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1. INTRODUCTION

Environmental pollution and the energy crisis are now two focal points that are culminating and
constantly expanding. Electric vehicles (EVs), which are propulsion systems whose actuators are mainly
electric motors (induction motor, synchronous and variable reluctance motor, direct current machine) [1], are
a genuine means of recourse that forms part of the measures taken by the automotive industry to combat
these threats. Thanks to their high efficiency and virtually non-existent air and noise pollution, they stand out
from other means of transport and are gaining in popularity [2]. There are 4 main categories of electric
vehicles: hybrid electric vehicles (HEVs), plug-in electric vehicles (PEVs), fuel cell electric vehicles
(FCEVs), and battery electric vehicles (BEVS). They are all subject to the same technical and economic
constraints, i.e., design and fuel costs, difficult access to electric charging stations, and battery charging
times. The most commercially available EVs are FCEVs and BEVs [3]. There are also four typical motor
configurations in an EV: single, dual, triple, and four motors. The first is not suitable for high-power EVs,
while dual and triple are less economical and do not offer a satisfactory transmission ratio between the motor
and the wheel. The four motor configuration, on the other hand, does not suffer from any of these vagaries,
but also has an alternating torque for each motor linked to its wheel. This gives the EV good stability, a wide
speed range, and high efficiency [3].
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During the design of an EV, the choice of the characteristics of its actuators is a key issue because it
is linked to its performance. The induction machine (IM) has technical and economic characteristics that are
popular in the automotive industry [4], [5]. However, it cannot function optimally without appropriate
control. That is why the direct torque control (DTC) algorithm was developed for her. This algorithm allows
control of a three-phase inverter connected directly to the IM for the traction of the EV. It poses a problem,
that of the wide range of electromagnetic torque ripple, large currents of harmonic distortions and the
variation of the switching frequency [2].

Artificial intelligence during these previous years is considerably implemented in the field of actuator
control of EVs. It is continuously valued for its significant impact in improving the energy management of an
EV. It is then that in [6] she intervenes in the indirect field control (IFOC) following the introduction of two
neuro-fuzzy controllers. The EV presented here has a two-wheel drive configuration. An electronic
differential, which takes into account the road profile, allows to control effectively the torque and speeds of the
two driving wheels independently in order to obtain satisfactory performance. However, the implementation of
this masterpiece requires algorithmic and architectural complexities related to actuator parameters, which can
affect the stability of the EV. Houacine et al. [7] provide an element of solution to this problem; a carefully
profiled method involves fuzzy logic in adaptive momentum and compensation. This increases the
maneuverability and stability of the EV under various constraints. The finite control set direct torque control
(FDTC) and space vector modulation-direct torque control (SVM-DTC) controls for a twin-engine vehicle are
performed and then compared in terms of performance [8]. The results in terms of speed, robustness, and
energy savings put the FDTC in pole position compared to the SVM-DTC control. However, the supply of
each engine by a converter is quite expensive and increases the size of the traction system.

In the same vein, many systems have been developed with several machines that are powered by a
single converter this to significantly reduce the size and cost of the system. Thus, in [9], a brief presentation
of the longitudinal control by acceleration slip control and anti-lock braking system is presented. It is based
on the DTC combined with a non-linear predictive system for a multi-machine system. This combination
leads to advanced control for EVs. The fuzzy logic allows the values of the in-line weighting factors to be
determined and the optimal switching states to be generated, optimizing the EV drives precisely. The major
drawback is the complexity of the control system illustrated. The [10], a control based on the conventional
DTC, is developed for the control of 04 PMSM-type engines for one EV. Here, there are 02 three-phase
inverters, so each feeds two engines on either side of the vehicle. This includes a master-slave control
module. This module switches between machines and uses an adaptive model reference system for speeds. It
is remarkably efficient, although it allows for strong oscillations of torque and stator flow.

In addition, Max et al. [10] performed a comparison between the FDTC, the DTC combined with
artificial neural networks (DTC-ANNS), and the conventional DTC is performed for a 4-wheel drive to
2-inverter multi-machine architecture, each feeding two wheels located on the same side. The first two
strategies are used to adjust the accuracy error on electromagnetic flux and torque, and reduce the amplitude
of oscillations in the system emitted by conventional DTC. After investigation, it appears in this case that
the FDTC provides better results than the other two techniques used in terms of EV performance. The
problem that remains is a considerable and visible amplitude of torque oscillations in the presentation of
simulation graphs.

