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1 Introduction

The continued expansion of the global economy, population growth, and improvements in people’s quality
of life all contribute to increased energy usage and consumption. It also harms the environment and accelerates
global warming [1], [2]. Exhaust emissions from vehicles are the main cause of greenhouse gas impacts, with
the main emissions being carbon monoxide (CO) and carbon dioxide (CO2). These pollutants contribute
significantly to the development of lung cancer and other serious respiratory diseases. The transportation sector
consumes around 50% of world oil supplies and contributes to 25% of global CO2 emissions [2], [3]. As a
result, research institutes and companies have long defended electric vehicles (EVs) as a viable substitute for
conventional vehicles, particularly in urban areas [4]. The EV is only propelled by one or more electrical
motors and is entirely powered by electrical energy from the power storage unit. The primary drawback of
EVs is the problem of energy storage. Numerous studies have been conducted to improve efficiency, lower the
cost of manufacture, and prolong the EVs’ driving range. Therefore, as power electronics and Energy Storage
Systems (ESSs) are constantly improving, EVs would be capable of competing with conventional ones [5],
[6]. One effective way to increase an electric vehicle’s range and reduce the size of its ESS is to convert kinetic
energy into electrical energy throughout braking and provide it to an ESS [7]. References [8] and [9]
highlighted the fact that with regenerative braking, the EV range may rise from 8% to 33%. One of the most
preferred choices for Electric and Hybrid Electric vehicle applications is the PMSM, this is because of its fast
torque response, superior power density, high efficiency, and the possibility of a noiseless function as
compared to an asynchronous motor [10], [11]. Since the EV is a multi-subsystem complex physical system,
modeling each subsystem is a difficult process that necessitates in-depth vehicle kinematic and dynamic
studies. Moreover, controlling the EV while taking into account several of factors that affect its behavior, such
as nonlinearities, unmeasured disturbances, and system parameter uncertainty, necessitates the use of strong,
robust, and insensitive control strategies. As a result, several studies have shown position and speed control
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using various driving and control strategies [12]. By separately controlling the torque and flux, similar to
independently excited DC motors, the technique of Indirect Field Oriented Control (IFOC) may be used for
controlling an extensive range of AC motors, from synchronous to asynchronous [13]. This method is based
on linear controllers, such as the Proportional-Integral-Differential (PID) and Proportional-Integral (PI)
controllers. The principal advantages of these controllers are their ease of synthesis and simplicity of
implementation. Nevertheless, they are insufficiently robust against an unmeasured disturbance and the
controlled system’s parameter uncertainty [12]. To resolve these problems, where little research has been done,
including in [14], [15], [16], the application of a non-linear technique is crucial, including fuzzy logic, that is
viewed as among the most effective artificial intelligence methods used to control nonlinear systems, as well
as sliding mode control (SMC), that ensures stable system and good robustness to parametric variations and
external disturbance [17], [18], [19]. Authors in papers [20], [21], [22] demonstrated that using PI control with
gains adaptation based on adaptive fuzzy and adaptive neuro-fuzzy inference system can overcome the
parameters variations. Furthermore, PI-backstepping control is robust against external torque disturbances and
parameter variations. The major drawback of SMC is the phenomenon of chattering, which degrades system
performance by leading to low control accuracy, excessive wear of mechanical parts and significant heat loss
in the circuits. The phenomenon of chattering is a major obstacle to the use of SMC [23], [24].

The synergistic approach is proposed in [25]. This method is a viable choice for controlling nonlinear
uncertain systems in disturbed situations. That is why various researches have been undertaken in this area
[26], [27], [28], [29], [30]. The synergistic control (SC) technique is similar to the SMC approach in that it
employs a shared methodology, mainly the imposition of a dynamic predetermined by the designer, but without
the disadvantages of the SMC technique. The synergetic control is appropriate for digital control
implementation and practice, as it needs a relatively low bandwidth for the controller, second it works at a
constant switching frequency and lacks the chattering problems of SMC, which reduces power filtering
problems [31]. In addition, it can decrease the size of a modeled system and guarantee the power system
stability in general [12]. These above advantages highlight the importance of using this type of controller for
PMSMs in EV applications. In this paper, we propose a new IFOC scheme based on a SC approach for an EV
propelled by PMSM drive which the goal is to achieve high performances of the control applied. We test the
proposed approach performances for a known displacement of a lightweight EV under different operating
conditions. The simulation results show the superiority and effectiveness of the suggested approach compared
with a scheme based on classical control using PI controllers.

2 System description and modeling

The EV’s powertrain consists of an ESS, a bidirectional DC-DC converter, and a PMSM drive. Figure 1 depicts
the system structure under study.
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Figure 1. The block diagram of the proposed system.

