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Abstract-Automotive safety applications will be soon a standard
based on market evolution trends. Actuators performing s afety
operations,such as steering or braking,need to be more reliable
with a low manufacturing cost. Multiphase drives seem to be a
good alternative to actuators redundancy, as it offers greater
degrees of freedom with at a limited extra cost. These drives
have been studied for a while, especially in other industries such
as ship propulsion or aeronautic actuator. However,
comparison between multiphase drives for a given application is
rare. In this paper, a methodology is proposed to evaluate
several drives for a safety automotive application. Some
manufacturing assumptions have been made in order to narrow
the study to five, six and seven phase permanent magnet
synchronous motors (PMSM). Machines have been modeled
using 2-D finite elements analysis (FEA) software in order to
extract their parameters which will be used in dynamic
simulations. Based on the obtained results, each drive is
evaluated according to defined criteria and best solutions are
highlighted. Considering a low voltage high current application,
full bridge inverter topologies feeding a six-phase motor seem to
be a promisingsolution.

1. INTRODUCTION

Automotive industry is moving towards safer actuators in
regard to future autonomous vehicles developments.
Particular applications such as steering or braking need for
increased reliability and require high functional safety. In
case of an open phase fault, standard three phase machines
cannot produce a constant torque anymore and then are not
suitable for these critical applications. Redundancy using
multi-motors system could be a solution, but it is not an
effective one regarding a cost-oriented market such as
automotiveone.

On the contrary multiphase drives allow a better torque
density and a fault-tolerant capability by increasing the
number of phases. These drives have been widely
investigated, especially for ship propulsion or aircraft
applications [1]-[3]. Multiphase drives offer more numerous
degrees of freedom that can be used to mitigate the impacts
ofa failure such as torqueripples and ensurea minimum level
of functionality. Inverter could also help to improvethe fault-
tolerant capability of the drive, considering different
configurations than the standard half-bridge (HB) voltage
source inverter (VSI). Full-bridge (FB) VSI seems to be a
good alternative as it offers an additional degree of freedom,
supressing theneutral point condition.

Comparisons exist between multiphase systems [4]-[8], but
manufacturing cost is generally out of the scope in these

studies. However, this is a crucial aspect in automotive
industry which is based on mass production. The costofa
solution is an important design criterion and must be
considered fromthe drive design phase [9], [10]. That s why
this paper proposes a methodology to design low-cost
multiphase drives for automotive safety applications. The
proposed analysis considers only the technical elements
which are impacting significantly the cost. Of course, the
final price of the actuatoris depending also on non-technical
considerations. Some design assumptions are made to limit
the cost ofthe solutionsuch as the use of concentrated tooth
windings multiphase permanent magnet s ynchronous motors
or the use of PM rectangular segments in a tangent intemal
permanent magnet (TIPM) rotor. Numerous solutions are
then evaluated and compared, based on defined criteria
including manufacturing considerations.

II. MULTIPHASE DRIVE COMPARISON APPROACH

A. Global appoach

The aim of the study is to proposeand test a methodology
to compare multiphase fault-tolerant drives for automotive
safety applications. Fig. 1 presents the global approach for the
design. Thefirst stepis to define thescope ofthe study based
on application requirements: such as bus voltage, dimension
limitation or maximum operating point. Then, different
machine topologies by varying geometric parameters are
evaluatedusing 2-D finite elements analysis (FEA). Next step
consists in eliminating some topologies that are not enough
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Fig. 1. Multiphase design approach



competitive regarding defined requirements. During the
fourth step, parameters ofthe sorted machines are extracted,
such as back electromotive forces (BEMF) spectrums, flux-
linkage matrices and resistances. These parameters will be
used in dynamic simulations during the fifth step, where both
machines and inverters are modeled using Matlab-Simulink.
In the sixth step, data are post-processed to evaluate each
solutionregarding a particular setof'criteria. Finally, the last
step consists in choosing the bestsolutions regarding criteria
that are the most valuable for the given application.