Further, many hybrid controllers have been created by combining various algorithms to improve
DTC control of IM. This is the case of the fuzzy controller to improve motor’s efficiency [11], [12], the
development of several fuzzy controllers [13], and the fusion of sliding mode controllers with FL to perfect
the performances of IMs is examined in [14]. The present study proposes the design of a hybrid controller for
a HyC-DTC strategy. this FDTC-inspired controller is, in turn, integrated into an EV architecture identical to
that of the FDTC [8] with a view to observing the reaction of the whole because and then cross-validating the
two technologies to highlight the relevance of the news on the dynamic system performance. This
comparison allows not only to validate the proposed hybrid controller, but also to highlight the limits and the
added value for the traction chain of a 4-wheel multi-machine system of EVs. The two controllers are each in
turn in the same architecture, associated with a VMSC module. This module facilitates the proper
management of magnetic actuator quantities (IM) and has been developed in [8]. It should also be noted that
the design of the hybrid controller is done in order to provide an effective response to the difficulties caused
by a considerable magnitude of the ripples of the characteristic sizes of EV engines (magnetic flux, torque),
and their dynamic parameters (overshoot, rising time, steady state error) the previous method [10]. The two
methods discussed above differ from the previous classic DTC in the use of control and management
mechanisms, such as the Pl regulator for speed control and an electronic differential (ED). These
mechanisms allow for greater flexibility, responsiveness, precision, and simplicity of implementation. The
overall performances are satisfactory, and although the hybrid controller provides a slightly longer response
time than the FDTC, he is indeed practiced in using traction on multi-machine systems.
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2. ARCHITECTURAL SCHEME AND MODELLING OF THE EV DYNAMICS
2.1. Description of the architecture

The diagram below of Figure 1 shows an EV with four-wheel drive. It consists of speed converters,
flux estimators, three-phase to two-phase (3 to 2) transformation modules, two controllers (hybrid or fuzzy
logic), each of which in turn feeds an inverter that produces the voltages required (Sa, Sh, Sc) for the rotation
of two motors located on the same side, while avoiding them operating in saturation mode. The ED generates
the speed profile according to the steering angles. Two VMSC modules feed the FL (respectively HyC)
controller which has as inputs the errors of electromagnetic torques, fluxes, and angles produced respectively
by each of the lateral actuators (IM), whose outputs are flux and angle values managed by the hybrid
controller or the fuzzy controller to produce adequate outputs for the operation of the inverters.
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Figure 1. Architectural synoptic diagram of the electric vehicle

2.2. Description of the EV dynamics
The parameters that explicitly describe the vehicle dynamics are the lateral and longitudinal

velocities and the radius of curvature [15], [16]. Their expressions are as (1)-(3).

_ Ft1+Ft2+Ft3+Fta— Frot Cf_*6 Vy+Trly

Ve = Uy + ", to (—vy 6) 1
_(_ Cf+Cr Cf*lf+Cr*l-r _ ﬂ

Vy = ( M,,*vx) *Uy + ( My*vy vx) *r+ » @

_ Cr*l‘r_cf*lf Cr*l,z-—Cf*l% Cflf *8

= (W) * Uy - (W *7r + 7 + (Ftl + th + Ft3 + Ft4—) (3)

During its movement, the vehicle is subject to forces [17]-[19] and stresses, as shown in Figure 2.

Tire rolling resistance: F,,. = g * M,, * C,.. * cos(a) 4)
Aerodynamic resistance in drag: Fyinq = 0.5 % p * S % Cppe ¥ (Viy — Vi) ? (5)
Levelling resistance: F, = g * M,, * sin (@) (6)
Acceleration resistance: F;, =y * M, @)
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Total forces resistances: F; = F.,. + Fyinqg + Fy + F) (8)

Figure 2. Forces applied on the EV [19]

The longitudinal forces of the four drive wheels are calculated as (9) [10].

