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Abstract — This paper presents the modeling and control of an
Electric Vehicle (EV) driven by a 5-phase Permanent Magnet Syn-
chronous Machine (PMSM). The machine in an open-end winding
configuration is supplied by two isolated 5-leg Voltage Source In-
verters (VSIs). The inverters are fed by a Hybrid Energy Storage
System (HESS) consisting of a battery and Supercapacitors (SCs).
To increase the battery lifetime, the SCs are used to provide the
high-power requirement during driving operations. In addition,
an Energy Management Strategy (EMS) is proposed to take ad-
vantages of this EV architecture. Numerical results are derived to
verify workability of the EV system.

Keywords — PMSM, multiphase machine, energy management
strategy, open-end winding, supercapacitors, electric vehicle

[. INTRODUCTION

Machines with a high number of phases, i.e. greater than
three, have been used in several applications such as ship pro-
pulsion, aircraft and traction in recent decades due to their ad-
vantages such as low torque pulsation, fault tolerance, and re-
duced per phase power rating [1]. The recent design, modeling,
and control of multiphase machines are analyzed in [2]. Three-
phase open-end winding configurations fed by an inverter and
a DC voltage source in the flux-weakening region [3] and in
degraded modes [4] have been introduced. The open-end wind-
ing topologies supplied by dual inverters and two isolated DC
voltage sources with 3-phase machines [5, 6] and with multi-
phase machines [7, 8] for automotive applications have been
extensively investigated to verify advantages of the architec-
ture. Indeed, with given values of DC bus and power, the ma-
chine voltages are doubled, and the currents are divided by two.
Moreover, in the case of failure of one inverter, the remaining
healthy inverter can operate independently, which helps to re-
sume quickly the operation of the drive system. In an EV sys-
tem, the open-winding structure allows also to use two different
DC sources to split the peak power demands that occur in ac-
celerations and decelerations.

The degradation of battery in EVs has been one of the most
challenging problems. In driving operations, the battery life-
time is badly affected by peak values of the power demands [9,
10]. Besides other factors affecting the battery aging process,
the RMS value of battery current is considered as one of critical
criteria having impacts on the battery lifetime [11]. In this con-
text, the combination between batteries with the high energy

density and supercapacitors with the high power density is one
of promising solutions, tackling the problem of high battery
RMS currents [12, 13]. Supercapacitors can be used in acceler-
ations and decelerations (short-term power demand) while the
battery is used for operations at constant speeds. The EVs
driven by wye-connected winding 3-phase machines fed by sin-
gle inverter, using batteries and supercapacitors, have been in-
vestigated in [14-17].

In this paper, the proposed EV system is comprised of a 5-
phase open-end winding machine fed by two independent in-
verters with HESS. The drive system is described by the Ener-
getic Macroscopic Representation formalism (EMR) [18]. Due
to the characteristics of the multiphase machine, a proposed
EMS enables to control four power flows within the drive sys-
tem. In addition, thanks to the supercapacitors, the battery cur-
rent is smoothly regulated, hence, the battery lifetime can be
increased. The workability of the architecture is verified by
simulation results.

The paper is organized as follows: section II describes the
modeling and control of the EV; in section III, an EMS is pro-
posed to distribute the power flows of the EV; the simulation
results are presented in section ['V.

II. MODELING AND CONTROL OF THE ELECTRIC VEHICLE

The EV architecture in this study is shown in Fig. 1, con-
sisting of a 5-phase PM machine fed by 2 VSIs. The first in-
verter, namely VSI 1, is supplied by a Li-ion battery package
and the second inverter, namely VSI 2, is connected to SCs. The
machine drives a wheel and chassis through a gearbox. In this
section, all elements of the studied system will be represented
by the EMR formalism. EMR is a functional description of en-
ergetic systems for control purpose. The system is split into el-
ementary subsystems in interaction [18]. All subsystems of the
studied EV are interconnected as in Fig. 2. The models of sub-
systems are described in this section. Inversion-based control
laws (IBC) [18] are applied to define controllers (in light blue
parallelograms) of the EV. In addition, an EMS, controlling the
power flows within the drive system as well as to help extend
the battery lifetime, is analyzed in section III.