This approach aims to be generic and results highly depend
on which criteria are considered as important. However, it is
also a good tool at a pre-design level. For instance, if final
results are very tight between evaluated solutions, it could be
usefulto considera widerrange of topologies at step 2.1t i
not necessary a linear approach and back and forth between
steps are possible.

B. Applications requirements

In this study, electro-hydraulic power steering (EHPS)
actuator for commercial vehicles is considered as a reference
application. Compared to an electric power steering (EPS),
electric actuator only drives the hydraulic pump in order to
provide the assistant torque. However, it is still important to
prevent any sudden lost of assist. The driver should be able
to steerhis truck even aftera fault occurs and to continue his
mission. Thatis why this application is well suited to evaluate
different multiphase drives. Maximum operating point and
integration constraints are given in Table I.

TABLEI
MAIN APPLICATIONS REQUIREMENTS
Parameter Symbol Value

DC bus voltage Unc 24V
Maximum motor speed Qinax 4500 rpm
Maximum motor torque T inax 15 Nm
Maximum motor height Hinax 90 mm
Maximum motor diameter Dinax 180 mm

C. Motordesignassumptions

In this study, some assumptions are made in order to focus
the scope. First, only multiphase PMSM are considered.
These machines generally offer better torque density
compared to other technologies for this kind ofapplication.

To reduce manufacturing complexity, concentrated tooth
windings are preferred rather than distributed ones. Coils
could be directly wound around the teeth that simplify the
winding process, especially for high volume production. In
addition, it also allows to shorten the end-winding and then
reduce the length of machine and minimize copper losses. In
a fault-tolerant aspect, it could be interested to use this
topology as it helps to reduce magnetic and thermal coupling
between coils.

For manufacturing constraint, a maximum number of 15
coils are chosenas it remains quiteclosetoa standard 12 coils
three-phase machine, as the one used in the EPS actuator
from Tesla Model 3. In this condition and considerng a
sufficient number of phases: only five, six and seven phases
machines are evaluated. Using a higher number of phases,
such as nine or eleven phases motor, seems to be not worth
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compared to the additional complexity it requires.
Asymmetrical configuration for six phases is used due to
better torque ripple compared to symmetrical one (rank 12th
harmonic compared to 6th). A representation of phasor
diagrams is given in Fig. 2.

At last, tangent internal permanent magnet (TIPM) rotor
is preferred. Indeed, the simple rectangular shape makes the
magnets both cheaper and easier to be assembled, reducing
the overallmanufacturing cost. Saliency effects added by this
choice will be omitted in the early steps of the study.
Saturation effects willalso be neglected at this stage and will
be discussed latter in this paper. An illustration of motor
topology is givenin Fig. 3.

D. Inverterdesign assumptions

Since DC bus voltage in the current application is 24V,
architectures such as multi-level or multi-cellular inverters
are not studied. These kinds of architectures are best suited
for high-voltage applications as it reduces the constraint on
transistors. That is why in this study, only two architectures
are considered: HBinverter (In-leg) and FB inverter (2n-leg),
as illustrated in Fig. 4.

HB voltage source inverters are widely used and sinple
to be controlled, but have no-intrinsic fault-tolerantbehavior.
On the contrary, FB inverters are well suited forsafety low-
voltage applications as motor phases are electrically
independent. This topology requires two legs per phase,
doubling the required number of transistors. However, with
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Fig. 4. HB and FB inverter topologies supplying a motor phase

FB inverter maximum allowed phase voltage is doubled
compared to HB. It means that coil turns could be twice the
HB case, multiplying the torque constant by two and then
reducing the needed current by two for a given torque. In
otherwords, FBinverter requires more transistors but with a
lower current rating. For high current applications, the
transistors used in HB are often parallelized to withstand self-
heating due to losses. It means that in low-voltage and high-
current applications, HB and FB could lead to the sane
number oftransistors if coil turns are adapted.

In this study, only the power stage is considered. In
particular, EMC filtering is omitted. This last point could be
discussedas it could be an important part during the inverter
design. However, in a pre-design level, other criteria such as
current total harmonic distortion (THD) could be used n
orderto have an idea ofthe filtering effort to provide.