The PMSM is controlled via the IFOC. The applied load torque which is the vehicle dynamics allows the
definition of two operation modes: when the applied torque is positive, this is the motor mode, the DC-DC
converter behaves as a boost converter at which K; and D, are active, energy flows to the DC-Link raising the
voltage level that supplies the motor, (for example, the vehicle encounters a high hill); and when the applied
torque is negative, this is regenerative braking mode, the DC-DC converter behaves as a buck converter at
witch K; and D are active, energy flows from the DC-Link to the battery (for example the vehicle encounters
a downhill). The DC link current, IDC, may be positive or negative while the DC bus voltage is always positive
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[32], [33], [34]. In a cascade configuration, the DC-DC converter is controlled by two loops: the inner loop
employs a hysteresis controller to regulate the current, whereas the outer loop employs a PI controller to

regulate the DC bus voltage, as shown in Figure 2.
: **:::?:‘ihrs_hmsl :

Figure 2. Control of DC-DC converter with cascade configuration.
In the DC-link, the power flow capacitor is represented by this equation:

dE dU
P = Dc/dt =5 —Fuw=Coe PG dt Upe (1)

Ppc(W) is the resulted DC-link power, Epc (J) is the energy stocked in the DC-bus capacitor, Pya (W) is the
power transferred between the batteries and the DC-link, Pro.a(W) is the requested power from the load; Cpc(F)
is the capacitor, and Upc(V) the DC bus voltage.

2.1 The PMSM Drive

A three-phase voltage source inverter with six IGBT and six anti-parallel diodes mounted in a bridge
configuration supplies the PMSM [35].

2.1.1 The PMSM model

There are two modes of operation for the PMSM block: generating and motoring. The induced electromagnetic
force is assumed to be sinusoidal. The equations below, which are represented in the rotor reference frame (dq
frame), can be utilized to describe the electrical and mechanical systems of the PMSM model [36], [37], [38].

. R/ . L .
%tlsd :%’d Vsd — %d lg + %Ld pa)rlsq
. R . L . Apw
%f B = %d Y %q or %q poriua =" %sq @

T,= I.Sp[ﬂisq +(Ly - Lq )isdisq}

iwr:(lTe_Fa)r_TLj

dt J

40 (3)
dr 7

isd,1sq (A) : d-q axis currents of the stator, v, vsq (V): d-q axis voltages of stator, L4, Lq : d-q axis inductance
of stator, Rs : stator windings resistance, p: pole pairs number, o, (rad/s) : the mechanical speed, T. (N.m):
electromagnetic torque and A (WD) : the rotor magnet flux, F (N.m.s) : coefficient of Viscous Friction, J
(kg.m2): inertia of Rotor and 0 (rad): the mechanical rotor angle.

For this work, a surface permanent magnet synchronous machine is selected, where Lq = Lq = Ls, features no
saliency, a uniform air gap, and the magnets are placed on the rotor’s surface [36].
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2.1.2  Indirect Field oriented control method

Figure 3 depicts the IFOC’s block diagram of the PMSM drive, where the reference current igq is obtained
from an outer speed control loop, and igy4 is obtained after using the block of flux weakening as outlined in [9].
The errors of stator currents are regulated by PI controllers that make the stator reference voltages vg4 and vgg.

Then, the obtained voltages are transformed to the abc phase variables and supplied to the inverter using the
PWM technique [13]. For the strategy of [FOC with SC, as illustrated in Figure 3, synergetic controllers replace
the conventional PI controllers for the PMSM’s speed and currents, and the voltage decoupling block is

removed.

d.q/l% p

Voltage,
Decoupling

eg

PMSEM

Position sensor
Figure 3. Diagram of the IFOC principle with classical and synergetic control.

3 Synthesis of Synergetic Approach

In general, nonlinear systems are represented dynamically as follows [39], [40], [41].

X = f(X,u,t) 4)

x: The system state vector, u: the control vector and t: represents time.
To design a synergetic control, the first step is to determine of a macro-variable that is a function of the

system’s state variables.
y =w(X.1) (5)

Y represents the macro-variable and (X, t) a function selected by the user. To examine the various constraints
applied on the system, we modify the macro-variable based on the constraint to examine, the system is

compelled to function on the manifold using the control ¥ = 0.
Step two involves determining the required dynamic development of the macro-variable to the manifold ¥ =

0 using the following general equation [39], [40].
Ty +y =0 (6)

T represents the control parameter that specifies the speed of convergence to the manifold defined by the
macrovariable. Equation (6)’s solution yields the following function:

t
w(t)=woe « ()
Considering the differentiation chain, which is presented by [40], [42], [43]:

dl//(X,t):dl//(X,l‘)d_X ®)
dt ax dt
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Substituting equations (5) and (6) into (8), we obtain:

dy (X,1)

” S(Xu,t)+y(X,1)=0 9)

The control law that results from solving equation (9) for u is as follows[36], [37], [38]:
u=g(X.y(X,1),T,1) (10)

It is evident from equation (10), that the control is related to the macro-variable and the control parameter T in
addition to the system’s variable state. It indicates that the designer’s selection of appropriate macro-variables
and parameters of specific control T determines the controller’s features. In the above-mentioned synthesis of
a synergic controller, it is noted that this controller works with a non-linear system, therefore no model
simplification or linearization is required, as is usually with conventional control systems [44].