5+ My .
il cos(ap) i€[1,4] 9

Fy =

The resistive torque is calculated as (10) and (11) [10].
Ty = Fyy %R, — Np % d, i€[1,3] (10)
Ty =Fy*R,—N.xd, i€[24] (11)

Where Ny and N, are determined by (12) and (13) [10].

— 9My Ly heg  dveg _ Py

N =7C Ly ar P T * p) (12)
_ 9*My Ly | heg  dVcg _he

e e ) (13)

The linear model gives the front and rear forces [10].
Fyp= —C xa, (15)

The expressions of sideslip angles, longitudinal slip, and the relation between the sliding and tensile forces
are given as (16) and (17) [10].

ar = =6 +tan™! (%) (16)
a, = tan™! (%) 17)

Therefore, the longitudinal slip is given as (18).

A= —er@itUu oy 4] (18)

max (Ry*wi—Ut;)

Then, the relationship between A and p(traction coefficient) can be expressed as (19) [20]-[23].

u = C; = [sin (C, x tan™?! (—C4 % (C3 % A —tan™1(Cy /1))))] (19)
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2.3. The IM traction scheme
The torque function depends on the stators and rotor’s currents as indicated in [8]:
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The electromagnetic torque Cem and the mechanical equation are given in [8]:

3 Lm . . .
Cem = 5P (Qra-lsﬁ - Qrﬁ-lsa)
2° L,

1 dw
Ejazcem_cr_cf

2.4. The inverter model

The inverter which has been use is used for the EV is the two-voltage type. It allows obtaining
balanced alternating currents for various frequencies. The following matrix form gives details of the voltages
generated and the logical switches' values as given in [8]:

Van 1 2 -1 -1\ /Sa
)= 2 2)G)
Ven -1 -1 2/ \S.
2.5. The electronic differential model
The electric vehicle, as seen in Figure 3, maintains the speeds of both drive wheels at the same
value. In the case of a curvilinear path (left or right bend), the wheel steering angle is 6, which increases the
speed of the wheel on the outside of the curve. In this way, the tires do not lose grip [8]. The parameters

wg and wj represent the drive speeds of the actuators, respectively [12], [13]. For 4 < 0, the EV turns to the
left, 6 > O turns to the right, 8 = 0 goes straight ahead. The angular velocities of the drive wheels are:

* 14 Aw

R (20)
* v Aw

0 = G+ (21)

Thus, the difference between the angular speed of the wheels is given by (22) [24], [25].

__ dg*tan () " Vh

@ (Lf+LT) a (22)
2.6. The variable master slave control model

This switchable control system offers the possibility to regulate the stator flow of the IM placed in
parallel, thanks to a power supply to the wheels by a single converter. In some cases, IMs may be subject to
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different charges. For this purpose, one of the machines can see its saturated magnetic circuit. In order to
avoid this fate, it is imperative that the strategy being used be an effective means by which the voltage
vectors delivered by the converter are distributed to each machine in a fair way, allowing them to develop
adequate speeds and torques [10].

It is therefore a question here to regulating the flow of the stator of one machine at a time. One
machine will be called the master, and thus makes the other a slave. The machine whose flow will be
controlled will be called the master, and the other the slave. The torque of the master machine is the weakest.
Thus, increasing the torque of a machine is followed by a decrease in its stator flux and vice versa, as follows
in Figure 4.
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Figure 3. Forces applied on the EV [10] Figure 4. VMSC scheme

3. HYBRID ARCHITECTURE AND CONTROL STRATEGY

This proposed strategy combines fuzzy logic and an adaptive neuro-fuzzy inference system (ANFIS).
It should be noted here that it is developed for two motors located on either side (right or left) of the EV, and the
entries of the hybrid controller are the output of the VMSC. Figure 5 shows its general architecture.

3.1. The adaptive neuro-fuzzy inference system (ANFIS) concept and learning algorithm

The generic ANFIS control structure has some components as a Takagi-Sugeno fuzzy inference
system (FIS) with the exception of the neural network block. The network structure consists of five layers of
units (and connections). Fuzzification, knowledge base, neural network, and defuzzification are the four main
components of the proposed ANFIS controller. The proposed ANFIS controller has two inputs e and ed, and
one output u. The corresponding ANFIS architecture is shown in Figure 6 [26].