III. DRIVE COMPARISON RESULTS

A. Drive comparison criteria

The aimis to sort studied solutions among both motor and
inverter performances, as well as manufacturing cost and
control complexity. Different main criteria have been
selected and can be found in the upper raw of Table II and
Table III.

On motorside, the motor constantis defined by the mean
torque divided by the square rootofcopper losses. It reflects
the intrinsic capacity ofthe motorto producetorque at lower
copper losses. Losses have been shared depending on their
location, to have an idea ofhow the losses would be difficult
to evacuate. Stator losses include both copper and iron losses,
whereas rotor losses includeboth permanent magnet and ron
losses at rotor. Torque ripple is also important to consider in
steering application, bothin a healthy configuration and after
an open phase fault (OPF) occurs. Torque ripple in fauly
state is given withoutany reconfiguration of the control laws,
torque reference is kept the same.

On the inverter side, one of the main criteria to consider
is the losses. It includes both transistors losses due to
conduction and switching losses and also body diode losses.
The total number of transistors is also important as it
influences directly the bill of material (BOM) price but ako
the area required on the printed circuit board, thatcould lead
to integration complexity.

In terms of control, thetime required by a microcontroller
to perform the regulation should not be neglected. It could

impact the BOM if a more powerful microcontroller i
needed to be able to drive the motor. This aspect i
approximated by the number of current closed-oop
controllers required for the drive.

The finalcost ofan actuatoris complicated to evaluate in
early development. However, an approximation of a raw
materials required for the motor manufacturing is presented
to have aroughidea. It is defined by the sumofapproximated
price for iron, copper and permanent magnets based on
internal feedback experiences from authors. Expressing in
perunit for 1 kilogram of material, iron is 1, copperis 8 and
permanent magnets are 100. Care should be taken with these
numbers, as it remains approximations and could vary
considering mass production volumes.

At last, carbon footprint has also been estimated using
information provided by ADEME which is the French
Agency of Environment and Energy Management. This
institution gives a database to estimate CO2 equivalent
emissions per kilograms of extracted material (copper, iron
and permanent magnets) as well as the impact of
transportation. Only thesetwo aspects havebeen considered.
This criterion will probably be more and more important in
the incoming years dueto stricter environmentstandards.

B. Motortopologies selection

Referring to step 2 in Fig. 1, numerous motors with
different poles and slots configurations have been designed.
Each dot in Fig. 5 represents a design evaluation. Pareto
fronts have been highlighted on magnet mass and copper
losses. Atthis stage, the main idea is to compare the different
motor topologies in order to find the best suited ones based
on application requirements. That is why these two criteria
have beenchosen toplotPareto fronts, as it gives a good idea
of the performances ofthe evaluated topologies.

In 1-layer configuration, there is only one coil per slot that
generally leads to poor filling coefficients. This can be seen
in Fig. 5 where the two five-phase 1-layer configurations are
really apart from the 2-layer ones. Fora given number of
phases, best configurations are the one for which winding
factoris the biggest[11].

Finally, three 2-layer motor topologies are selected: 10
slots — 8 poles for five-phase, 12 slots — 10 poles for six-phase
and 14 slots — 12 poles for seven-phase. Before extracting
their parameters, meshing is refined for these three motor
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topologies. Then, each designed solution is coupled withboth
HB and FB inverter to evaluate dynamic performances.

In Fig. 6, asample of evaluated motors have beenselected
to visualize the saturation effects, by representing the
variation of nominal phase motor inductance while current
increasing. Depending on the inverter configuration, HB or
FB, motorphase current will mostly vary between 100A and
250A. Some motors are more subjects to inductance
variations. However, in most cases this variation stays below
15% even at higher currents. That is why, for a sake of
simplicity, saturation effects are neglected in dynamic
simulations.