A. Sources and inverters

Energetic models used for the battery and SCs are described
in (1-3).
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Fig. 1. Configuration of the studied system

Upat = uOCV(SOC) — That- lpat (1)
_ 1
SoC =100%. (1 Tl ibacdt) 2)
1, .
Usc = Usco — Ef iscdt — Tsc. isc 3)

where uy,; is the battery voltage; ugcy (SoC) is the battery
open-circuit voltage (OCV) depending on the state of charge of
the battery package (SoC); 4. is the battery equivalent series
resistance; ip,; and Cpg; are the battery current and capacity re-
spectively; uge and ugc are the SCs instantaneous voltage and
the initial SCs voltage; 5. is the SCs series resistance; igc. and
Csc are the SCs current and SCs capacitance respectively.

The average linear models of two 5-leg inverters VSI 1 and
VSI 2 are shown in (4-5).

Uinvr = My Upat  (Uinvz = Ma. Usc

o G (4-5)
lpat = M- linva lsc = M3 linv2

where u;y,,,1 and U;,,, are the 5-dimentional output phase volt-

age vectors of VSIs 1 and 2 respectively; i;,,1 and i;,,,, are the

S-dimentional current vectors of VSIs 1 and 2 respectively; m,

and m, are the duty cycles of VSIs 1 and 2 respectively.

Owing to the open-end winding structure, the phase volt-
ages of the 5-phase machine are determined as in (6).

Un = @invl - EinvZ)[MA] (6)
4/5 -1/5 -1/5 -1/5 -1/5
[-1/5 4/5 —1/5 —1/5 —1/5]
with [MA] =|-1/5 -1/5 4/5 -1/5 -1/5|
-1/5 -1/5 -1/5 4/5 —1/5]|
l-15 —1/5 —1/5 —1/5 4/5]

where u,, is the 5-dimentional phase voltage vector of the 5-
phase machine.

The EMRs of the sources and inverters are described in Fig.
2. The battery and SCs are represented as source elements
(green ovals). The inverters are described by conversion ele-
ments (orange squares) and the voltages and currents are
merged by a coupling element (interleaved orange squares).
The pictograms of different elements are described in Fig. 2.

B. 5-phase PM machine

To model the 5-phase PM machine, the following assump-
tions are considered: 5-phase windings are equally shifted and
open-ended; the saturation of the magnetic circuits is not con-
sidered in the calculation of the back-EMFs and fluxes; and no
reluctance effect.

Clarke and Park transformation matrices are applied to con-
vert the machine parameters from natural frame to rotating
frames as expressed in (7). According to [19], in rotating
frames, the real 5-phase machine is equivalent to three fictitious
machines (the first 2-phase machine, the second 2-phase ma-
chine and the zero-sequence machine). Each fictitious machine
consists of a given group of harmonic components. Ideally, if
each fictitious machine has only one harmonic, values of cur-
rents and back-EMFs in d-q frames are constant, facilitating the
use of simple controllers such as proportional-integral (PI).
Therefore, it is assumed that the first machine only has the first
harmonic back-EMF while the second machine only consists of
the third harmonic one. Other harmonics of back-EMF do not
exist in the considered machine. Thus, the first and second ma-
chines contribute to the torque generation while the zero-se-
quence machine does not because its harmonics of back-EMF
are equal to zero.

U
[EZ] = [Tpark][Tciarkeltim (7
0

where u;, = [udl uql]T and u, = [udz uqz]Tare voltage vec-
tors of the first and the second machines in rotating d-q frames;
[Tciarke] and [Tpgri ] are Clarke and Park transformation matri-
ces for 5-phase machines [19].

The relationships between voltages, currents and back-
EMFs of the two fictitious machines are describes as follows:

h=(w-ea)r
1 1 2 L s+R, ®)

. 1
=)

where i; = [id1 iql]T and i, = [idz iqz]Tare current vectors of
the first and the second machines in rotating d-q frames respec-
tively; e; = [eqy eql]T and e, = [y, eqz]Tare back-EMF vec-
tors of the first and the second machines respectively; (L, R;)
and (L,, R,) are the inductances and resistances of the first and
second machines in rotating frames respectively; s is the La-
place operator.

