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This paper presents an improved direct rotor field oriented control of seven phase induc-

tion motor in hybrid electric vehicle (HEV) system. The dynamic model of the machine

shows that non-sequential currents producing no torque appear and degrade the quality of

currents. Further, the fuzzy logic controller is proposed to filter non-sequential compo-

nents and improves the quality energy. Hybridization of the electric vehicle by a fuel cell

(HEV) and an auxiliary energy source has the advantage of improving the dynamic

response and efficiency of the system. Indeed, an ultra-capacitor (UC) used as a means of

energy storage to enable the lower dynamic FC when changes in power fast and recovers

braking energy as well as absorption of immanent disturbances of the static converters.

Improving the quality of energy demand can improve not only the lifetime of the actuator

but also the onboard sources. One of the results of the reduction of interference in the

system induces to the reduction of mechanical vibrations, which generates quieter sys-

tems, which is an advantage for these urban transport applications. In this paper, the

modeling of the different parts of the multi-physical system that represent hybrid vehicle

are presented. The performance of the aimed system is analysed under different acting

conditions.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Introduction

For over a century, electric machines have played a leading

role in industrial applications because of the flexibility of their

implementation and the importance of the applications in

which they can be integrated. Since the end of the Second

World War, the use of electric machines has been stimulated

by an increase in the demand for consumer goods requiring

more efficient means of industrial production in order to best

respond to this increase. It is found everywhere and in the

most trivial distraction systems for the consumer-buyer, to

themost advanced applications attached, for example, health,

production, control, energy, transport and space exploration.

The current reality does not deny the increased use of electric

machines. The individual and collective awareness of the

limitation of fossil resources and the need to limit polluting

emissions calls into question the actuators based on ther-

modynamic laws. A new era is to replace as much as possible

electric actuators to certainly too polluting machines.

Since 40 years, thanks to the development of power elec-

tronics and fast microprocessors many researches have car-

ried on the area of vector control of conventional ACmachines

[1]. Various vector control techniques are investigated as

rotor-flux-oriented control, stator-flux-oriented control, and

magnetizing-flux-oriented control [2,3]. Several control tech-

niques are elaborated with/without position sensors, associ-

ated with several techniques of physical quantities

estimation. In high power range, the segmentati SOx on of this

late is required. An alternative consists to investigate a novel

electrical drive family, constituted by high number of phases

[4e9]. By increasing the number of phases, it is also possible

increasing the torque per ampere for the same machine vol-

ume. But, the application of these decoupled control is not

sufficient in the case of a multiphase induction machine, the

quality of energy conveyed inside the machine is deteriorated

by non-sequential currents engendered by voltage harmonics.

A new control of the seven-phase induction machine with

minimization of the non-sequential currents using the fuzzy

logic contrary to the solutions proposed in Ref. [10] which

consists in the installation of a filter in series with thewinding

of the motor which is bulky And which is not adapted to this
type of application, since the filtering is carried out in a per-

manent regime.

Safeguarding the environment has led humankind in

recent years to reduce emissions of greenhouse gases. This

pollution originates mainly from incomplete combustion and

especially from thermal vehicles. To help improve air quality,

the electric vehicle (EV) is a good initiative for safeguarding

the environment.

The emissions related to vehicle propulsion (CO2, SOx and

NOx) have a significant responsibility for environmental

problems such as the greenhouse effect, acid rain and air

pollution. It is reported that the CO2 emissions from vehicle

accounts for about 30%e55% of total CO2 emissions in the

world. Some solutions have been realized in the past few

years for vehicle applications with fuel cell (FC) [11e17], for

this a dynamic model of the fuel cell was developed during

this work. However, the Fuel cell cannot meet the power

transition which need a second energy source such as ultra

capacitor. The control of the UC converter allows the regula-

tion of the DC bus voltage. The vehicle speed is adjusted by the

inverters controls. For the FC converter, an algorithm is

implemented to control the reference power. Several simula-

tions results using Matlab/Simulink will be presented. The

improvement of the quality of the energy of the training sys-

tem leads to the improvement of the quality of the power to

demand and thus the life of the elements of the source

embark on this lengthening. The impact of such a system is

indisputable in naval applications and electric propulsion.

