglected.

3.1. Simulated Output Current Quality—THDI

The obtained current THDI for the entire torque-speed range of the vehicle’s drivetrain
is depicted in Figure 10a,b for multilevel PWM and FSHE, respectively.
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(a) (b)
Figure 10. Simulated current THDI for the entire drivetrain operating range for (a) multilevel PWM and (b) FSHE.

As expected, at low speed, e.g., low modulation indices (M < 0.3), the current THDI
is significantly increased (>>5%) when using FSHE, since none of the low-order harmonic
components can be eliminated, as shown in Figure 6b. Calculating the absolute difference
of the THDI between multilevel PWM and FSHE, as shown in Figure 11, it can be seen that
FSHE achieves a slightly worse current quality around medium speed.

Figure 11. Obtained simulated, absolute difference in current THDI between multilevel PWM and
FSHE, ∆THDI,PWM−FSHE.

Nonetheless, it becomes obvious, that FSHE becomes superior at higher speeds in
comparison to multilevel PWM. The boundary is emphasized in Figure 11 by the black
dashed line.

Hence, the simulated boundary between multilevel PWM and FSHE with respect to
the current THDI at a modulation index of M = 1 can be roughly expressed in terms of the
relative fundamental frequency ( f1/ fsw) as:

f1

fsw
≥ 0.048 → FSHE

f1

fsw
< 0.048 → multilevel PWM

(19)

This result is close to the simulated WTHD3 boundary of 0.047, depicted in Figure 9.
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3.2. Simulated Inverter and Battery Efficiency—ηInv & ηBat

The simulated inverter efficiency for the entire torque-speed range of the drivetrain is
depicted in Figure 12a,b for multilevel PWM and FSHE, respectively. At standstill and low
speed, PWM is more efficient than FSHE, since the low-order current harmonics using FSHE
significantly increases the conduction losses. Exceeding lower speeds, FSHE, eliminating
a selection of low-order harmonics, becomes more efficient, since the conduction losses
become fairly equal, while the switching losses are reduced. As can be seen, the inverter
efficiency improvement using FSHE is not that obvious, since the conduction losses of the
MOSFETs are dominant in comparison to the switching losses for the chosen switching
frequency of 10 kHz.

The simulated battery system’s efficiency for the entire torque-speed range of the
drivetrain is depicted in Figure 13a,b for multilevel PWM and FSHE, respectively. It can
be seen that the battery efficiency is improved for a wide operating range, especially at
low speeds. However, since FSHE cannot be applied at low speeds due to significantly
increased current THD, only the medium and high speed range should be considered,
showing an absolute efficiency improvement of up to 1%.

(a) (b)
Figure 12. Simulated inverter efficiency ηInv for the entire drivetrain operating range for (a) multilevel PWM and (b) FSHE.

(a) (b)
Figure 13. Simulated battery efficiency ηBat for the entire drivetrain operating range for (a) multilevel PWM and (b) FSHE.



Energies 2021, 14, 1424 12 of 19

Taking a look at the absolute difference of the combined battery and inverter efficiency
ηInvηBat, as shown in Figure 14, it can be seen that FSHE achieves an improvement almost
throughout the entire operating range. The zero boundary is emphasized with the black
dashed line. Throughout the medium speed range, the absolute improvement of the
drivetrain efficiency is up to about 1.5%. At low speed, FSHE cannot be applied due to the
high current THD. Hence, the drivetrain efficiency boundary between multilevel PWM
and FSHE can be roughly described as:

M ≥ 0.3 → FSHE

M < 0.3 → multilevel PWM
(20)

Figure 14. Obtained simulated, absolute difference in combined inverter and battery efficiency
ηInvηBat between multilevel PWM and FSHE, ∆ηPWM−FSHE.

3.3. Drive Cycle Losses Using Simple Optimal Hybrid Modulation Technique—PWM-FSHE

Figure 15 depicts the beneficial operating regions using FSHE in comparison to
multilevel PWM. Additionally, the operating points of the small passenger car, as de-
scribed in [11], are calculated according to [22] for three different driving cycles. As seen
from (19) and (20), depicted in Figure 15, it seems reasonable to operate the CHB inverter
with a hybrid modulation technique, using multilevel PWM at low and FSHE at medium
and high speeds. The boundary between multilevel PWM and FSHE should be selected in
a manner to meet a simple optimization relative to the individual current THDI and the
drivetrain efficiency ηInvηBat requirements according to

minimize
Te

Tmax , f1
fsw

KEff · ηInvηBat + KTHD · THDI

subject to M ≥ 0.3
(21)