The total torque of the machine is the sum of torques of the
fictitious machines as follows:
_lal'n

Qm

T.
T2 — [E(z)]miz

where T; and T, are the torques produced by the first and sec-
ond machines; T,, and (), are the total torque and rotating
speed of the machine rotor.
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Fig. 2. Energetic macroscopic representation and inversion-based control of the studied electric vehicle

The model of the 5-phase PM machine is represented by
EMR as shown in Fig. 2. A coupling element represents the
conversion from natural frame to rotating frames. The machine
windings are described as accumulation elements with orange
crossed rectangles. The electro-mechanic conversions from
electrical variables (currents and back-EMFs) to mechanical
variables (torque and rotating speed) are depicted by multi-do-
main elements (orange circles). Finally, the torques by fictitious
machines (Ty, T,) are merged by a coupling element to obtain
the real machine torque Ty,,.

C. Gearbox and wheel

The gearbox is considered as ideal (no losses). It is used to
reduce the machine speed and increase the torque. The wheel is
assumed to be a cylinder and its linear velocity is the same as
the velocity of the EV (bicycle energetic model). Their mathe-
matic models are described in (10-11) and represented by EMR
as in Fig. 2.

1

Tgear = Tin- Kgear . Ferac = Tgear- Rwheel
gl 4 (10-11)
m gear* Ygear -Qgear = Veh'Rwheel

where Tyeqr and Kg.q, are the gearbox torque and gearbox ratio
respectively; g4 is the reduced rotating speed of the drive
system after the gearbox; F;,q. is the traction force that drive
the EV; R pnee; 1S the radius of the wheel; V., is the linear ve-
locity of the wheel as well as of the EV.

D. Chassis and environment

The chassis and environment models are described in (12-
13) and depicted by EMR as in Fig. 2.

Vyeh = Ft:::j;:;es (12)
Fres = Faero + Fron + Myen. g. sina (13)
with {F wero = 0,5.pCwA(Wpen + Vwina)®
Frout = frouMyen- g- cOSA

where F,.. is the total resistant force including the aerodynamic
force F,,,, and rolling resistant force F,,;;; m,,p, is the mass of
the vehicle; p is the density of the air; c,, is the air drag coeffi-
cient; A is the front area of the vehicle; v,,;,4 is the wind veloc-
ity; frou 1s the rolling resistance coefficient; g is the accelera-
tion due to gravity; « is the slope rate.

E. Inversion-based control of the drive system

In order to control the vehicle, an inversion-based control
scheme is applied as in Fig. 2. The control scheme comprises
of local and global levels. Pictograms of the local level are light
blue parallelograms while the global level refers to EMS in the
blue parallelogram. The local level enables the vehicle to track
the velocity profile while the global level is to manage and dis-
tribute the energy of the system.

In local control, the accumulation elements are inverted
with the crossed light blue parallelograms which correspond to
closed-loop controls. Controllers such as proportional-integral,
integral-proportional and proportional can be applied. The con-
version elements are inverted with the light blue parallelograms
corresponding to an open-loop control. The energetic coupling
is inverted with the overlapped light blue parallelograms.

III. ENERGY MANAGEMENT STRATEGY
A. Power flows in the EV system

When an EV operates, there is a power demand (P,) for the
drive system according to the velocity profile. Fig. 3 describes
the possible power flows between four sources consisting of the
battery package (Psa), the supercapacitors (Psc), the first ficti-
tious machine (P;) and the second fictitious machine (P:). The
relationships between these powers can be described as follows:

{ P =P +P; ,{P1 = Pipar + Pisc, {Pbat = Pipat + Papat
Preg = Ppae + Psc’ (Po = Popae + Posc’ U Psc = Pisc + Pasc
(14-16)
where P, 4, and P, are power flows between the battery and
the first and second machines respectively; P;s. and P, are
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Fig. 3. Possible power flows of the studied electric vehicle

power flows between the SCs and the first and second machines
respectively.

