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Evaluation of Modular Integrated Electric Drive
Concepts for Automotive Traction Applications

Hui Zhang,Student Member, IEEE, Lebing Jin,Student Member, IEEE,
Oskar Wallmark,Member, IEEE, and Staffan Norrga,Member, IEEE

Abstract—In order to achieve compactness and realize a
certain level of fault tolerance in integrated motor drives(IMDs),
a number of integrated modular motor drive (IMMD) concepts
have been proposed in recent years. In this paper, converter
topology candidates suitable for an IMMD are considered with
particular focus on the stacked polyphase bridges converter, the
parallel-connected polyphase bridges converter, and the modular
high frequency converter. A comparative evaluation of the studied
topologies is presented and discussed in terms of machine design
aspects, power losses, capacitor energy storage requirements,
costs, and cell redundancy using the conventional two-level three-
phase drive system as reference.

Index terms— Electric vehicles, integrated motor drives,
modular converters, permanent magnet machines.

I. I NTRODUCTION

By integrating the power converter with the electric ma-
chine, a compact electric drive can potentially be realizedthat
meets the requirements in terms of power density and effi-
ciency that are called for in automotive applications. Compared
to when the machine and corresponding power electronics are
two separate units, having the power electronics close to the
machine (e.g., inside the same housing) offers a number of
benefits, including reduced cabling and potential reductions
in terms of electromagnetic interference (EMI) and volume
requirements [1]–[4].

In recent years, integrated motor drives (IMDs) have been
employed in a number of industrial [5]–[7] and traction
applications [8]–[10]. Broadly, these IMDs can be categorized
according to the physical position of the power converter:
surface-mount integration (depicted in Fig. 1 (a)) and axial-
end-mount integration (depicted in Figs. 1 (b)–(c)). In surface
mount IMDs, the power converter is integrated in or situated
on the surface of the machine casing, a solution attractive due
to its simplicity and low cost [11]. In an axial-end mount IMD,
the power converter is mounted on the axial end (non-drive
side) of the machine, either on the external surface of the end-
plate of the machine casing (Fig. 1 (b)) or within the axial-
end interior of the machine casing (Fig. 1 (c)). The latter isa
potentially more compact solution but careful thermal analysis
is required due to the reduced thermal barrier between the
machine and the power converter [2], [4].

Relatively recently, integratedmodular motor drives (IM-
MDs) have started to be considered for automotive traction

H. Zhang, L. Jin, O. Wallmark and S. Norrga are with the Department of
Electric Power and Energy Systems, Electrical Engineering, KTH Royal Insti-
tute of Technology, SE-100 44 Stockholm, Sweden (e-mail: lebingj@kth.se;
huizhang@kth.se; owa@kth.se; norrga@kth.se).

shaft rotor

stator

power

converter

shaft rotor

stator

p
o
w

er

co
n
v
erter

shaft rotor

stator

p
o
w

er

co
n
v
erter

(a) (b) (c)

Fig. 1. Alternatives for power converter integration: (a) surface mount; (b)
end-plate mount; (c) within axial-end interior mounting.

applications. Here, the modularity is realized by functionally
replacing the conventional three- or multi-phase converter with
several modularized drive units where each unit comprises of
part of the electric machine and its corresponding converter
and bus capacitance. Fig. 2 (a) depicts an IMMD solution
realized by physically separating a five-phase drive into five
phase-leg units equipped with associated power electronics
[12], [13]. Another solution, shown in Fig. 2 (b), utilizes
series- or parallel-connected modular-concept converters [14]–
[21] and offers submodule-level redundancy and the possibility
to eliminate certain harmonics in the dc-link current by adopt-
ing interleaving of the modulation carriers [18], [20], [22].

(a) (b)

Fig. 2. Sample IMMD concepts: (a) phase-leg inverter [12], [13]; (b) modular-
concept converter [14]–[21].

To realize a fair comparison between different IMMD con-
cepts, the corresponding electric machine has to be considered
as well. As summarized in Table I, induction machines (IMs)
and permanent-magnet synchronous machines (PMSMs) are
commercially favorable [23]. From the investigation in [24],
however, PMSMs with interior mounted permanent magnets,
here abbreviated IPMs, are found to be the most suitable
machine type when aiming at fulfilling the FreedomCar 2020
specifications and IPMs are, therefore, considered also in this
paper.
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TABLE I
SAMPLE ELECTRIC VEHICLE MODELS IN THE MARKET.