Thus, the rule base contains i fuzzy rules of Takagi-Sugeno type:

Rulel:IfeisA; anded isBy,then: f, =p,*xe+q, xed + 1y, (23)

Rulel:IfeisA; anded isB;, then: fi=p;*e+q;*ed+1;, (24)

Layer 1: In the same layer, the functions of the node remain the same function family, as shown:

01 = pyy(e) (25)
where e is the node i input and 4; is the linguistic label for this node. In other words, 0,,; is the membership
function (MFs) of A;, and it specifies the membership degree of e to A;. Trapezoidal, Triangular, or Gaussian
are the most MFs used.

Layer 2: Each node in this layer is a circle node labeled II, which is used to obtain the activation
degree of the premises. For instance:

w; = g, (e) x ug,(ed) (26)

this layer's node function can be any T-norm operator that performs generalized AND.
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Layer 3: This layer has the rule to normalize the degree of activation of the rules. In it, each neuron is a
circle neuron noted N. The it" neuron calculates the ratio between i**rule weights and the sum of all rule weights.

— wi

Wl—m fOTl=1,2 ,] (27)

The operation above is the normalization of the rules of weights.

Layer 4: This layer is used to obtain the parameter set (p,q,r)of the rules. The function of this
neuron is:

O14=w; * f; =wWi(p; *e + q; xed +1;) (28)

Layer 5: it is represented by a circle node labeled, which computes the total output as the sum of
incoming signals. Thus:

— Ziwirfi
Ors =u=X;W; * f; = =51 (29)
we note that ANFIS is an FIS, whose MF parameters are adjusted using the back-propagation learning
algorithm, or hybrid method algorithm (combination of BACK PROPAGATION AND LEAST MEAN
SQUARED ERROR METHOD in training FIS Optima) option in MATLAB/Simulink when writing

“anfisedit” in the command window block. After applying the hybrid method, the RMSE allows us to judge
the quality of the effectiveness of the method used [10].

HYBRID CONTROLLER PART

Cem1

Phit teta plta A N
7

in N = 1 )
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-
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Phi2 fon
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Figure 5. Architecture of the hybrid controller part scheme

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5

~

Figure 6. Structure of ANFIS controller [26]

3.2. Hybrid control method part

The control technique proposed in this article is the DTC associated with ANFIS and fuzzy logic.
The block is shown in Figure 1 above. The hybrid regulator is made of 4 inputs, which are:
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- &, Difference between the reference estimated stator flux and the stator flux.

— &, Difference between the reference torque and the electromagnetic torque of motor 1.

— &, Difference between the reference torque and the electromagnetic torque of motor 2.

— 6, : Position of the stator flux. The HyC-DTC has its structure as shown in Figure 5 above.

It is made of an electromagnetic torque regulation based on a Mandani-type fuzzy regulator FL controller 1.
Thus, it includes two inputs:

—  &p; = CemRef1— Ceml for motor 1

—  &p, = CemRef2 - Cem2 for motor 2

- & =@Ref-¢

— The universe of discourses set is:

For £, we have: H = {N (negative) ,z (Zero), P (positive). }
For &r4, €7, We have: E = {NG,NP,Z,PP,PG.}

Where elements of E are membership functions of algorithm parameters of HyC-DTC given for the
fuzzification as follows:

[Input1] [Input10R 2] 1 ={1,2}

Name = 'E_{phi}’ Name ='E_{Cemi}'

Range = [-1.5 1.5] Range = [-10000 10000]

NumMFs =3 NumMFs =5

MF1 ="'N"'trapmf',[-2 -1.5 -0.01 0] MF1 = 'NG"'trapmf',[-15000 -10000 -2 -1]
MF2 ="Z"'trimf',[-0.01 0 0.01] MF2 = 'NP":'trimf",[-2 -1 0]

MF3 = 'P"'trapmf',[0 0.01 1.5 2] MF3 ="Z"'trimf',[-1 0 1]

MF4 = 'PP"'trimf,[0 1 2]
MF5 = 'PG"'trapmf’,[1 2 10000 15000]

The hybrid method proposed here is inspired by the FDTC of [8]. In the FDTC, we distinguish one
controller of fuzzy Mamdani type, which has 2 inputs er,and e, for 2 motors on the same side and returns
an output V. A second fuzzy Mamdani-type controller that takes input £, and returns an output U. A sector
generator that takes at its input the angle 6, and returns an output N. It is quickly noticed from the table of
bases adopted in the FDTC that all the values taken by V are found in E.