This paper will be organized into four main sections; the

first part will be the modeling of the different elements of the

system. The second part will deal with the control of the

hybrid vehicle. In the third part, we will regain control of each

element of the system. This work will close by the interpre-

tation of the results as well as the resulting conclusion.

System description

The HEV is propelled by two seven-phase induction motor;

each one is connected to the wheel. The global scheme of the

HEV and power system of the FC/Uc is represented in Fig. 1.

The two energy sources (FC and UC) exchange power with a
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Fig. 1 e Global scheme of HEV system.
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DC bus. For the FC, a boost converter unidirectional in current

is utilized to connect the FC to the DC bus; although, the UC

requires DC/DC converter bidirectional in current to supply

power and to recover the breaking energy. The two in-

ductances added as filters and to respect sources alternation.

The DC bus which is a capacitor supplies the both traction

machines with employing a three levels seven phase inverter

for each one to convert the DC power into AC power. This

system gives the torque control of each wheel in dependently

with a significantly high accuracy, which can enhance the

stability of the HEV, reduce clutter caused by the mechanical

part such as electrical differential and transmission shafts

and give more frees space in the vehicle for UC and hydrogen

tank. The seven phase induction machine type which is used

in the transportation field due to its good power, high effi-

ciency, weight ratio machines and it can still continue to run

using the remaining phaseswithout any external intervention

in faults open phases [10e13].
System modeling

Themodeling of each element constituting themulti-physical

system, such as propulsion, energy sources and static con-

verters are given in this section.

Dynamic modeling of seven phase induction motor

Thewinding axes of seven-stator winding are displaced by 2p/

7, generally inductance matrices of polyphase machines are
full, whichmeans for controlling in a strongly coupled system.

However, like all the stator inductance matrices (or rotor) are

circulating, so they are diagonalizable. Hence there exists a

unique orthogonal basis of eigenvectors on which the mag-

netic quantities of the machine are decoupled [8]. Assuming

linear magnetic circuits, equal mutual inductances and

neglecting iron losses, voltage equations of stator and rotor in

the real frame are given by:

8><
>:

½vs � ¼ ½Rs �½ is � þ ½ Ls � ddt ½ is � þ
d
dt

½Msr �½ ir �

½vr � ¼ ½Rr �½ ir � þ ½ Lr � ddt ½ ir � þ
d
dt

½Mrs �½ is �
(1)

½Ls� ¼

2
666666664

ls ms1 ms2 ms3 ms4 ms5 ms6

ms6 ls ms1 ms2 ms3 ms4 ms5

ms5 ms6 ls ms1 ms2 ms3 ms4

ms4 ms5 ms6 ls ms1 ms2 ms3

ms3 ms4 ms5 ms6 ls ms1 ms2

ms2 ms3 ms4 ms5 ms6 ls ms1

ms1 ms2 ms3 ms4 ms5 ms6 ls

3
777777775

msi ¼ mscos

�
i 2p7

�
and ls ¼ lfs þms

½Lr� ¼

2
666666664

lr mr1 mr2 mr3 mr4 mr5 mr6

mr6 lr mr1 mr2 mr3 mr4 mr5

mr5 mr6 lr mr1 mr2 mr3 mr4

mr4 mr5 mr6 lr mr1 mr2 mr3

mr3 mr4 mr5 mr6 lr mr1 mr2

mr2 mr3 mr4 mr5 mr6 lr mr1

mr1 mr2 mr3 mr4 mr5 mr6 lr

3
777777775

mri ¼ mrcos

�
i 2p7

�
and lr ¼ lfr þmr
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½Msr� ¼

2
666666664

m1 m2 m3 m4 m5 m6 m7

m7 m1 m2 m3 m4 m5 m6

m6 m7 m1 m2 m3 m4 m5

m5 m6 m7 m1 m2 m3 m4

m4 m5 m6 m7 m1 m2 m3

m3 m4 m5 m6 m7 m1 m2

m2 m3 m4 m5 m6 m7 m1

3
777777775
:

mr ¼ msrcos

�
q� ðk� 1Þ 2p

7

�
with: k ¼ 1;… ; 6

And ½Msr� ¼ ½Mrs�t
Due to the difficulty of solving the system in the real base,

we will move to the orthogonal basis ða; b; x1; y1; x2; y2Þ using

the transformation T7.