B. Proposed Energy Management Strategy

The proposed EMS allows to manage the powers between
the first and the second fictitious machines using the power ra-
tio kp as shown in (17). In addition, in each fictitious machine,
to control the powers of the battery and supercapacitors, low-
pass filters are applied as shown in Fig. 4. The filter time con-
stants 7;pr and T;pp,, in other words, the cut-off frequencies,
can be determined as in [20], depending on response times and
sizing of equipment, even the driving cycle. By using the filters,
the power flows between the two fictitious machines, battery
and SCs can be expressed in (18-19).

kp=tt=_TL A P~ (17)
Tm  T1+Ta  Pi+P;  Pref
1 1
Plbatz—T PF13+1P1 . Py =P1(1_TLPF15+1) (18—19)
1
PZbatzm 2 PZSC:PZ(l_TLmHl

C. Voltage references

When the power partition within the EV system are deter-
mined, the voltage references for inverters VSI 1 and VSI 2 can
be calculated by using the method of unity power factor for su-
percapacitors as presented in [5]. The method allows to charge
and discharge the SCs in which the power factor of the second
inverter VSI 2, connected to the SCs, equals to 1. Fig. Sa de-
scribes an equivalent circuit of the first fictitious machine in d-
q frame. The equivalent circuit for the second machine can be
expressed similarly. The machine voltage reference vectors in
d-q frames (uq, u,) of the first and second fictitious machines
are determined by voltage vectors (Uypar, Uspar) Of the first in-
verter VSI 1 and voltage vectors (U;s¢, U5 ) of the second in-
verter VSI 2 as described in (20). Fig. 5b describes the relation-
ship between battery and SCs voltages in rotating frame of the
first fictitious machine. The relationship between the battery
and SCs in the second machine is like the first machine.

{E1 = UWipatr — Uisc

Uz = Uzpa — Uasc (20)

T T
where  Ujpgr = [udlbat uqlbat] and Ujsc = [ud1sc uqlSC]
are d-q voltage vectors of the battery and SCs respectively, cor-

. . T
responding to the first machine; Uy, = [udzbat uq2bat] and

T
Uyse = [udzsc uqzsc] are d-q voltage vectors of the battery
and SCs respectively, corresponding to the second machine.

Py 1 Pipar P 1 P3bat
TppS+1 Trpr2s+ 1
PlSC PZSC
+ +
(@) (b)

Fig. 4. Power distribution between the battery and supercapacitors for: (a) the
first machine, (b) the second machine (T ppy = Ty prz = 85)
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Fig. 5. Determine voltage references in the first machine: (a) Equivalent cir-
cuit, (b) Voltage distribution in rotating frame using unity power factor

In the first machine, there are 4 d-q voltages
(Ug1batr Uq1batr Uarscr Ugisc) that need to be defined (21-22).
Four d-q voltages (Ugzpat, Ugzbats Uazscr Ugzsc) Tor the second
machine can be similarly calculated as expressed in (23-24).
Thus, eight d-q voltage references for the entire system are de-
termined. To define the inverter voltage references in the local
level of control of the EMR, four ratios ky, k,, k5 and k, be-
tween d-q voltage references of VSIs over the d-q total voltage
references of the two fictitious machines (U gy, Ugq, Ugz, Ugz) aTE
used and described in (25-26) and Fig. 2.

Ugibat = Ud1 Ugisc = (l

7 P.
2 . 1SC Pisc
(131 +i3:) 12 1)
i ’
Pisc (Ugisc = —

u = Ug1 — fp
qlbat ql (151‘“51) 15C

(2 1-22)

iq1
2 2
(tg1+ig1)

i
Uazpat = Uaz = (2 7y L ~Prsc |Uazsc =
ld2+lq2)

’

u =Uyy — iq—zP U = ——P
q2bat 92 T (@, 4z, 25C q25C @Botity)  25€

(23-24)
_ Ydibat __ Udisc _ UYd2bat __ Ud2SC
foy = Ydabat _ Bdisc 4 g (p - Mdzbat _ ¥dasc y g
Ud1 Ud1 . Udz Udz
k, = Ugibat — Ug1sc +1 > k, = Uqg2bat — Uqg25C +1
2 Ug1 Ug1 4 Ugz Ugz
(25-26)

IV. NUMERICAL RESULTS

The studied EV system is simulated with the parameters as
described in Table 1. In this table, parameters of the vehicle,
battery, SCs and the electrical machine are given. The 5-phase
machine to validate the workability of the drive system in this
study is chosen so that the second fictitious machine consists of
the third harmonic with its amplitude similar to the first har-
monic of the first machine. Therefore, the two machines can
share alike powers, leading to more possibilities in power man-
agement. In this simulation, the power is equally distributed in-