For the HYyC-DTC &4, &1, €, are the inputs of a fuzzy Mamdani controller type FL1. FL1 returns
an output V. A sector selector gives the outputs membership functions (MFs) 6; by taking the input values of
the stator flux position ;. To better understand the previous comments and establish the laws of FL1, it
should be noted that for the HyC-DTC, the combination £, and e, are those given in Table 1.

In addition, there are also some combinations between &, and 1, in Table 1, which are given the
same values of V or which are repeated. For example, if both combinations (e = NG and &7, = NG then
V =NG);if (e;; = NG and e, = NP then V = NG) will get the same number as 5, for example. Laws can
thus be made to FL1, which are triplets (e, €71, €7,) € H * E * E. Any triplet of which combination of &7,
and e, have the same numbers will be grouped in membership Classes 0;. We thus can make a group of
couples (erq, er) according to the numbers n = {1,2,3,4,5} and triplets (e, &4, £r2) according to Classes
0,(ie{1,2; ...,15}) following Figure 7 and Table 2.

Thus, it can be remarked that the triplets (N, NG, PG), (N, Z, Z), (N, PG, NG) have the same class
05, because the three couples (NG, PG), (Z, Z), and (PG, NG) have the same number 3 in Figure 7. It should
also be mentioned that the number of the class and the number given to a couple that is included in this triplet
are not necessarily the same. For example, (NG, NG) and (NG, NP) have the same number affected, 5, but
(N, NG, NG) and (N, NG, NP) have the same membership Class 0.

Table 1. Combination table for torque error MFs Table 2. MFs 0, generated by Fuzzyl
£ - ET]/ NG NP Z PP PG ey <NG> <NP> <Z> <PP> <PG>
T Erj+1 )
NG <NG> <NG> <NP> <NP> <Z> N 0, 0, 03 0, Os
NP <NG> <NP> <NP> <Z> <PP> z 0, 0, 0Og 0y 019
z <NP> <NP> <Z> <PP> <PP> P 0y 0, 053 014 05
PP <NP> <Z> <PP> <PP> <PG>
PG <Z> <PP> <PP> <PG> <PG>
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Figure 7. lllustration of triplets (N, €14, €72), the numbering of a couple (14, £7) and the 0; classes

Thus, the change to another triplet tree of type (z, er4, £r2) Or (P, e74, £72) like €, € H occurs. One

increments the layer of a larger number of the previous layer. The same reasoning starts again.
Figures 8 and 9 are as follows:

NG 5 06 NG 5 o011
an} NPS}
——a>»NG —> 2 4}07 —*NG —» & 4} 012
PP a PP 4
PG3 } o4 PG3 } o3
NG5} 06 NGS5} o©11
NP 4 NP 4
S NP > 2 4;’07 —-a=Np —— Z 4} 012
pp3 } o8 PP 3 013
PG2} 09 PG2 ]} o014
NG 4 | o7 NG4} 012
NP 4 NP 4
7 —t+——>»2 —> 2 3} g P z zZ 3} o
PP 2 PP 2
P62 " o9 "‘52} 014
NG4} o7 NG 4} o012
NP 3 o8 NOS} 013
z 2 z 2
—sPP — > 09 ———pp — & 014
PP 2 PP 2
P61} o10 PG1} o015
ng} o8 NGS} 013
np2} 09 Np2 } oO12
L—>pg > Z 1 —>3pG —> 2 1
PP 1 010 PP 1 015
PG 1 PG 1

Figure 8. Triplets (z, €74, €72) and their classes  Figure 9. Triplets (P, €74, €r2) and their classes

The corresponding data for the outputs 0;(ie{1,2; ...,15}) are made up as follows:

[Outputl]

Name="0'

Range=[0 16]

NumMFs=15

MF1="01""trimf,[0.51 1.5] MF2="02""trimf',[1.5 2.001 2.5]
MF3='03""trimf',[2.5 33.5] MF4="04""trimf',[3.5 4 4.5]
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We remarked that every Class 0;(ie{1,2; ...,15}) is linked to an interval [i-0.5 i i+0.5]. Thus, for the class
0,5 we have: MF15='015""trimf', [14.5 15 15.5].

