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To improve the performance and energy efficiency of the direct torque control of
induction motors used in electric vehicles a double-power-super-twisting sliding
mode control (DPSTA_SMC) strategy has been introduced in the closed speed
loop. This strategy is based on the novel double-power-super-twisting algorithm
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(DPSTA), which combines the performance of the traditional super-twisting al-
gorithm (STA) with the double power reaching law (DPRL). The stability of the
algorithm has been proven using a quasi-quadratic Lyapunov function. The per-
formances of the proposed DPSTA_SMC controller have been compared with
that of PI, fuzzy logic, and STA_SMC controllers. Detailed simulations are car-
ried out using MATLAB/Simulink software. The results demonstrate that this
approach effectively improves tracking accuracy, system robustness and energy
efficiency, while significantly reducing the chattering phenomenon.
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1. INTRODUCTION

Because of global warming, the energy crisis, and other environmental issues, as well as skyrocketing
fuel prices, the automotive industries are promoting electric vehicles (EVs). In addition to zero emissions,
EVs have superior efficiency and quicker controlled torque in contrast to internal combustion engine (ICE)
vehicles [1]], [2]. Various types of electric motors have been suggested for EV propulsion [3[], [4]. Among
these, the induction motor (IM) is the best solution to meet the main requirements of EV drive due to its
reliability, affordability, robustness, and minimal maintenance costs [3]]-[7]. However, the analytical model
of the IM is non-linear, strongly related and multi-variable [7], [8]. This complicates its control and requires
more advanced control algorithms to achieve the required performance in electric drive, including fast torque
response, wide speed control range, high reliability and robustness for various vehicle operating conditions,
and high efficiency [2]]-[8]. The IM can exhibit exceptional dynamic response performance when operated
with the direct torque control (DTC) strategy [9], [[LO]. It presents more advantages such as a fast response and
less dependence on the machine parameters [[11]]-[[12]. In the conventional DTC system, the PI controller is
commonly employed for the speed loop due to its ease of implementation and its simplicity. However, since
the VE with IM is a strongly linked and multivariate nonlinear system it is difficult to achieve an ideal control
effect using the PI control strategy [[7]. Therefore, various nonlinear control techniques have been proposed to
replace PI controllers, such as fuzzy control, model predictive control and artificial neural networks [[13]-[16].
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Sliding mode control (SMC) has gained increasing interest due to its relatively simple design, guar-
anteed stability, and high robustness against parameter and external disturbances [17]-[19]. However, its
chattering problem cannot be ignored, which can lead to significant overheating of the motor windings [20]-
[22]. In the literature, different types of algorithms have been made to overcome this problem. Among them
are boundary layer solutions, the reaching law approach, and high-order algorithms [23]], [24]. The super-
twisting algorithm (STA) is one of the high-order sliding mode algorithms (SMA) that has been used to en-
sure high robustness while significantly weakening the chattering effect [[24]-[26]. Although STA can elim-
inate the chattering phenomenon, since the proportional term in the scheme is the square root calculation of
the sliding variable, it significantly reduces the convergence speed and the ability to reject disturbances of the
algorithm [27]], [28]].

To overcome these challenges, we propose in this work a new double-power-super-twisting algorithm
(DPSTA), which combines the advantages of the STA algorithm and the double-power reaching law (DPRL).
Our main contribution is to apply DTC control using the speed controller based on the DPSTA_SMC algorithm,
in order to improve the robustness, performance and efficiency of the IM used to drive EVs. The performance
of the proposed controller is demonstrated through critical and comparative simulations with the PI, STA_SMC
and FLSC controllers using MATLAB/Simulink software. This article is organized on five sections: In section
2 we present the double-power-super-twisting algorithm (DPSTA). Next, in section 3 we establish the system
modeling and simulation method. Simulation results and their interpretation are given in section 4. Finally, the
conclusion is presented at the end of the paper.

2.  DOUBLE POWER SUPER TWISTING ALGORITHM (DPSTA)
2.1. Super-twisting algorithm (STA)

The STA (introduced by Levant [29], [30]]) is one of the most extensively applied second-order SMAs.
This algorithm is specifically applicable to systems of the first relative degree to reduce the chattering phe-
nomenon [31]]. The basic form of this algorithm is written as (1):

d.%‘l 1 .
= —k1 |21]2 sign(z1) + 22 + @1 (21, 1)
1
s (D
dt
where (21 ,22), (k1 ,k2), and (p1(x1,1), pa(x2,t)) are the scalar state variables, the sliding-mode gains, and
the perturbation terms.
If there exist constant 6; > 0 such that:

= —kosign(xz1) + @2 (z2,t)

1
lp1(z1,t)| < 01]z1|2 and @a(xe,t) =0 ;VE>0 2)

the equilibrium point (0, 0) exhibits strong global asymptotic stability provided that the sliding-mode gains
meet the specified condition [31]].

ki > 251 (3)
561 k14457
ko >k 2(211—255

2.2. The double power sliding mode reaching law (DPSMRL)
The DPSMRL is designed to enhance the reaching speed and dynamic quality of the SMC

system, even when the system is far away from the sliding mode surface [32], [33]. The DPSMRL can be
expressed as (4):

§=—M\1|s|" sign (s) — A2 || sign (s) 4)
where A1 > 0; Ao >0; 0<~; <land~ > 1.