T7 ¼
ffiffiffi
2
7

r
2
666666664

1 a1 a2 a3 a4 a5 a6

0 b1 b2 b3 b4 b5 b6

1 a2 a4 a6 a8 a10 a12

0 b2 b4 b6 b8 b10 b12

1 a3 a6 a9 a12 a15 a18

0 b3 b6 b9 b12 b15 b18

c c c c c c c

3
777777775

with: ah ¼ cos (2hp/7), bh ¼ sin (2hp/7) and c ¼ 1/2.

Applying this transformation to system (1) and after

calculation and simplification, the voltage equation in the

orthogonal basis are obtained:
8>>>>>><
>>>>>>:

2
664
�
vsðabÞ

�
�
vsðx1y1Þ

�
�
vsðx1y1Þ

�
3
775 ¼ rs

2
664
�
isðabÞ

�
�
isðx1y1Þ

�
�
isðx2y1Þ

�
3
775þ ½Lsa� ddt

2
664
�
isðabÞ

�
�
isðx1y1Þ

�
�
isðx2y2Þ

�
3
775þ 2

7
½pðqÞ� d

dt

2
664
�
irðabÞ

�
�
irðx1y1Þ

�
irðx2y2Þ

3
775

2
664
�
vrðabÞ

�
�
vrðx1y1Þ

�
�
vrðx2y2Þ

�
3
775 ¼ rr

2
664
�
irðabÞ

�
�
irðx1y1Þ

�
�
irðx2y1Þ

�
3
775þ ½Lra� ddt

2
664
�
irðabÞ

�
�
irðx1y1Þ

�
�
irðx2y2Þ

�
3
775þ 2

7
½pðqÞ� d

dt

2
664
�
isðabÞ

�
�
isðx1y1Þ

�
�
isðx2y1Þ

�
3
775

(2)
One advantage of the T7 transformation is diagonalization

inductance matrix, replacing (g with s) we get the matrix

stator inductance, and replacing (g with r) we get the matrix

rotor inductance.

�
Lga
� ¼

2
666666664

lfg þ Lm 0 0 0 0 0 0
0 lfg þ Lm 0 0 0 0 0
0 0 lfg 0 0 0 0
0 0 0 lfg 0 0 0
0 0 0 0 lfg 0 0
0 0 0 0 0 lfg 0
0 0 0 0 0 0 lfg

3
777777775

pðqÞ ¼

2
666666664

cosðqÞ �sinðqÞ 0 0 0 0 0
sinðqÞ cosðqÞ 0 0 0 0 0

0 0 1 0 0 0 0
0 0 0 1 0 0 0
0 0 0 0 1 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 1

3
777777775
System of Eq. (2) expresses the modeling of seven-phase

induction machine, which is composed by three parts. In

fact, the (ab) part is the principal and only submachine

providing the torque. The two parts ððx1; y1Þ; ðx2; y2ÞÞ express
the machine's losses; they do not contribute to the torque

production. This model not practical for the development of a

command because of the reference immobility, this is why the

proposed model is moved to the ðd;q; x1; y1; x2; y2Þ using

T76 ¼ P(q). T7. The voltage equations of the seven phase in-

duction motor are rewritten as follows:8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

vds ¼ rsids � usjqs þ
d
dt
jds

vqs ¼ rsiqs þ usjds þ
d

dt
jqs

vx1s ¼ rsix1s þ d
dt
jx1s

vy1s ¼ rsiy1s þ d
dt
jy1s

vx2s ¼ rsix2s þ d
dt
jx2s

vy2s ¼ rsiy2s þ d
dt
jy2s

0 ¼ rridr þ d
dt
jdr � urjqr

0 ¼ rridr þ d
dt
jqr þ urjdr

(3)
where the flux equations are given by:

8>>>>>>>>>><
>>>>>>>>>>:

jds ¼
�
lfs þ Lm

�
ids þ Lmidr

jqs ¼
�
lfs þ Lm

�
iqs þ Lmiqr

jx1s ¼ lfsix1s
jy1s ¼ lfsiy1s
jx2s ¼ lfsix2s
jy2s ¼ lfsiy2s
jdr ¼

�
lfr þ Lm

�
idr þ Lmids

jqr ¼
�
lfr þ Lm

�
iqr þ Lmiqs

(4)