Further, the development of this work has encountered a problem that had to be solved. Indeed, the
controller FL1 or fuzzy controller 1 does not provide in its laws values of couples that exist fine and well in
the instructions but whose occurrence can not materialize. To overcome this random discontinuity, it was
necessary to use a second Blur controller of type Sugeno, this time if which will take the outputs of FL1 as
inputs and generate a new membership function taking into account the intervals in which fuzzification is not
carried out. It should be noted that, this Sugeno controller will then be coupled to a block “To Workspace” to
generate the corresponding ANFIS-type controller compatible with Sugeno type and validated further thanks
to a consistent RMSE and the Save 2-D signals as: 3-D array (concatenate along third dimension). This is
illustrated in Figure 10.

| Fuzzy Logic Desi..  — ] ® 4. Membership Function Editor: sam ~ — O X 4
File Edit View File Edit View File Edit View
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Figure 10. A given aspect of the Sugeno fuzzy controller

Then we proceeded to a read algorithm using the ANFIS model. The inputs of the ANFIS controller
are the e;(ie{0,1,2; ...,15,16}) as shown in Figure 10 on the left, and the outputs of the controller are the
function mf;(je{0,1,2; ...,15,16}) as shown in Figure 10 on the right. This is an ANFIS 1 controller that
overcomes some of the FL1’s defects.

Figure 11 gives the inputs and outputs MFs type and range of the ANFIS 2 controller. In addition, as
inspired by [8], the generation of sectors 6 k or 6 _j is done according to 12 MFs, as seen on Figure 11(a).
These MFs are the 12 classes of values taken by the outputs from the sector selection block shown in
Figure 11(b). A second algorithm that uses the hybrid option and RMSE in MATLAB/Simulink 2021a
allows to design of the second ANFIS controller named ANFIS 2. This learning algorithm has 2 inputs, 0_j
of the bloc sector selector expressed on Figure 11(b) (MFs of range [0 12]) and e_i (which is the output of the
bloc ANFIS 1) expressed on Figure 11(c) (MFs of range [0 15]). The output “e” of ANFIS 2, as seen on
Figure 11(d) (MFs of range [0 7]), are vectors V_i which come from the combinations of a quadruplet
(e Tl,e T2, [ €] ,0 k). Each vector value V_i corresponds to a triplet (U_a,U b,U ¢ ) which is the
output of the 2-level inveter. It should be remarked that the use of the learning algorithm of the hybrid and
RMSE of ANFIS will not be possible without the use of the block to workspace, and the save 2-D signals as:
3-D array (concatenated along the third dimension). All these purposes are shown in Figure 11.

Table 3 summarizes the state of the output vector V; obtained from values delivered by ANFIS1 and
the sector selection block used to power the inverter. This is used to model ANFIS 2 using the hybrid
learning method, thanks to the block used after entering ’anfisedit*’ in MATLAB for a program V; = i.

Therefore, for it can be established a correspondence between V; values and triplet (U,, Uy, U,)_ of
the inverter. Then we have quadruplet: (V0,0;0;0);(V1,2*U/3;-U/3;-U/3);(V2,U/3;U/3;-2*U/3);(V3,-
U/3;2*U/13;-U13);(V4,-2*U/3;U/3;U/3);(V5,-U/3; UI3;2*U/3) ;(V6,U/3;-2*U/3;Vc=U/3);(V7,0;0;0). U is a
continuous voltage at the entrance to the inverter. Generated Rules of ANFIS 2 controller made by the
learning algorithm of the Sugeno file from ANFIS:

1. If (inputl is in1mf1) and (input2 is in2mf1) then (output is outimf1) (1)
2. If (inputl is in1lmf1) and (input2 is in2mf2) then (output is outlmf2) (1)
3. If (inputl is in1mf1) and (input2 is in2mf3) then (output is outlmf3) (1)

178. If (inputl is inlmf12) and (input2 is in2mf13) then (output is outlmf178) (1)
179. If (inputl is inlmf12) and (input2 is in2mf14) then (output is outlmf179) (1)
180. If (inputl is inlmf12) and (input2 is in2mf15) then (output is outlmf180) (1)
It can be remarked that, back propagation, least square algorithm are described in MATLAB/Simulink.
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Figure 11. Inputs, outputs variables of ANFIS 2: (a) MFS angles 6y, (b) vector V; , (c) MFS e;, and (d) MFS 6;