Model EM type Max. power [kW] Year
Nissan Leaf Acenta PMSM 80 2016
Fiat 500e PMSM 83 2015
Chevy Spark EV PMSM 105 2015
Ford Focus Electric PMSM 107 2015
Kia Soul EV PMSM 81 2015
Mercedes-Benz B250e IM 132 2015
Tesla ModelS 60 IM 225 2015
Toyota RAV 4 EV IM 115 2014
BMW i3 PMSM 125 2014
Honda Fit EV PMSM 92 2014
Mitsubishi i-MiEV PMSM 49 2014
Volkswagen e-up! PMSM 85 2013

Stator windings sectioned into a number of modules with
each corresponding converter unit placed closely enables a
tight machine-converter integration [25]. Fractional-slot con-
centrated windings (FSCWs) provide relatively independent
coil-units to connect with the associated converter units and
when compared to integer-slot distributed windings (ISDWs),
FSCWs also have shorter end-turns and higher fill factors
can be achieved [26]–[28]. However, FSCWs exhibit a higher
content of space harmonics which particularly increases the
rotor losses [26]. In addition, for IPMs, the effective rotor
saliency is generally lower with FSCWs than with ISDWs [27].
Therefore, FSCWs require a higher stator flux magnitude for
a given torque level which particularly reduces the efficiency
during high-speed operation compared to a corresponding
ISDW.

A. Contribution and Outline of Paper

From the references above, it is clear that a considerable
amount of work is ongoing towards realizing very compact
integrated electric drives for automotive applications. An over-
all aim and novel contribution of this paper is the comparison
of recently proposed IMMD concepts taking into account
aspects ofbothelectric machine designand power electronics
simultaneously. Particularly, the investigation is focused on
the stacked polyphase bridges (SPB) topology, the parallel-
connected polyphase bridges (PPB) topology and the modular
high frequency (MHF) topology which all are compared to
the conventional two-level three phase converter. Using the
FreedomCar 2020 specifications as a starting point, electric
machinery suitable for the different converter topologiesare
designed and compared in weight, volume, fault tolerance,
and cost (thermal management and packaging technologies
are not addressed in this paper). For the corresponding power
switch devices, the resulting losses, capacitor energy storage
requirements and cost for the different modular converter
concepts are then presented taking into account both silicon
devices (Si IGBT and Si MOSFET) and wide-bandgap devices
(SiC MOSFET and GaN FET).

The paper is outlined as follows. In Section II, four alterna-
tive converter topologies in IMMDs for EV/HEV applications
are introduced along with their particular advantages and
associated control strategies. Machine topologies and corre-
sponding winding arrangements are discussed in Section III.

In Section IV, three targeted IPM-FSCW machines and a con-
ventional three-phase IPM machine with distributed windings
are designed based on the same specification. Corresponding
suitable converters are devised based on the resulting ma-
chine parameters. Moreover, the overall system performance,
including cost, over-loading and cell redundancy are evaluated.
Finally, concluding remarks are provided in Section V.

II. CONVERTERTOPOLOGIES FORIMD S

A. Conventional Two-Level Converter

A typical electric drive in EVs comprises of a battery, a dc-
link capacitor, a three-phase two-level converter and a corre-
sponding three-phase electric machine. As depicted in Fig.3,
such a two-level converter consists of three phase legs that
are connected to a common dc-link capacitor. Each phase leg
includes two semiconductor switches with anti-parallel diodes.
In automotive applications, the converter should provide three-
phase voltages of variable amplitude and frequency from a dc
bus voltage which is normally in the range 300 V–600 V.
Hence, 600 V–1200 V silicon IGBTs are commonly used as
semiconductor switches which limits the switching frequency
to below around 30 kHz. The assembly of the required dc-link
capacitor usually takes up around 30% of the total converter
volume which makes a compact integration of the conventional
two-level converter and electric machine challenging [29].
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Fig. 3. Two-level three-phase converter topology.

B. Alternative Converter Topologies

In order to increase compactness and reliability of IMDs,
alternative converter topologies have started to be considered
also for automotive applications. In general, these topologies
enable a smaller dc-link capacitance and a certain level of fault
tolerance. Four promising topologies are briefly reviewed in
this section.