To quantify the effectiveness of the suggested hybrid technique, the energy con-
sumption of the reference vehicle in [11] is simulated using only multilevel PWM and
the suggested hybrid technique in (21) with KTHD = 0 (if M ≥ 0.3, FSHE is applied).
The obtained results can be seen in Table 2, which are compared with the results of
the two-level IGBT converter in [11], utilizing the FS400R07A3E3 HybridPACKTM mod-
ule [48] from Infineon Technologies AG with a blocking capability of BVCES = 700 V and
a nominal collector current of IC,nom = 400 A. As can be seen from the obtained results,
the two-level inverter (2-L IGBT) achieves a better battery efficiency, whereas the MOSFET
multilevel inverter, operated with PWM (CHB-PWM) and the suggested hybrid technique
(CHB-Opt), yields a better inverter efficiency. Considering the total efficiency, the MOSFET
multilevel inverter operated with only PWM achieves an absolute efficiency enhancement
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of 0.17% to 0.53% in comparison to the IGBT inverter. Using the suggested optimized
hybrid modulation technique, the efficiency enhancement is improved even further to
0.46% to 0.85%.

When actually implementing the suggested hybrid technique, a narrow dual thresh-
old boundary (hysteris) should be considered. In this manner, the controller would not
constantly change the modulation technique when operating at or close to the defined
PWM-FSHE boundary.

Figure 15. Obtained beneficial operating regions for multilevel PWM and FSHE relative to the
normalized torque and relative fundamental frequency considering the current THDI and the
drivetrain efficiency η = ηInvηBat.

Table 2. Drive cycle evaluation.

2-L IGBT 1 CHB-PWM CHB-Opt

(a) WLTP—Electrical road load ELoad = 2.76 kWh

ELoss,Inv [Wh] 70.6 43.5 39.5
ELoss,Bat [Wh] 98.3 118.9 110.0
ηInv [%] 97.51 98.45 98.59
ηBat [%] 96.64 95.93 96.22
ηTot [%] 94.23 94.44 94.86

(b) Artemis 130—Electrical road load ELoad = 4.93 kWh

ELoss,Inv [Wh] 102.2 78.0 70.8
ELoss,Bat [Wh] 212.4 227.0 218.4
ηInv [%] 97.97 98.44 98.58
ηBat [%] 95.95 95.66 95.82
ηTot [%] 94.00 94.17 94.46

(c) NEDC—Electrical road load ELoad = 1.11 kWh

ELoss,Inv [Wh] 31.5 17.1 15.6
ELoss,Bat [Wh] 32.6 40.2 37.8
ηInv [%] 97.24 98.48 98.61
ηBat [%] 97.25 95.56 96.75
ηTot [%] 94.56 95.09 95.41

1 Results are taken from [11].



Energies 2021, 14, 1424 14 of 19

4. Experimental Case Setup

Due to the large number of voltage sources and the presumably small energy differ-
ence, which is typically prone to large errors, the efficiency of the battery and the inverter
system is not measured. Nonetheless, to validate the effectiveness of FSHE in comparison
to multilevel PWM at higher speeds, the current THD can be easily measured using a small
scale setup. Since the current THD relates to the current’s RMS value, an improved current
THD corresponds to reduced inverter conduction losses. Thus, if FSHE achieves a better
current THD, the inverter efficiency is inherently improved as well.

Figure 16a shows one of the used IGBT H-bridge modules including one 48 V bat-
tery pack. The H-bridge modules utilize the sixpack IGBT power modules PSS15S92F6-
AG/PSS15S92E6-AG (BVCES = 400 V and IC,nom = 15 A) from Mitsubishi Electronics [49].
Additionally, each H-bridge is equipped with a capacitor bank of 4 mF. The battery packs
consists of 13 series and 4 parallel connected battery cells, resulting in a nominal voltage of
about 48 V. The complete inverter setup, consisting of 6 H-bridge modules, can be seen in
Figure 16b.

8

5 6

1

H-Bridge module

6 8RL-Load Oscilloscope4 Noise Signal

7

7

DC capacitors

Heatsink on IGBTs

Optical Rx/TxBattery & BMS

Current limiter 1

2

3

4

5

6

1

3
4

2

6

5

(a)

H-bridge 
modules

dSPACE 
system

RL-load

1

1

2

2

4
3

5

6

3

4

Battery
packs

5 Battery
charger

6

Oscilloscope

(b)
Figure 16. (a) H-bridge module with 48 V battery pack; (b) Small-scale CHB inverter setup, including battery packs,
with control and measurement equipment.