Table 3. Synthesis of the output vector used to model the controller ANFIS2 [27], [28]

0, 0, 03 0, 05 0 0, O (2 010 011 012
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o3 VO V7 V7 VO VO V7 V7 VO VO V7 V7 VO
o, V6 V6 V1 VI V2 V2 V3 V3 V4 V4 V5 V5
os V6 V6 VI V1 V2 V2 V3 V3 V4 V4 V5 V5
06 V2 V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 Vi
0, V2 V3 V3 V4 V4 V5 V5 V6 V6 VI VI V2

4. RESULTS AND DISCUSSION
The simulation parameters used in this paper were chosen after an investigation of the thesis work
of [25] with prototyping, but also of [6] and [28].

4.1. Simulation of the hybrid system and the FDTC during 2 s

The FDTC figures and results are taken from [17]. For each method, a load of 30 k.N is applied to
two IMs on the same side at intervals of 0.4 to 0.8s for the first, then 1.2s to 1.6s for the second.
Figures 12(a) and 12(b) give an overview of the speeds of the front right and rear motors used respectively
in the FDTC and hybrid approach, for a reference of 100 rad/s with a load of 30 Kk.N.
Figure 12(a) reveals that the FDTC has a faster response than the hybrid. Figure 12(b) shows that the
hybrid approach is more accurate than FDTC, and a very small overshoot. Figure 12(c) gives a zoom of
the graph obtained by the hybrid approach.

However, on closer inspection, it can be seen that the proposed control is much more accurate than
the FDTC and has a very low torque ripple rate (5 times lower) of the induction machines used compared to
that of the FDTC (Figures 13(a) and 13(b)). The rising time of HyC makes the transient period longer.
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Figures 14(a) and 14(b) illustrate the circulation of the flux along the alpha-beta axes by two circles
of radius 1(value of the reference flux 1 Whb). the profile of both circles shows that the hybrid method
(Figure 14(b)) is a more refined flux signal than the FDTC method (Figure 14(b)). Figure 14(c) represents the
graph of the change in stator flux in both motors of the same side over time. The magnetic stability of the
flux, which is remarkable here, is ensured by the VMSC module.
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Figure 14. The circulation of stator flux: (a) FDTC, (b) hybrid, and (c) stator flux variation over time

Figure 15 shows the three-phase current curves of the induction machines during this test. Between
0 and 2 seconds, a torque of traction is given to the vehicle. During this period, it can be observed that,
Figure 15(b) has a larger area of disturbance than Figure 15(a). It is due to the transient regime, which is
longer for the hybrid approach than the FDTC, respectively.

4.2. Simulation of the hybrid system and the FDTC for the EV during 20 s
The simulation parameters of the systems, the VMSC structure technique and its structure, the

FDTC approach, are fully details in [17]. Motors provide high tractive forces to move the vehicle from the
start to overcome the forces of overall resistance of the EV movement, to ensure the stability of the vehicle. It
is observed in Figure 16(a) that the oscillations are greater with the FDTC compared to the hybrid method.
The torque ripples have been greatly reduced in the hybrid system, as shown in Figure 16(b), from
approximately [-0.5, 0.5] in FDTC to [-0.1, 0.1]. Furthermore, Figure 16(c) presents a zoomed view of
Figure 16(b) between 14.98 and 15.08 s, which makes it possible to assess more clearly the reduction in
torque ripples of the hybrid method. Here, a good tracking of torque references can be observed, which
testifies to the robustness of the control. Thus, with the hybrid approach, it is possible to reduce the vibrations
of the motor shaft and noise, which have the effect of reducing the life of the various engines while ensuring
a certain comfort in the passenger compartment. This can justify the choice of the hybrid method.