1) Stacked Polyphase Bridges Converter:The stacked
polyphase bridges (SPB) converter comprises of a number of
series-connectedsubmodules, each consisting of a two-level
converter with its corresponding capacitor (see Fig. 4). The
ac terminals of each submodule can be connected to one
set of three-phase windings of a multi-phase machine [25].
Apart from other common benefits of modular converters,
a key advantage of the SPB concept is that the topology
allows the use of low-voltage semiconductors such as silicon
MOSFETs or gallium nitride FETs. As these semiconductors
allows for higher switching frequencies and can withstand high
maximum junction temperatures, this enables submodules with
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Fig. 4. Basic structure of the SPB converter.

small dc capacitances, potentially sharing the same housing as
the corresponding electric machine.

Since the submodules are connected in series, a dc voltage
control is necessary. In order to balance the dc voltages on each
submodule, the dc-link stability controllers proposed in [18],
[30], [31] aim to adjust each submodule dc voltage according
to its reference (which normally is the average value of all
capacitor voltages). On each submodule, a standard vector
current controller for conventional two-level converterscan
then be adopted (e.g., the one presented in [32]).

2) Parallel-Connected Polyphase Bridges Converter:Two
types of parallel-connected polyphase bridges (PPB) con-
verters, PPB-I and PPB-II are considered here and they are
described below.

• PPB-I: Designated as PPB-I is a conventional multiphase
converter (see Fig. 5). When being a part of an IMMD
system, each phase leg together with the associated
power electronics can be assembled as a single unit [33].
Compared to three-phase drive systems, increasing the
number of phases reduces low-frequency torque ripple
and, with proper control, post-fault operation in the event
of a phase-leg failure can be realized [34]–[36]. Since the
number of phases is increased, the current rating of each
phase leg is reduced which simplifies the integration. The
same vector control scheme as for a conventional three-
phase drive system can be used with the only difference
that the coordinate transformation (abc–dq transforma-
tion) needs to producemph phase voltage references (mph

being the number of phases) [37].
• Type II: PPB-II is illustrated in Fig. 6. As seen, it

comprises of several two-level three-phase converters
connected in parallel. Similar to the SPB converter,
each submodule comprises of three phase legs and an
associated dc capacitor [20], [38]. By interleaving the
PWM carriers in the submodules, the required submodule
capacitance can be minimized.

3) Modular High Frequency Converter:The modular high
frequency converter (MHF) represents another path towards
realizing a modular integration of the power converter withthe
electric machine [39]. As depicted in Fig. 7, each submodule
of the MHF converter consists of a step-up converter and an
H-bridge, both connected to a common dc capacitor. The H-
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Fig. 5. Basic structure of the PPB-I converter.
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Fig. 6. Basic structure of the PPB-II converter.

bridge outputs a single-phase ac voltage which can feed one
phase of the electric machine. Similar to the SPB topology,
the series connection of each submodule allows the use of
low-voltage FETs.

In each submodule, the internal supply voltagevcap is
controlled to a given value by adjusting the duty cycle of
the step-up converter [40]. Due to the single-phase output,
the power flow from the H-bridge contains a second-order
fluctuation which can be suppressed by varying the duty cycle
of the step-up converter as described in [41].
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Fig. 7. Basic structure of the MHF converter.

III. M ODULAR ELECTRIC MACHINERY

The converter and machine combination considered as a
reference case in this paper comprises of an IPM-ISDW
machine and a three-phase two level converter. To comply
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with the converter topologies suitable for IMMDs, three IPM-
FSCW machines have been selected following the machine-
converter integration guidelines in [25]. For the SPB- and
MHF-type converters, an eight-pole, three-phase IPM-FSCW
machine with 12 slots and a six-pole, five-phase IPM-FSCW
machine with 10 slots are selected, respectively. The same
IPM-FSCW machine as for the SPB-type converter is also
used for the PPB-II converter (utilizing a number of three-
phase converters connected in parallel) but the number of turns
are adjusted to comply with the increased voltage. The cross-
sectional views of the three machines are displayed in Fig. 8.

(a)

(b) (c)

Fig. 8. Cross-sectional views of: (a) conventional three-phase IPM-ISDW
machine with 48 slots and 8 poles; (b) three-phase IPM-FSCW machine with
12 slots and 8 poles for the SPB- and PPB-II converter; (c) five-phase IPM-
FSCW machine with 10 slots and 6 poles for the MHF- and PPB-I converter.