TABLE 1. PARAMETERS OF THE VEHICLE

Parameter Nomenclature  Unit Value
Vehicle

Curb weight Myehy kg 692
Rolling resistance coefficient ol p.u 0.02
Aerodynamic standard c,A m’ 0.7
Gearbox ratio Keear 9.32
Battery

Capacity Crar Ah 102.5
Battery resistance Fbat Q 0.0015
Battery OCV Uocy 14 300
Mass kg 330
Supercapacitors

SCs capacitance Cse F 30
SCs resistance rsc Q 0.04
SCs nominal voltage USCrom V 90
Mass kg 18.9
5-phase PM machine

Maximal Power Prax kw 15
Number of phases 5
Number of pole pairs Do 8
Stator resistance R=R; Q 0.0324
Inductance L; mH 0.102
Inductance L mH 0.158
Speed-normalized first harmonic EMF Epn Virad/s 0.0874
Speed-normalized third harmonic EMF E;, Virad/s 0.1181
Rated RMS current Trus A 190
Maximum peak phase current Dpeat A 280

-to two fictitious machines (kp = 0.5). The time constants of
the low-pass filters 7;pr; and T;pp, are set to 8s according to
the sizing of the battery and supercapacitors. To verify the stud-
ied EV, the velocity profile of Worldwide harmonized Light ve-
hicles Test Cycle (WLTC) is applied with the maximum veloc-
ity of 64km/h. The driving cycle time is 1022 seconds. The pro-
portional controller is used to control speed while the currents
are controlled by PI controllers. Fig. 6 shows that the simulated
velocity tracks properly the velocity reference.

To verify the changes in battery current with the studied
structure, a comparison with the EV using the same machine
but in the wye-connected winding configuration fed by single
inverter and without SCs needs to be made. In Fig. 7, the battery
current with the support of SCs is much smaller with a lower
maximum peak value (35A) compared to the case without SCs
(50A). At some periods of the operation, the peak values of bat-
tery current using SCs are reduced by 50% compared to the case
without SCs as shown in zoomed parts of Fig. 7. Moreover, the
RMS value of battery current during the driving cycle decreases
from 16A to 12A when SCs are used. Thus, from the aforemen-
tioned analyses in the introduction section, the battery lifetime
can be improved by reducing the RMS battery current.

From Fig. 7, the battery current waveform is smoother, and
its values are rarely negative while the SC current is comprised
of negative and positive values with the highest peak value up
to 153A. Fig. 8 shows that the SCs have been fully recharged to
its nominal voltage (#sc.on=90V) at the end of the considered
driving cycle. Therefore, all the regenerative energy is recov-
ered to the SCs, which makes the SCs are ready for next opera-
tions of the EV. The SC voltage is kept within their limit region
from the minimum value (0.5uscqom) to the nominal value.

In Fig. 9, because the power ratio between the first and sec-
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-ond machines kp is set to 0.5, the total power reference with
the maximal value of 14.9kW is equally shared by the first and
second machines. The power distribution between the battery
and SCs in the vehicle is shown in Fig. 10. As the above dis-
cussions, the processes of charging and discharging of the SCs
are frequent while the battery mostly discharges in the driving
cycle. It means that the charging number of the battery is re-
duced, improving the battery lifetime. In addition, from zoomed
parts of Fig. 10, if SCs are not used, the maximum power re-
quired for the battery must be equal to the power demand of the
entire system with 14.9kW. The stress on the battery power re-
duces 30.2% from 14.9kW to 10.4kW when SCs are applied,
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leading to a reduction in the battery dimension. The maximum
power of the SCs is 8.9kW, lower than the power of the battery.

V. CONCLUSION

The modeling and control of an electric vehicle driven by a
five-phase permanent magnet synchronous machine in open-
end winding configuration has been detailed in this paper. The
two 5-phase inverters have been successfully fed by a hybrid
energy storage system consisting of a battery and supercapaci-
tors. With the proposed energy management strategy, the peak
and RMS values of battery current are smoothly reduced, im-
proving the battery lifetime. In addition, the energy manage-
ment strategy enables to control four power flows within the
drive system. The simulation results have validated the worka-
bility of the proposed strategy in the considered electric vehicle.
In future, other advantages (for example, fault-tolerant capabil-
ity) as well as drawbacks of the system and other energy man-
agement strategies need to be investigated.
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