Substituting the equations of flux in the equations of

voltages:
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8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

vds ¼ rsids � us

��
lfs þ Lm

�
iqs þ Lmiqr

�þ d
dt

��
lfs þ Lm

�
ids þ Lmidr

�
vqs ¼ rsiqs þ us

��
lfs þ Lm

�
ids þ Lmidr

�þ d
dt

��
lfs þ Lm

�
iqs þ Lmiqr

�
vx1s ¼ rsix1s þ d

dt
lfsix1s

vy1s ¼ rsiy1s þ d
dt
lfsix1s

vx2s ¼ rsix2s þ d
dt
lfsix2s

vy2s ¼ rsiy2s þ d
dt
lfsiy2s

0 ¼ rridr þ d
dt

��
lfr þ Lm

�
idr þ Lmids

�� ur

��
lfr þ Lm

�
iqr þ Lmiqs

�
0 ¼ rridr þ d

dt

��
lfr þ Lm

�
iqr þ Lmiqs

�þ ur

��
lfr þ Lm

�
idr þ Lmids

�
(5)

The electromagnetic torque developed by the motor

expressed in terms of stator and rotor currents is given by:

Gem ¼ 1
2

0
BB@
	
ids
iqs



	
idr
iqr



1
CCA

t�
v

vq

	 ½Ls� ½Msr�
½Mrs� ½Lr�


�0BB@
	
ids
iqs



	
idr
iqr



1
CCA (6)

After calculation, the following equation is obtained:

Gem ¼ PLm
�
idriqs � iqrids

�
(7)

with: ids; iqs; ix1s; iy1s; ix2s; iy2s; idr; iqr are respectively the stator and

rotor currents components, vds;vqs; vx1s; vy1s; vx2s; vy2s; vdr; vqr

are stator and rotor voltages components,

jds;jqs;jx1s;jy1s;jx2s;jy2s;jdr;jqr, are respectively the stator

and rotor fluxes components, and the parameters of each

seven phase induction motor are given in Table 1.

PEMFC dynamics model

There are several approaches to modeling a fuel cell, such as

the theoretical approaches, the semi-empirical approach and

the energy approach. The choice of an approach or other is

closely related to the desired level of detail of themodel, i.e. its

complexity. The level of complexity determines, on the one

hand, the modeled zone of the fuel cell system (it may be part

or all of a cell, the stack and its auxiliary systems), and the

fineness with which the modeled elements are described [14].

The energy approach is original both from the point of view

of the community of Electrochemistry and that of Electrical
Table 1 e Parameters of seven phase induction machine.

Parameters Symbol Values Units

Nominal Power Pn 18.2 kW

Nominal Frequency f 50 Hz

Stator Resistance rs 0.88 U

Rotor Resistance rr 0.55 U

Stator Leakage Inductance lfs 0.0036 H

Rotor Leakage Inductance lfr 0.0036 H

Mutual inductance Lm 0.03816 H

Inertia Moment J 0.6 N.m.s/rd

Pole number p 4
Engineering. It is a question of modeling all the energy flows

(electric, thermal, fluidic) within an electrochemical

component.

In this work, the PEMFC is the main energy source for the

vehicle. Its cell voltage and its total power are defined by the

following equations [14,15]:

8>>>>>>><
>>>>>>>:

Vfc ¼ N0Vfc;cell

Vfc;cell ¼ Eþ Uact þ Uohm

Uohm ¼ �Rfcifc

Uact ¼ � B
N0

ln
�
Cifc
�

(8)

The expression of the Nernst equation according to JC

Pamphlet is given by Ref. [16]:

ENernst ¼ E0 þ RTfc

2F
ln

�
PH2

ffiffiffiffiffiffiffi
PO2

p
PH2O

�
(9)

The FC should be able to provide the power demand of the

vehicle PLoad by taking into account the FC efficiency hfc.

The molar flow of a gas (hydrogen or oxygen) through a

certain valve is proportional to its partial pressure. This rela-

tionship can be expressed as [16]:

8>>>>>>>><
>>>>>>>>:

qH2

PH2

¼ KH2

qO2

PO2

¼ KO2

qH2O

PH2O
¼ KH2O

(10)

where KH2
and KO2

are the hydrogen and oxygen valve con-

stants respectively.