Each submodule of the MHF and PPB-I converter is con-
nected to the coils belonging to the same phase. Therefore,
for these two converters the number of converter submodules
msm is selected equal to the number of phasesmph = 5.
On the contrary, each SPB and PPB-II converter submodule
is connected to a set of three- or multi-phase coils. For
the corresponding stator winding depicted in Fig. 8 (b), the
winding periodicitytper=4 (see [42]) meaning that the stator
winding can be divided into four equivalent sets of three-phase
coils. Therefore, the number of submodulesmsm is selected
asmsm= tper=4 [25]. The resulting winding arrangements of
these three IPM-FSCW machines and the connection to the
associated converter submodules are depicted in Figs. 9-10.

IV. SYSTEM DESIGN AND EVALUATION

Table II shows the adopted FreedomCar 2020 design spec-
ifications obtained from [26], [27], [42]–[44]. The dc-link
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Fig. 9. IMD with an SPB converter (same winding layout for thePPB-II
converter but adjusted number of turns to account for the increase in voltage).
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Fig. 10. IMD with an MHF converter (same winding layout for the PPB-I
converter but adjusted number of turns to account for the increase in voltage).

voltageVdc can be chosen from200 V to 450 V [27]. For the
conventional-, SPB- and PPB-type converter, a rated dc-link
voltage ofVdc = 400 V ensures relatively moderate current-
and voltage-ratings when selecting available semiconductors
and is, therefore, used as the dc bus voltage in this work.
Vdc = 250 V is selected for the MHF converter to ensure a
100 V capacitor voltagevcap enabling similar voltage ratings
for the semiconductors as for the SPB-type converter.

Remark:It should be empathized that fulfilling all Freedom-
Car 2020 specifications must be considered very demanding
[44] and this is not claimed in this work. Rather, the designs
presented in this work highlight the relative differences that
the different modular concepts result into.

A. Machine Design and Analysis

Based on the specifications in Table II, three candidate
electric machines have been designed following the iterative
finite-element design approach described in [45] using the
software JMAG1. During this design process, the parameters
listed below are kept constant.

1JMAG is a registered trademark of the JSOL Corporation, Tokyo, Japan.
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TABLE II
FREEDOMCAR 2020TRACTIVE DRIVE SPECIFICATION.

Electric machine
Specification Unit Target
Rated speed [rpm] 2800

Maximum speed [rpm] 14000
Continuous power [kW] 30

Peak power [kW] 55
Mass (with frame) [kg] ≤35

Volume (with frame) [L] ≤9.7
Unit cost [$] ≤275

Power electronics
Power density [kW/kg] ≤ 1.6

Cost [$/kW] ≤ 4.7

• The inner diameter of the statorDsi is kept fixed toDsi=
140 mm;

• The air-gap lengthδ is fixed toδ=0.75 mm;
• The peak-fundamental air-gap flux density at no loadB̂δ

is fixed to B̂δ ≈ 0.6 T in order to avoid over-saturating
the stator core during peak torque operation;

• Thecharacteristic current̂Ich, defined as the ratio of the
magnet flux linkageψm to the d-axis inductanceLd [26]

Îch =
ψm

Ld

(1)

is designed to be approximately equal to the rated current
(Îch≃ Î) for all three machines in order to obtain a wide
speed range [46]. This also indicates that the designs are
fault-tolerant in the sense that steady-state current during
a balanced short circuit of a submodule is equal to rated
current.

• A detailed thermal analysis of the resulting machine
designs is not considered in this work. Therefore, the
continuous and maximum conductor current density are
set to10 and20 Arms/mm2, respectively which are values
commonly found in water-cooled electric machinery.

The resulting three candidate machines are labeled M1–M3
and key parameters are reported in Table III.

1) Volume and Mass:The stack lengths of the IPM-FSCW
machines (M2–M3) are longer than the stack length of the
IPM-ISDW machine (M1) which partly can be attributed to the
smaller effective rotor saliency [47]. However, the IPM-ISDW
machine (M1) has a larger outer stator diameter and more
copper is required due to the lower fill factor (0.35 and 0.46
assumed for ISDW and FSCW, respectively) and the longer
end-turn lengths [28]. By assuming the arc of an end-turn to
be circular (following [48]), the axial build of an end-turncan
be estimated. Fig. 11 indicates that all three machines should
fulfill the FreedomCar 2020 volume requirement. The volume
of the end-turns account for almost 50% of the total volume
of the IPM-ISDW machine (M1) and the total volume of M1
is the largest, despite its shortest stack length. As reported in
Table III, the predicted active weights of M1–M3 are in the
range26.5–31.5 kg. It could, hence, be questioned whether
the total weight (including a water cooled frame) would fulfill
the FreedomCar 2020 weight requirement. Nevertheless, the
resulting designs highlight the relative differences in weight
and volume that the different modular concepts result into.
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Fig. 11. Comparison of predicted electric machine volumes including and
excluding the end-turns (ETs).