4 Synergetic Controllers Design for PMSM

4.1 Speed control

To design a synergetic controller for the rotation speed of the PMSM, we analyse the equation of state that
describes the dynamics of the motor shaft:

%wr =a, =}(7;—er -T;) (11)

We choose the speed error as the macro-variable:
Y(w,)=e(0,)=0, -0, (12)

The derivative of the macro-variable function is:
V() =, (13)

Based on (6), (11), (12), and (13), the control law Tq is then expressed as follows:

\ T T
T =L (0 —w)+ -2 T, + % Fa, (14)
7, J J

4.2 Direct current control

To design the synergetic controller of the direct current isq, we consider the system of equation (15):

d R i
—isd=vs—d—ﬂ+a)quﬁ (15)
dt L, L L,

We choose the direct current error as the macro-variable:

l//(isd) = e(isa’) = l:d - isd (16)
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The macro-variable function’s derivative is:

\ﬁ((isd) = _fsgalf (17)
Considering (6), (15), (16) and (17), the control law vgq is then formulated as follows:

iy R:lsd

(g =)+

Ve =1 . (18)

4.3 Quadrature current control

To design the synergetic controller of the quadrature current isq, we consider the system of equation (19):

d. vy, R iy o
P A e (19)
q

We choose the quadrature current error as the macro-variable:
w(i,)=eli,)=i,~i, (20)
The macro-variable function’s derivative is:
Wi, ) =& 1)

Considering (6), (19), (20) and (21), the control law vgq is then written:

@ —i) T R,
Iy — )+ =
_ L Ly (22)
Y oo T, o,
‘“V\+T, o L =~+—"——¢
i rq f
L‘I L‘I

Ty Ti

iqand Tisq: are chosen so as to have satisfactory static and dynamic performances.

5 Vehicle dynamics

As shown in Figure 4, consider a vehicle with mass M (kg) moving at a speed of v (m/s) up a slope of angle a
(rad) [45], [46], [47], [48]:

Figure 4. Forces exerted on a vehicle traversing up a high hill.
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Considering the vehicle on an inclined track, the required tractive effort is:

Fle = Fn +[?gr +}inll +}7aero (23)
The first force is the acceleration force, which has a positive sign in the acceleration phase and a negative sign
in the deceleration phase. The second resistance is applied as the vehicle climbs a hill, which is determined by
the slope of the road; it is called gradient resistance. The third resistance force is rolling resistance Froll, and
it is caused by the flattening of the tire on the roadway contact surface. The fourth is the acrodynamic drag
Faero-

dv

F,=*M,—

a e dt
F,,. =*M.g.sina (24)

r
Fron =M.gpn
Fryoro =0.5.C1.p.Ar (vEV,ua)?
Me is the equivalent mass, g: Gravity of Earth, p: coefficient of tire rolling resistance, Cd: coefficient of
aerodynamic drag,p: density of Air, Ar: frontal area of Vehicle, and vyina: wind speed (m/s).
M, =6M (25)

e

o represents rotational inertia factor or the mass factor:

S =1+0.04+0.0025: (26)
Where i is the gear ratio.
The electromagnetic torque and the vehicle global inertia moment in the motor referential are respectively

given by:

T
=R, 27)
1

Jr = : (28)

Tt (N.m) represents motor torque on the wheels, 1 is the tire radius.
The equation that describes the electric motor dynamic behavior, in the motor referential, is presented as
follows:

d
T,-T, =Jr a)%t (29)
Tr (N.m) is the load torque applied on the motor shaft.

6 Simulation Results

Using Matlab/Simulink software, a simulation model has been built to evaluate and compare the control of the
suggested strategy with one based on PI controllers. Table 1 displays the parameters of the simulation.
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Table 1. Parameters of Simulation.