Using the ideal gas formula and writing the molar flows as

qin, qout and qr, the partial pressures derivation is expressed as:

8>>>>>>>><
>>>>>>>>:

d
dt
PH2

¼ RTfc

Van

�
qin
H2

� qout
H2

� qr
H2

�
d
dt
PO2

¼ RTfc

Van

�
qin
O2

� qout
O2

� qr
O2

�
d
dt
PH2O ¼ RTfc

Van

�
� qout

H2O
þ qr

H2O

�
(11)

As the electromechanical fundamentals are taken in

consideration, the molar flows of the both gas can be written

as:

8>>>>>>><
>>>>>>>:

qr
H2

¼ N0

2F
Ifc ¼ 2KrIfc

qr
O2

¼ N0

4F
Ifc ¼ KrIfc

qr
H2O

¼ N0

2F
Ifc ¼ 2KrIfc

(12)

where:

8>>>>>>>><
>>>>>>>>:

d
dt
PH2

¼ RTfc

Van

�
qin
H2

� KH2
PH2

� 2KrIfc
�

d
dt
PO2

¼ RTfc

Van

�
qin
O2

� KO2
PO2

� KrIfc
�

d
dt
PH2O ¼ RTfc

Van

�
KH2OPH2O þ 2KrIfc

�
(13)
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Assuming that the initial conditions of the hydrogen and

oxygen partial pressures are null, the Laplace transforms of

(13) as:

tH2
¼ Van

KH2
R Tfc

; tO2
¼ Van

KO2
R Tfc

and tH2O ¼ Van

KH2OR Tfc

UC system modeling

The choice of the auxiliary source is carried on the UC because

of its high power density and its charge and discharge time,

comparing it to the battery [15,17]. In addition, it is the most

robust and has a low maintenance cost. By using the simple

mathematical model (see Fig. 2), the UCmodel is expressed as

following:

8>>>>>><
>>>>>>:

Vcell ¼ rsicell þ 1
Ccell

Z �
icell � Vcell

rp

�

VUC ¼ nUCVcell

SOCðtÞ ¼ V2
UCðtÞ

V2
UC;max

9>>>>>>=
>>>>>>;

(14)

Dynamics model of vehicle

Energy and power are imposed by the dynamics of the vehicle

under different conditions (driving cycle) which defines the

path to be traveled. The power Pv is equal to the power present

at the level of the wheels expressed by:

Pv ¼ PLoad ¼ GT,Uwheel (15)

where the total torque GT and the speed of rotation of the
Fig. 3 e Dynamics

Fig. 2 e Equivalent circuit of UC bank.
wheel Uwheel are calculated directly from the traction force FT
and the speed VVEH of the VE:

8<
:

GT ¼ FT,r

Uwheel ¼ VVEH

r

(16)

with r the radius of the wheel.

The tensile force required to move the vehicle is given by

the sum of the forces resisting the advancement added to the

acceleration force Facc [18]. As shown in Fig. 3, the rolling

resistant forces detailed by system (17) are:

� The aerodynamic force Faero;

� The force Fwheel due to the contact of the wheels on the

roadway;

� The gravitational force Fgx due to the slope a.

8<
:

Faero ¼ 0:5,r,Af,Cx,V
2
VEH

Fwheel ¼ MVE,g,Cr,VVEH cosðaÞ
Fgx ¼ MVE,g,sinðaÞ

9=
; (17)

These forces are therefore expressed as a function of the

mass of the vehicle (Table 2). Thus, the power of the vehicle

required for a mission can be given again by:

PLoad ¼
�
MVE,

dVVEH

dt
þ Faero þ Fwheel þ Fgx

�
,VVEH (18)

Electrical differential

In order to test the performance of the electric differential

used in an electric vehicle, there are two interesting

situations:

� The linear regime, where both engines operate at the same

speed;

� The rotating speed, where each motor runs at different

speeds (Fig. 4).

The speed of rotation for each motor depends on the type

of conduct and the plan chosen. For the direct line speed, the

speeds of rotation for each motor become:

Vrd ¼ Vrg ¼ VVEH

r
(19)
of the vehicle.

http://dx.doi.org/10.1016/j.ijhydene.2017.06.195
http://dx.doi.org/10.1016/j.ijhydene.2017.06.195


Table 2 e Parameters of hybrid vehicle.