C. Dynamic modeling and evaluation of each criteria

As depicted previously, BEMF, resistances and flux
linkage matrices are extracted from FEA to be used n
Matlab-Simulink simulations. Generalized Concordia
trans formation is used in order to model the drive in each dg-
planes [12]. The same method is usedto tune the current PI-
controllers for each drive to have a fair comparison. Drive
parameters are then extracted at maximum operating point
(4500rpm and 15Nm). In total, 78 motors havebeen selected
and tested for both HB inverter and FB inverter after adapting
coil turns. In Table Il and Table I11, for each criterion, results
are normalized by the average value of the 156 evaluated
solutions for the given criterion. Results presented in these
tables are already the best among the evaluated solutions,
based on numerical values threshold for each criterion. A
colorcode has been added to easethe lecture ofthese tables.
Greener the cell is, better is the drive on this particular
criterion. In opposite, a red cell means the drive is one the
worst for considered criterion. Table II gives the best drives
among all criteria, whereas Table Il gives the results with a
more traditional approach, focusing on performances
parameters ratherthan costones

It is also interesting to note that only three solutions are
present both in Table I and Table III. These solutions seem
to be a good trade-off for every considered criterion, but this
is not the general case. Forinstance, solutions #105 and #106
have good motor constant and low losses that make them
apparently ideal solutions. However, their price is a lot higher
and then, they are not cost-effective solutions for a
competitive mass production market.

Based on these results, six-phase PMSM driven by FB
topology seems a good trade-off between performances and
manufacturing cost. This architecture configuration
represents half of the final selection of Table II. Five-phase
FB topology with 10slots — 8 poles should also be considered
for this kind of application, as it could lead to good
performances while having fewer components than six-phase
architectures.

In order to deeper compare the pre-selected different
drives topologies, other analysis will be necessary. As
example, Fig. 7 illustrates the behavior after an OPF without
control reconfiguration, for solutions #83, #128 and #74.
Table IV gives the numerical value associated to Fig. 7 and
especially the over currents and torque ripples due to the
OPF. These three electric drives have been selected among
the 11 solutions of Table IL.

Drive #74 is a seven-phase motor fed by a HB inverter
and therefore the currents are higher compared to both five-
phaseandsix-phase FBarchitectures, leading to higher stator
and inverter losses. However, on contrary to FB solution, no
zero-sequence current have to be controlled with this
solution. As there is no control configuration, same current
references are applied and then torque ripples significantly
increase as depicted in Table IV. Moreover, currents in
remaining phases increase to compensate the faulty one, up
to plus 57% for the five-phase drive. This paper does not
presentthelosses aftera fault occurs, butthis is an important
point that should not be neglected when designing functional
safety actuators.

TABLE IV

COMPARISON OF 5-PHASE (#83), 6-PHASE (#128) AND 7-PHASE (#74)
DRIVES, EVALUATED AT 4500RPM — 15NM

Maximum Maximum Torque Torque
Solution | peak current | peak current ripples ripples
ID Healthy Faulty Healthy Faulty
A) A) (Nm) (Nm)
#83 168 264 (+57%) 1.14 314 (+175%)
#128 137 194 (+42%) 0.73 6.05 (+728%)
#74 241 345 (+43%) 0.96 5.93 (+517%)
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Fig. 7. Motor phase currents after an OPF event for solutions #83 (top),
#128 (middle) and #74 (bottom)