2) Flux Weakening:The resulting torque-speed and power-
speed curves at continuous operation are shown in Fig. 12 and
Fig. 13, respectively. From Fig. 13, the constant power speed
range (CPSR) is approximately 3 to 4 for M1–M3 and all
designs fulfill the maximum speed requirement of14000 rpm
in Table II. Fig. 14 shows that all three machines approx-
imately fulfill the design requirement of30 kW continuous
power at rated speed (2800 rpm). The peak power, defined as
the maximum power output at rated speed with a conductor
current density of20 Arms/mm2 also approximately reaches
the required55 kW.
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TABLE III
IPM PARAMETERS.

Converter type Unit Conv. SPB PPB-II PPB-I MHF
Converter connection - - Series Parallel Parallel Series

Machine - M1 M2 M3
# phases - 3 3 5
# slots - 48 12 10
# poles - 8 8 6
msm - 1 4 5

Stator outer diameter [mm] 245.5 210.0 215.9
Stator inner diameter [mm] 140 140 140

Stack length [mm] 75 122 122
End-turn axial build [mm] 33.6 20.8 20.9

Air-gap length [mm] 0.75
PM type - NdFeB

PM relative permeability - 1.04
Coercive force [kA/m] 925

Magnet thickness [mm] 7.2
Magnet width [mm] 13.7 13.7 18.4

Stator core mass [kg] 12.29 11.93 13.49
Rotor core mass [kg] 6.19 10.06 10.06

PM mass [kg] 0.93 1.52 1.53
Copper mass [kg] 5.85 4.04 4.47
Shaft mass [kg] 1.23 2.0 2.0
Total mass [kg] 26.46 29.55 31.54

Rated phase rms current [Arms] 89.7 85.8 21.5 55.9 116.8
Characteristic rms current [Arms] 89.0 84.7 21.2 55.8 116.7

Power factor - 0.74 0.71 0.75
# turns of per slot - 8 24 96 46 22

M1 M2 M3
0

15

30

45

55
60

P
ow

er
[k

W
]

Fig. 14. Continuous power (yellow bar) and peak power (blue bar) at rated
speed (2800 rpm).

B. Power Losses of Modular Converters

Seven commercially available semiconductor devices are
selected for evaluation of resulting losses when used in the
converter topologies reviewed in Section II. Table IV reports
main information of these devices. For comprehensiveness,the
devices include conventional silicon semiconductors as well
as wide band-gap (WBG) alternatives, such as SiC and GaN
devices. The 150 V devices are suitable for the SPB and MHF
converters utilizing series connected submodules whereasthe
650 V devices are considered for the conventional two-level
converter as well as the PPB-I and PPB-II converters. Since
the semiconductor devices have different current ratings,in
order to make a fair loss comparison a different number of
devices needs to be paralleled to effectively form one switch
with the same current ability.

The loss models used for the calculation adopt the methods
presented in [49] and [50] and a switching frequency of 30 kHz

is assumed in all cases. Fig. 15 shows the predicted converter
losses as a function of normalized semiconductor area2 A
for all combinations of converter topology and semiconductor
device. As can be seen, the PPB-I and PPB-II converters
result in similar losses as the conventional two-level converter,
dissipating around 0.5–3% of losses. The SPB and MHF
converters both result in relatively high losses when considered
with silicon devices whereas significantly lower losses are
achieved with WBG devices.

Considering the overloading requirements common in
EV/HEV traction applications, the required total number of
devices for each configuration and the corresponding semi-
conductor cost whenA = 3 are reported in Fig. 16. The
reduction in losses but higher cost of today’s WBG-device
based switches compared to silicon is clearly reflected. Further,
since the WBG devices have relatively low current ratings, a
larger number of devices is required compared to silicon.

Remark:Device#1 comprises of six IGBTs together with
associated drive circuits and represents, hence, a complete two-
level three-phase converter.