Parameters Symbol Values

Air Density r 1.22 kg/m3

Frontal Surface Area of the Vehicle Af 1 m2

Aerodynamic Drag Coefficient Cx 0.32

Vehicle Total Mass MVE 1200 kg

Tire Radius r 0.33 m

Fig. 4 e Electric differential.
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For the rotational speed, the angular velocities for each

motor are different and expressed as follows [19,20]:

Vrd ¼ 2VVEHh
1þ 6þ2d

2

6�2d
2

i
r
¼ VVEH

r
þ Du (20)

Du ¼ d
VVEH

6r
(21)

Avec:

Du: Imposed during cornering
Control system

Direct field oriented control of seven phase induction motor

This section is devoted to the development of the seven phase

induction machine control, the decoupling between rotor flux

and electromagnetic torque is very important. This vector

control is not very different from the conventional vector

control; the aim is always to assimilate the behavior of in-

ductionmachine to that to the DCmachine separately excited

by decoupling control of torque of the flux. But the difference

lies in the minimization of non-sequential components [9].

This section allowed us to identify a new problem related to

this type of machine. Several authors [5,21,22] have neglected

these non-sequential components, making the controls

developed over the incomplete work, the minimization of

copper losses are very important for improving the efficiency

of the machine. Otherwise the power segmentation loses its
importance; the control without consideration of its parasitic

currents is incomplete. These components have an uncertain

behavior, frequencies and scales variants making their

filtering in transient regime via conventional filter (low pass,

high pass, … etc.) difficult and sometimes impossible. The

solution that the author proposed in Ref. [10], consists of

placed impedance filters in series with the stator windings of

the machine with high harmonics and low fundamental fre-

quencies. This solution is not only cumbersome but also very

limited as it is valid in the steady state. In this section filtering

of these streams and minimization via fuzzy logic is

presented.

To simplify the model given by Eq. (5), the stator currents

(ids, iqs), the rotor flux (jds, jqs), and the mechanical speed (U),

are considered as state variables. The orientation control by

the rotor flux is to provide a decoupling between the mag-

nitudes of the generating electromagnetic torque and rotor

flux [6]. This can be done if the rotor flux coincides with the

d-axis of the reference related to the rotating field. Thus, by

acting on the variables ids, iqs, quantities Gem and jr are

controlled separately; this means, align the rotor flux vector

on the d-axis: jdr ¼ jr and jqr ¼ 0. The non-sequential

components are not affected by the necessary processing

for the orientation of the rotor field. By using this concept,

the mathematical models of the seven phase induction ma-

chine become:

8>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>:

sLs
d
dt
ids ¼ �

 
rs þ L2m

L2r
rr

!
ids þ sLsusiqs þ Lm

TrLr
jdr þ

Lm
Lr
urjqr þ vds

sLs
d
dt
iqs ¼ �

 
rs þ L2m

L2r
rr

!
iqs � sLsusids þ Lm

TrLr
jqr �

Lm
Lr
urjdr þ vqs

d
dt
jdr ¼

Lm
Tr

ids þ ujqr �
1
Tr
jdr

d
dt
jqr ¼

Lm
Tr

iqs � ujdr �
1
Tr
jqr

Gem ¼ P
Lm
Lr

�
jdriqs � jqrids

�

J
d
dt
Ur ¼ Gem � Gr � fUr

(22)

with: J and U are the inertia and speed of the machine

respectively.

Which induces:

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

j*
r þ Tr

d
dt
j*
r ¼ Lmids

G*
em ¼ P

Lm
Lr
iqsj

*
r

u*
s � ur ¼ Lmiqs

Trj
*
r

q*s ¼
Z

u*
sdt

0

8>>>>>>>><
>>>>>>>>:

j*
r ¼

Lm
1þ sTr

ids

G*
em ¼ P

Lm
Lr
iqsj

*
r

q*s ¼
Z �

PUþ Lmiqs
Trj

*
r

�
dt

We can notice that only the direct component ids, de-

termines the amplitude of the rotor flux, while the torque

depends only on the quadrate component iqs if the rotor flux is

kept constant. Thus, the decomposition is carried out of the

stator current into two terms corresponding to the flux and

torque. For this, we obtain a similar structure to that of a DC

http://dx.doi.org/10.1016/j.ijhydene.2017.06.195
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Table 3 e Rules base for fuzzy logic control.