Just two phases, comprising 3 converter modules each, are operated with a phase shift
of 120◦. The used RL-load has an inductance and a resistance value of about 52 mH and
2.4Ω, respectively. The load is connected between both phases representing a motor-load
in delta connection. A dSPACE system is used to operate the gate signals of the inverter.

Figure 17 depicts the measured line voltage, including its FFT, and the line current
when operating the inverter with multilevel PWM and FSHE. The battery packs are charged
to about 50 V and the modulation index M is about 1. The fundamental frequency f1 and
the switching frequency fsw are chosen to be 500 Hz and 10 kHz, respectively, to emphasize
the effectiveness of FSHE at high speed. As can be seen, the voltage drop across the
IGBTs and the antiparallel diodes, depending on the current direction, distorts the voltage
waveform. This effect would be significantly reduced when using MOSFETs, as intended
for a real application, instead of IGBTs. The FFT of the line voltage, displayed up to 150 kHz
(supraharmonic band [50,51]), indicates a reduction of possible conducted emissions. Using
FSHE, the highest occurring line voltage harmonic, the 17th, is reduced by a factor of four
in comparison to the highest sideband harmonic when using multilevel PWM. Further,
Figure 17c shows the measured load current. Despite the reduced number of switching
events, the current THD using FSHE in comparison to multilevel PWM, is reduced from
1.59% to 1.13%.
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Figure 17. Measured (a) output voltage waveforms; including their (b) harmonic components; and (c) line current
when operating the CHB inverter with multilevel PWM and FSHE for a modulation index of M ≈ 1 ( f1 = 500 Hz and
fsw = 10 kHz).

Furthermore, Figure 18 depicts the measured current THD relative to the modulation
index M when operating the CHB inverter with multilevel PWM and FSHE ( f1 = 500 Hz
and fsw = 10 kHz).

PWM

FSHE

Simulation

Figure 18. Measured current THD relative to the modulation index M and simulated WTHD3 when
operating the CHB inverter with multilevel PWM and FSHE ( f1 = 500 Hz and fsw = 10 kHz).

Additionally, the simulated WTHD3 is shown. Both measurement series follow
the trend of each simulation. Moreover, the measured current THD difference, using
FSHE in comparison to multilevel, seems enhanced. As can be seen from Figure 17c,
at each switching event a displacement current [52] is triggered, which distorts the current
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waveform. Since multilevel PWM inherently utilizes more switching events than FSHE,
the difference between the simulation and the measurements is larger. Thus, FSHE actually
shows a better current quality over a wider modulation index range in comparison to
multilevel PWM.

5. Conclusions

This paper has dealt with the output voltage modulation of a modular battery in-
verter system, based on a cascaded H-bridge converter topology, when used for vehicle
propulsion. Two generally-known modulation techniques, PD-PWM and FSHE, have been
considered and extensively compared when used for such an innovative drivetrain/battery
architecture. To assess the effectiveness of each method relative to the torque-speed range of
a small passenger vehicle, the drivetrain losses (battery and inverter losses) and the current
THD have been used as benchmark parameters. Furthermore, a small-scale laboratory
setup has been operated with multilevel PWM and FSHE to verify FSHE’s current THD
improvement at higher speeds.

It has been seen that FSHE cannot be applied at standstill and low speed. If the modu-
lation index M is below 0.3, FSHE causes a high current THD (>>5%), resulting in higher
drivetrain losses in comparison to PWM. Nonetheless, exceeding a modulation index of
0.3, FSHE improves the drivetrain efficiency and at higher speeds ( f1

fsw
> 0.048) it even

reduces the current THD in comparison to multilevel PWM. Thus, it has been concluded
that it is the most beneficial to operate the CHB inverter with a hybrid output voltage
modulation technique. At low speed and stand still, the drivetrain must be operated with
multilevel PWM, whereas at higher speeds, FSHE should be selected. The boundary be-
tween multilevel PWM and FSHE is dependent on the modulation index M and the relative
fundamental frequency f1

fsw
. It should be selected in a manner to meet an optimization

relative to the individual current THDI and drivetrain efficiency ηInvηBat requirements.
As another key-result, it has been shown that the absolute, simulated drive cycle efficiency
of the modeled small passenger car has been improved by 0.29% to 0.42% when using a
simple optimized hybrid technique in comparison to using only PWM. Furthermore, using
a small-scale laboratory setup, FSHE’s improved performance could be verified using
the measured current THD values. In addition, the measurements showed that FSHE’s
waveform is less affected by the IGBT dead-times and the parasitic displacement currents,
due to the reduced number of switching events.
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