C. Energy Storage Requirements

As mentioned, a large/bulky dc-link capacitance aggravates
the realization of a compact IMD system. Based on the elec-
trical model of an automotive Li-ion battery presented in [52],
Fig. 17 shows the capacitor energy-storage requirementsτ as
function of switching frequency for the four studied converter

2A is defined asA = Nd/Nbase where Nd is the total number of
semiconductor chips andNbase is the minimum number of semiconductor
chips required for the rated phase current. For example,A= 2 means that
with Nd devices in total, the converter can handle a maximum of twicethe
rated phase current.
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TABLE IV
POWER SEMICONDUCTOR DEVICE ALTERNATIVES.

♯ Type Model no. Unit price [51] [$] Vmax [V] Inom [A] Suitable converter
1 Si IGBT FS400R07A1E3H5 452.21 650 400 Conv.
2 Si IGBT IKW50N65F5A 3.94 650 50 PPB
3 Si MOSFET IPW65R048CFDA 10.85 650 63 Conv./PPB
4 Si MOSFET AUIRFP4568 5.26 150 171 SPB/MHF
5 SiC MOSFET SCT2120AF 7.89 650 29 Conv./PPB
6 GaN FET GS66516T 50.57 650 60 Conv./PPB
7 GaN FET EPC2033 4.10 150 31 SPB/MHF
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Fig. 15. Loss comparison for the conventional two-level converter and
four alternative converters implemented with different semiconductor devices
(assuming a switching frequency of 30 kHz): (a) blue: Conventional–#1
(device# refer to Table IV), black: Conventional–#3, red: Conventional–#5,
green: Conventional–#6; (b) cyan: PPB-I–#2, black: PPB-I–#3, red: PPB-
I–#5, green: PPB-I–#6; (c) cyan: PPB-II–#2, black: PPB-II–#3, red: PPB-
II–#5, green: PPB-II–#6; (d) magenta: SPB–#4, gray: SPB–#7, dashed
magenta: MHF–#4, dashed gray: MHF–#7.

topologies (excluding the MHF-type converter) when the peak-
to-peak battery current ripple is limited to 10% of the current
at rated power. Obviously, the energy storage requirement
decreases as the switching frequency increases. For the SPB-
and PPB-II converters interleaving of the modulation carriers
is adopted as described in [18], [22], [38] which significantly
reduces the energy storage requirements.

For the MHF-type converter, the second-order harmonic
due to the submodules being of single-phase type need to be
absorbed by the submodule capacitances. In [14], a closed-
form expression of the required submodule capacitance for
the MHF-type converter is presented which, assuming a 10 V
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Fig. 16. Number and cost of semiconductor devices required for A=3.
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Fig. 17. A comparison of energy storage requirements as a function of
switching frequency at 10% peak-to-peak dc current ripple.Red: conventional;
black: SPB; blue: PPB-I; yellow: PPB-II.

variation of the submodule capacitor voltages results in an
energy storage requirement at rated speed (2800 rpm) and
power (30 kW) of around1 J/kW for machine M3 (used with
the MHF-type converter).
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D. Cell Redundancy

Post-fault operation following the failure of a single sub-
module failure can potentially be realized by short circuiting
the faulty submodule in the case of the MHF and SPB
converters or disconnecting the faulty submodule in the case
of the PPB-I and PPB-II converters [53], [54]. In case of
a short circuited submodule, the permanent magnets will
induce currents in the short circuited submodules. Further,
the capacitor-voltage references need to be adjusted so that
the voltage is shared evenly also during post-fault operation.
For the PPB-I converter, the current angles of the remaining
phase-leg current angles need to be shifted for the post-fault
operation in the PPB-I converter [16]. Ideally, the residual
torque should drop with a factor((msm− 1)/msm). However,
for the MHF and SPB converters, the braking torque due to
the short-circuited submodules will further reduce the residual
torque. The cell redundancy in terms of average residual torque
during a single submodule failure occurring when the drive
operates at rated speed (2800 rpm) and rated power (30 kW)
has been computed using JMAG and the results are shown
in Fig. 18. Obviously, the average residual torque is highest
for the PPB-I converter which utilizes the highest number
of submodules (5). It can also be seen that the reduction in
residual torque due to the induced short-circuit currents (for
the SPB and MHF converters) is relatively small which can, at
least partly be attributed to the relatively small rotor saliency
of these fault-tolerant designs [45].