E dE NL NM NS Z PS PM PL

NL NL NL NM NM NS NS Z

NM NL NM NM NS NS Z PS

NS NM NM NS NS Z PS PS

Z NM NS NS Z PS PS PM

PS NS NS Z PS PS PM PM

PM NS Z PS PS PM PM PL

PL Z PS PS PM PM PL PL
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machine. The new DRFOC diagram of seven-phase induction

motor is presented in Fig. 5. For the minimization of the non-

sequential components, the fuzzy logic controller is used.

About the definition of membership function, these control-

lers adheres to inputs (e(k),de(k)), and single output S(k).The

membership functions illustrate the degrees to which specify

attention belongs to the fuzzy set [23]. The membership de-

grees of account indicate each degree can be accounted

quantitatively accomplished a set of formulae of membership

functions. To convert these variables in the linguistic vari-

ables, the following seven membership functions are chosen

for the input and output: NB: Negative Big, NM: Negative
Fig. 5 e DRFOC of Seven Phase induction motor.
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Fig. 6 e DC bus voltage regulation and the UC converter control.

Table 4 e Parameters of UC model.

Parameters Symbol Values Units

Nominal Voltage Vcell 16.2 V

Electrical Capacitor CUC 500 F

Electrical Series Resistance rs 2.4 mU

Maximum Power PUC,max 38 kW

Table 5 e Parameters of the FC model.

Parameters Symbol Values Units

Activation Over Voltage Constants B 0.0477 V

Hydrogen Valve Constant KH2 4.22$10�5 k.mol.atm/s

Oxygen Valve Constant KO2 2.11$10�5 k.mol.atm/s

Oxygen Valve Constant KH2O 7.716$10�6 k.mol.atm/s

Water Valve Molar Constant tH2O 18.418 s

Number of Cells in Series in the

Stack

N0 375

Fuel Cell Internal Resistance Rfc 0.003 U

Absolute Temperature TFC 343 K

Universal Gas Constant R 8314.47 J/(kmol K)

Volume of Anode Van 150 m3

Nominal Power Pnominal 30 kW
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Medium, NS: Negative small, ZE: Zero Equal, PS: Positive

Small, PM: Positive Medium, PB: Positive Big. Constriction

domain variable Z provides better system responsiveness

when the static error is small. The input of this controller

variables are error “e” and the derivative of the error “de”. It is

possible to choose a large number of inferences tables. The

one presented in Table 3 is chosen. All parameters of this

regulator have been fit using several simulations. Algorithmic

cost is very high, but the rejection of disturbances is effective.

In addition, this controller can do without compensation al-

gorithms. Further, to decrease the torque ripples the three

levels NPC inverter is used.

DC bus voltage regulation and UC converter control

The regulation of the DC bus voltage is showed in Fig. 6 and

Table 4 give the different parameter of the UC. The UC power

is controlled indirectly by the regulation of the DC bus voltage.

If there is power demand by the vehicle, the DC bus voltage

decrease, an error voltage with its reference will be generated

and give the rapport cyclic a1 to control the IGBTs of the

converter. The UC gives the necessary power to keep up the

DC bus voltage. If the DC bus voltage is increased, the UC

absorbs the excess power and the voltage decrease to its

reference. This method allows to control also the UC current

and make it a limitation to iUc, max and iUc, min.

Fc converters control

Themethod of control power for the FC system is presented in

Fig. 7 and the FC parameter are given in Table 5. The rapport
Fig. 7 e FC conve
cyclic a2 is generated by the error between iFC, ref and iFC. If the

stat of charge of the UC system is low, the control allows

charging the UC with the high efficiency for the FC and the UC

system as follow:
Simulation results and interpretation

This part describes the simulation environment used to test

and analyze the control algorithmdeveloped during thiswork.