TABLEII
MULTIPHASE DRIVES COMPARISON RESULTS CONSIDERING COST CRITERIA

T T Total Motor raw Current Catb
Solution Architecture Motor Stator | Rotor OfQUe | mverter | - OrdUe ota material closed- arbon
. ripple ripple | transistors . footprint
D configuration constant | Losses | Losses Health losses Fault b price loop timati
calthy aulty | number estimation | controllers | Stmauon
#23 + halfbridge 1.03 0.96 0.76 0.83 1.28 1.03 0.70 1.02 0.91 1.01
#24 + halfbridge 1.06 0.94 0.79 0.94 1.22 1.05 0.70 1.05 0.91 1.02
#73 + halfbridge 1.09 1.06 0.87 1.00 1.14 0.91 0.82 0.97 1.10 1.03
#74 + half-bridge 1.11 1.06 0.90 1.07 1.09 0.92 0.82 1.00 1.10 1.04
#83 + full-bridge 1.04 0.79 1.01 1.27 0.51 0.49 0.59 1.05 0.91 1.00
#102* + full-bridge 1.03 0.96 0.76 0.74 0.64 0.93 0.70 1.02 1.10 1.01
#103* + full-bridge 1.06 0.94 0.79 0.81 0.61 0.93 0.70 1.05 1.10 1.02
#104* + full-bridge 1.09 0.94 0.81 0.88 0.59 0.92 0.70 1.08 1.10 1.03
#107 + full-bridge 1.11 0.92 0.93 1.05 0.51 1.00 0.70 1.10 1.10 1.04
#128 + full-bridge 1.03 0.94 1.00 0.81 0.58 0.95 0.70 0.92 1.10 0.98
#129 + full-bridge 1.04 0.92 1.11 0.95 0.54 1.02 0.70 0.93 1.10 0.98
* : shared solution with or without considering cost criteria
TABLE III
MULTIPHASE DRIVES COMPARISON RESULTS WITHOUT CONSIDERING COST CRITERIA
Motor raw Current
Solution Architecture Motor Stator | Rotor T-O TAUC | fnverter T.O rque ) Tofle ) material closed- .Ca’ hfm
- ripple ripple | transistors . footprint
ID configuration constant | Losses | Losses losses price loop S
Healthy Faulty | number o estimation
estimation (‘()nfl‘()ll(’]”S
#80 + full-bridge 1.01 0.83 0.86 1.08 0.49 0.47 1.17 0.99 0.91 0.96
#86 + full-bridge 1.06 0.84 0.76 1.15 0.47 0.46 1.17 1.14 0.91 1.02
#102* + full-bridge 1.03 0.96 0.76 0.74 0.64 0.93 0.70 1.02 1.10 1.01
#103* + full-bridge 1.06 0.94 0.79 0.81 0.61 0.93 0.70 1.05 1.10 1.02
#104* + full-bridge 1.09 0.94 0.81 0.88 0.59 0.92 0.70 1.08 1.10 1.03
#105 + full-bridge 1.11 0.93 0.73 0.96 0.56 0.96 0.70 1.21 1.10 1.09
#106 + full-bridge 1.14 0.93 0.75 1.03 0.54 0.96 0.70 1.25 1.10 1.10
#139 + full-bridge 1.02 1.11 0.83 0.88 0.66 0.25 1.64 0.94 1.28 1.01
#146 + full-bridge 1.00 1.11 0.81 0.95 0.59 0.30 1.64 0.93 1.28 1.01
* : shared solution with or without considering cost criteria

IV. CONCLUSIONS

This study has presented and tested a methodology in
order to consider the whole drive design from performances
perspectives as well as manufacturing considerations. On the
contrary, a standard approach would consist on designing
motorand inverter aside. If both approaches could lead to the
same results, it is generally notthe caseandit is important to
have a cost-oriented approach, even at pre-design phase, for
mass productionapplications.

Multiphase drives have been chosen in order to meet
functional safety requirements due to their more numerous
degrees of freedom. Some design assumptions have been
done and the comparison has highlighted two promising
architectures for EHPS application: five-phase and six-phase
motors fed by FB inverter. Five-phase solutions could have
less components comparedto six-phase. However, six-phase
has the advantage to be quite similar to two standard three-
phase systems. The re-use of cost-effective integrated chip,
such as three-phase gate drivers, can be a real advantage in
this topology.

Some points have been omitted during this study. This is
the case for saliency and saturation effects that may impact
the results presented in this paper. 2-D FEA have been used
to save simulation time, but 3-D analysis should be prefemed

to evaluate some aspects such as end-winding losses. EMC
filtering is also a point of interest that could impact directly
the price of the inverter. To go deeper into the comparison,
these aspects should be considered as well as the impact ofa
fault occurrence regarding theoverall losses.

Finally, this paper focuses on a low voltage application
with high currents. This has a strong impact on transistor
choice and the predominant use of FB inverters. In a high
voltage application with lower currents, transistors’ current
rating constraint will be less important and HB inverters
shouldbe competitiveregarding total number of components.
Results should be different with others applications, but the
same approach canbe applied.
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