SPB PPB−I PPB−II MHF
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0.25

0.5

0.75
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Fig. 18. Residual torque following a single submodule failure for SPB
converter (machine M2, 4 submodules), PPB-I converter (machine M3, 5
submodules), PPB-II converter (machine M2, 4 submodules),and MHF
converter (machine M3, 5 submodules). Yellow bars: finite-element method;
blue bars: ideal case((msm − 1)/msm).

E. Cost Comparison

In this section, the material cost of the electric machines
and the cost of the semiconductors devices are compared for
the five different drive concepts considered. Naturally, such
a comparison depends heavily on the assumed material and
device costs. Further, costs for gate-drive circuitry (except
device#1 in Table IV) or current and voltage sensors are
not included. Nevertheless, the obtained figures provide a
comparison of costs for the different concepts that could be
accompanied when considering other merits of the modular
SPB, PPB-I, PPB-II and MHF drive concepts (such as fault

tolerance and capacitance requirements) when compared to a
conventional two-level three-phase drive.

For the semiconductors, only the devices with the total
lowest semiconductor costs in Fig. 16 are considered which
excludes the WBG devices. Hence, for the conventional (two-
level three-phase) converter, device #3 is considered, forthe
SPB and MHF converters, device #4 is considered, and for
the PPB-I and PPB-II converters device #2 is considered. For
the electric machinery, the adopted cost figures are reported in
Table V. For all three machine designs reported in Table III,
the total magnet price dominates the total cost. Further, the
short stack length of the machine with distributed windings
(designated M1) results in the smallest machine cost.

TABLE V
ELECTRIC MACHINE MATERIALS COST [44], [55].

Part Material Unit Price
Stator/Rotor Lamination AK Steel (0.25 mm) [$/kg] 2.1
Permanent magnets VACODYM 890 TP [$/kg] 82.3
Rotor shaft Copper beryllium alloy [$/kg] 8.8
Windings Class H copper [$/kg] 7.1

The estimated electric machine and semiconductor costs for
the five drive concepts are reported in Fig. 19 together with the
requirements taken from the FreedomCar 2020 specifications3.
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Fig. 19. Cost of the electric machine (EM) and correspondingsemiconductor
devices (SD) for the five considered concepts. Dashed blue: electric machine
unit cost requirement; Dashed red: power electronic cost requirement.

V. CONCLUDING REMARKS

This paper has evaluated recently proposed modular in-
tegrated electric drive concepts for automotive traction ap-
plications. The evaluation has been presented considering
both machine design aspects and the requirements of the
corresponding semiconductor switches. The results presented
highlight the relative merits and differences that the different
modular concepts result into. Key findings are summarized
below.

Considering the machine designs, the modular concepts
are relatively similar in dimensions and volumes, all having
longer stack lengths than the conventional ISDW machine
(M1). This indicates that for solutions where the machine

3For the semiconductors costs, a 55 kW peak power is assumed yielding a
cost limit of 4.7 · 55=258.5 $.
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and corresponding converter are not integrated, a conventional
distributed winding represents a compact solution, particularly
if the axial build of the end winding part can be made
short (such as for the welded bar wound winding in [48]).
It is further found that the braking torque in the event of a
short circuited converter submodule is relatively small for the
machines designed for the SPB and MHF converters utilizing
series connected submodules. This shows that the post-fault
capability for all modular converter concepts are relatively
similar and is mainly dependent on the number of submodules
utilized.

It is further demonstrated that the capacitor energy storage
requirements can be significantly reduced by adopting any of
the modular-converter concepts compared to a the two-level
three-phase converter. This is an important factor that should
be exploited if very hard requirements are put in terms of com-
pactness. The cost comparison indicates that both PPB-type
converter topologies potentially can meet the power converter
cost requirements since the cost of the semiconductor devices
are less than50% of the FreedomCar 2020 cost requirements
enabling the largest margin for the additional costs associated
with the power electronics.

Finally, with today’s semiconductor technology, replacing
the conventional silicon devices with WBG devices would
largely increase the total cost. However, the undergoing devel-
opments of power semiconductor technology will result in in-
creases market maturity and lowered device prices. Moreover,
as the power losses are decreased by using WBG devices, it
is possible to optimize the cooling system which would allow
for additional reductions in terms of system size and weight.
Machine designs not relying little or no amounts of rare-earth
based permanent magnets could further contribute to reduce
the total system cost.
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