Battery converter Load converter
Sinusoidal Pulse Width Modulation inverter
Switching frequency:20KHz

Converter topology bidirectional converter

cascade control (hysteresis

Technic of Control controllers +PI). IFOC
=10%* . =10%
Sample times: System Tc_DC_bus_=10*Ts IFOC: Tiroc=10 TS
discrete:Ts=5e-6s Tc_Battery_cont- Speed controller:
’ roller=10*Ts Tc_speed=7*10*Ts
DC bus Voltage Controller of Speed:(kp,ki)=( 227.65, 16100)
controller:(kp,ki)= Direct current controller:(kp,ki)=( 1.79, 2668.5)
Control Parameters (2.12,450) Quadrature current controller:(kp,ki)=( 1.79, 2668.5)
Current_Battery: Ai=+1 Synergetic controllers:
(Toopr Tiggr Tigg)=(0.000625,0.00005,0.0000925)

The EV was tested with an acceleration/deceleration of +2.135 m/s? at a 30 km/h reference speed. At 15 and
25 seconds, the vehicle faces a high hill with slopes of 10% and 13.33%, respectively; then at 30 seconds, the
EV encounters a downhill with a slope of -5%; and at 40 seconds, the EV continues moving with no slope until
stopping. The battery SOC (state of charge) was assumed to be 80%. Tables 2 and 3 describe the parameters
of the EV and motor, respectively.

Table 2. Vehicle Body Parameters.

Parameter Value Parameter Value
vehicle Masse M (kg) 1150  frontal area of Vehicle A{m?) 2.5
coefficient of acrodynamic drag Cq4 0.32 radius of Wheel r(m) 0.33
coefficient of tire rolling resistance p 0.015 Gravity of Earth g (m/s?) 9.81
gear ratio i 10 density of Air p(kg /m?) 1.28

Table 3. PMSM Parameters.

Parameter Value Parameter Value
Nominal power (KW) 35 Inertia of rotor J (kg.m?) 0.05
Nominal speed (tr/min) 3000 DC voltage (Volt) 560
Nominal torque (N.m) 111 Pole pairs Number p 4

Inductance of Stator L4, Lq

The stator windings Resistance Rs(£2) 0.05 (mH)

0.635

Figure 5 below shows the EV’s linear speed, electromagnetic torque, and currents for this test using synergetic
and traditional controls. The SC has a high performance and strong robustness compared with PI controls.
While the synergetic speed controller showed roughly no overshoot (0.001 km/h), the PI controller showed a
measurable overshoot of 0.036 km/h. Additionally, we observe that the synergetic controller performs well in
terms of precision and load torque rejection, with a faster torque response time and very small tracking static
error of speed (0.00025 km/h) compared to 0.00072 km/h for the PI controller case. Furthermore, the proposed
control has fewer ripples in the electromagnetic torque (17 N.m) than the conventional control (30 N.m).
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Figure 5. Simulations results for the movement of an EV using IFOC with classical control (a) and
synergetic control (b).
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The comparison of the Total Harmonic Distortion (THD) of stator currents between the two strategies is
illustrated in Figure 6. With PI controllers, the stator current THD is approximately 9.21%. In contrast, the

proposed control scheme significantly reduces the stator current THD to about 3.83%, showing minimal
distortion in the stator current.
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Figure 6. a_phase stator current and its Harmonics spectrum with classical control (a) and synergetic
control (b).

Table 4 summarizes the comparative analyses between the proposed synergetic controllers and PI controllers

Table 4. Comparative analysis using synergetic and PI controllers.

Speed Overshoot Speed Torque ripple
km/h error (km/h) (N.m) THD stator current
PI Controllers 0.036 0.00072 30 9.21%
Synergetic Controllers 0.001 0.00025 17 3.83%

A simulation is developed to test the ESS and consumed energy using the ECE-15 urban drive cycle. In Figure
7, the speed, source energy, and SOC are presented. The integration of the power output at the terminals of the
battery across the whole cycle gives energy consumption.

It’s clear that with synergetic control, the EV tracks almost perfectly the speed reference, with very minor
fluctuations; these improvements directly affect the EV’s comfort. The results show that the energy consumed
for moving the EV with conventional control is 413452 J. Meanwhile a 412356 J is necessary when using
synergetic control. These results confirm the effectiveness of the suggested control.
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In this work, we presented a new technic of IFOC with synergetic control for an urban EV propelled by a
PMSM where the system functions in motor and regenerative braking modes. The simulation results show that
the proposed strategy based on SC permits better performance than the classic strategy based on PI controllers
in terms of accuracy, time response, THD stator current, electromagnetic torque ripples, load torque rejection,
and robustness. The static speed error is less than approximately two-thirds compared to the classical control,
and the THD stator current does not exceed 5%. Using the cycle urban ECE1S, it is demonstrated that
synergetic control is successful, as it can reduce energy consumption by 1096 J for only 200 s, which increases

the vehicle’s autonomy.

Our future studies include:

e Testing the robustness of the proposed strategy by the variation of parameters system like the
inertia moment and testing the speed tracking in case of slow and fast dynamic speed command.
o Comparing this strategy with other strategies such as sliding mode control, predictive control, etc.
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