The stator fluxes of each of the machines follow their reference despite multiple variations in torque.
Figure 13 shows that the flux ripples are more important in the FDTC (Figure 17(a)) than hybrid method
(Figure 17(b)). The robustness of this control strategy is once observed, in spite of the external disturbance.
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Hybrid Figures 18(a) and 18(b) show the evolution of the stator currents absorbed by each motor for
each control strategy used. Between 0 and 2 s, this is the starting phase, which is characterized by high
current amplitudes reaching 80 A. The current amplitude becomes stable at 30 A, when the VE gets to it
reference speed. During the rotation, the evolution of the current is linked to that of the electromagnetic
torque developed by the corresponding motor, until it reaches a value of 50 A.
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Figure 18. Stator currents: (a) FDTC and (b) hybrid

We see that after this phase, when the vehicle has reached its reference speed, the current amplitude
stabilizes at 30 A. During the turn, the currents follow the evolution of the electromagnetic torque developed by
the corresponding motor until reaching a value of 50 A. Figures 19(a) and 19(b) illustrate the zoom in on the
currents allows you to appreciate their good waveform around 2.2 and 3 seconds, respectively, for the FDTC
and hybrid approach. Both methods present a spectrum almost identical, but the hybrid method of Figure 19(b)
presents the advantage of feeding motors under 180 V when the voltage required for the FDTC is 380 V.

Figure 20(a) shows the graphical evolution of angular speed and references. Figure 20(b) is a zoom of
Figure 20(a). Between 8 and 12 seconds, there is a slight decrease in the speed of the rear left and front right
wheels. This can be explained by the increase in resistive torque of 10 N.m during the journey of the EV.
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Figure 21 shows the root mean square error (RMSE) in the hybrid system of ANFIS 2 controllers
and it ANN internal structure. With only 2 epochs, the hybrid method gives the RMSE of ANFIS2, is
ANFIS2 is 1.24995¢-7. It can be justified that the controller operates quickly with better accuracy. Figure 22
shows the RMSE in the hybrid system of the ANFIS 1 controller and its ANN internal structure. With only 2
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epochs, the hybrid method gives the RMSE of ANFIS 1 is 3.97653%-08. It can justify that the controllers
operate quickly with a great accuracy.
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4.3. Comparative studies of the two approaches

The previous simulations were based on two approaches, FDTC and hybrid for an EV. They have
both shown their effectiveness in terms of the dynamic stability of the system highlighted in Figure 1 under
various constraints on the same road. The justification and observation of the effects of disturbances on the
EV were made possible by subjecting the system to two control approaches under identical conditions. The
dynamic parameters resulting from this experiment are summarized in Table 4. Here FDTC has 4.5%
reduction in rising time compared to the hybrid approach. Nevertheless, the hybrid method has a better signal
quality profile, as it reduces torque oscillations by 40% from a range of [-0.5; 0.5] to [-0.1; 0.1] in Figure 12.
This not only improves passenger comfort by reducing mechanical noise, but also extends the life of the
equipment. In addition, the two approaches have the same static error margins, but it can be seen that the
overshoot in the FDTC case is greater than that of the hybrid method, i.e. 19.6%, which could lead to the
conclusion that the Hybrid method performs better than the FDTC in the current case.

Table 4. Performance of hybrid control and FDTC speed responses
Type of control Rising time  Overshoot  Steady state error
Hybrid approach 0.075 0.496 0.00106
FDTC 0.03 0.692 0.001

5. CONCLUSION

In the present article, two methods of controlling multimachine systems are presented, and among the
both, one is proposed. The EV architecture chosen is that of four wheels each with an IM. using two static
converters to supply power to the motors. For the first approach, DTC is associated to FL and VMSC to master
magnetic quantities and control the speed. The second method combine FL and Neuro-fuzzy (Hybrid ANFIS)
and VMSC system with DTC. During the turning, the use of an electronic differential (ED) makes possible the
management of magnetic quantities and speed, climbing, and descending phases. The HyC technics have
proved his efficiency with respect to the FDTC by its dynamic’s parameters obtained like 0.496 vs 0.692 of
overshoot, and a same steady state error value 0.001 as the FDTC. The results show that HyC is more precise
and refined than FDTC because it reduces significantly the Torque ripples as illustrated in FDTC.
Unfortunately, the HyC has a problem simulation. Results show then that, HyC approach is a good approach for
training multi-machine systems of EV, but the problem of the great rising time must be solve because it make
long the transient response of the system with more ripple in the general view of the parameters of the EV.
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