The simulation context should incorporate models appro-

priate to the various components of the powertrain, the

electrical machine and the power source. A three-stage ve-

locity profile in Fig. 8 is used, the first between [0.2] s with a

speed of eachmotorwhich is equal to 100 rd/s, which is almost

120 km/h during this acceleration, each motor develops the

same electromagnetic torque as illustrated in Fig. 9. In the

second level we distinguish two speeds, the first is 60 rd/s

which is around 71 km/h, the rules (Du) is applied when

passing in a turn. The latter imposes a difference between the

speeds of the two motors, this difference also appears in

electromagnetic torque, motor current see Fig. 10 and

quadratic current see Fig. 11. In the third stage, for an average
rter control.
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Fig. 8 e Mechanical speed.

Fig. 9 e Electromagnetic torque.

Fig. 10 e First phase current.
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speed which is equal to 95 km/h, another setpoint (Du) lower

than the first one has been applied, which in this case also

imposes a difference between the different mechanical and

electrical variables of the two Engines. This difference does

not affect the current of the direct axis, which is shown on the

see Fig. 12. The currents of the two secondary part of the first
motor and the projection of the two current vectors in their

own planes, respectively. Their amplitudes are almost nil see

Fig. 13.

Fig. 14 shows the three powers of the system, namely the

power demanded by the vehicle and the two powers delivered

by the two on-board sources. The UC responds not only to the

http://dx.doi.org/10.1016/j.ijhydene.2017.06.195
http://dx.doi.org/10.1016/j.ijhydene.2017.06.195


Fig. 11 e Quadratic current.

Fig. 12 e Direct current.

Fig. 13 e Currents of the two sub-machines in the planes (x1, y1) and (x2, y2).
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high power demand, but also dampens the perturbation

generated by the hash frequency of the two converters see

Fig. 15. Moreover, the good quality of the power demanded by

the vehicle, which is due to the decrease in the amplitude of

the non-sequential currents, leads to an extension of the
lifetime of the fuel cell. Fig. 16 shows the variation of SoC,

according to the powers supplied to the load. The power of the

load is obtained by the sum of the powers of the FC, SC. During

the energy recovery phase, the power supplied by the load is

recovered by SC as shown in Figs. 14e16.

http://dx.doi.org/10.1016/j.ijhydene.2017.06.195
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Fig. 14 e System's power.

Fig. 15 e DC voltage.

Fig. 16 e UC's state of charge.
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Therefore, in order to avoid too rapid changes to the FC, the

total energy is supplied by the SC secondary source in each

requested power peak.
The FC is also reacting in order to keep the SC state of

charge at its benchmark of 80%, but in a longway, which helps

prolong the life of FC.

http://dx.doi.org/10.1016/j.ijhydene.2017.06.195
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The main objective of this hybridization is to ensure a fuel

cell dynamics limited mainly by its response time, to control

the state of charge of the storage device (SC) and to bring or

absorb thepowerrequiredby the load.By improving thequality

of the power required and filtering the noise caused by the

static converters, a discrete system and a better comfort are

obtained with this application. This is very favorable for ap-

plications intended for an increasingly demanding audience.
Conclusion

In this paper, hybridization of the two FC/SC sources is stud-

ied. This architecture is equipped with a fuel cell connected to

the DC bus via a lifting chopper. Also, the need to use an en-

ergy storage systemhybridizedwith the cap, in order to have a

system allowing optimal operation. The storage means is

connected to the DC bus through DC/DC converters. These

converters have made it possible to regulate the DC bus

voltage and to manage the transfer of the power to the load.

Further, the vector control of seven phase induction ma-

chine with fuzzy controllers is used in favor of the HEV. The

modeling of seven-phase induction machine shows that is

composed by three parts. Firstly, components are the principal

part that produces electromagnetic torque. On the other hand,

parts do not contribute to the torque production, but this is a

real problem of the electrical and mechanical power's quality,

the degradation of this last are caused by voltage harmonics.

One inconvenient of using the polyphase inductionmachine is

non-sequential currents overlapping the main currents of the

machine. The behavior of these currents is unknown, hence

theneed touse fuzzy logic tominimize theseparasitic currents

and minimizing losses and leaks in the machine.

This improvement in the quality of energy affects the

lifetime of the on-board source. Moreover, the role of the UC's
and very favorable to saving of the fuel cell and the extension

of its lifetime.
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