2.3. Double power super twisting algorithm (DPSTA)

To enhance the convergence speed and robustness of the sliding mode control system, we propose a
novel DPSTA in this paper. The DPSTA combines the advantages of two algorithms STA and DPSMRL. Our
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approach involves replacing the switching function in the STA with DPSMRL:

dx
ditl = —kio1 (21) + 22 + 1 (21, 1)
5)
dl’g (
g = ket (1) + p2 (22, 1)
with:
¢1(x) = |2]'/? sign(z) + Na|*’? sign(z)
20\ . . 3 5 ;A>0  (6)
$2(2) = ¢1(x)" = 2¢1(2) - d1(2) = sign(z) + 4X[x|sign(z) + 5 A"|z|" sign(z)
2.3.1. Stability analysis
The stability of the system () is established by the following theorem:
— Theorem:
If for constants §; > 0 and & = ———:
¢ (1)
Then the sliding-mode gains k; and ko satisfy the conditions:
k1 > 20, )
501 k1+457
k2 > k150,555,

System converge to the equilibrium point 2(0, 0) in finite time.
— Proof:
The stability of the system can be verified using the quasi-quadratic Lyapunov function given as (9):

V(z,t)=¢TP¢ 9)

ki _ kL
with P the positive definite symmetric matrix P = [2k2 4,;1 2 2 ] and £ = [¢1x($1)} . The derivative

_? 1 2
of ¢ is:

LR + oy (10)
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with A = [—2k2 0

} , B = [(ﬂ ,and By = [ﬂ . The derivative of V' along the trajectory of system l)

V(z,t) =ETPE+€TPE = %gT (ATP + PA) ¢+ C— L (ETPE+ €TPE)) + o (BT PE+ €T PE,)

€T (ATP + PA) € + Z2qT¢ + paql'e

TG G
with g1 = [4]{;2_};]6%] and g3 = {_51}
Then:
cales gl| TAg (1)
where: A = [41{22;1 ki 2151]. So,if: |p1| < 61]¢1| and @2 =0
V(1) < fmiTQf (12)
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with:
_ T _ [k (2ka + kF) — (4ka + kT) 61 —kT — 261/
Q=-(A P+PA+A)[ ) . (13)
V is negative definite if Q >0, this is the case if:
{ k1 <2k2 + k%) — (4k2 + k%) 61 >0 (14)
ky (k1 (2k + K2) — (4ky + k2) 61) > (K2 +261k1)°

It is easy to see that this is the case if the gains k1 and k; satisfy the condition in (8). Then the state converges
1

1 1
in finite i _ 2V2(x) — 2P} Anin{Q}
to (0, 0) in finite time 7' = <755 where v (P, Q) = S W § -
2.4. Design of DPSTA _SMC speed controller of IM

The mechanical equation of IM, with associated parameter uncertainty terms, can be expressed
as (15):

Wm = (a+ Aa) Tem — (b+ Ab)w, — (f+ Af) (15)

where Aa, Ab and Af represents the uncertainties of the terms a, b and f respectively. Specifically:
= 1 = LT d t = 7TL (t)
a=7, = and f(t) S

The speed error e(t) is defined as (16):
€ (t) = wm (t) — wp,(t) (16)

where wy,, represents the reference mechanical speed of the motor. Using the derivative of the error is
given by (17):

é(£) = D () — & () = u (1) — be (£) + d(t) (17)
where:

u(t) = alem (t) — f(t) — bwi, (1) — wk,(t) and d (t) = —Ab.wsy, (t) — Af () + AaT.y, (t).
The sliding surface function s(t) is defined as (18):

s(t) =e(t) (18)
the derivative of the sliding surface function is (19):
$(t)=¢é(t) =u(t)—be(t)+d(¢) (19)

according to DPSTA, the speed controller can be designed as (20):
u(t) = —k; <<|x|% + )\|x|%> sign(w)) - /k2 <<1 + 4\ |z| + z;)/\2|x|2) sign(m)) (20)

where A > 0 and (k1 , k2 ) satisfy the stability condition ().
Therefore:

Tl = fowm + Jwn, + T, — J [k:l ((|x|% + )\|w|%) sign(m)) + /k2 (<1 + 4\ |z| + g)\Z\x|2) sign(m)] (21

3. METHOD FOR MODELING AND SIMULATION OF THE SYSTEM

[Figure 1|shows the general modeling structure of EV driven by an MI motor under the DTC control
strategy. The drive cycle shows the reference speed that the vehicle must follow. The EV battery supplies
energy to the motor and auxiliary devices through an electronic power inverter. The IM generates the torque
necessary to power the vehicle. Vehicle dynamics describes the vehicle’s resistance forces.
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Figure 1. General system modeling structure

3.1. Vehicle dynamics modeling

While driving, vehicles are subject to resistance force represented by four main components: the
aerodynamic resistance force (Fj¢o), hill climbing force (F}.), rolling resistance force (F3.,.), and acceleration
force (F,) [34]. When analyzing a vehicle with mass m ascending an inclined plane at a speed v and slope

angle «, these forces are illustrated in[Figure 2]
The total resistance force is given by [34]:

1
Fy. =F. + Fy + Fuero + Fre = Crpomgcos(a) + 1.15ma + §pCdAf(v + v9)? + mg sin(a) (22)

where C,, the rolling resistance coefficient, g is the gravity constant, r is the air density, A the frontal area,
v, the wind speed, C; the aerodynamic drag constant and a is the acceleration.

As a result, the resisting torque applied to the machine in the case of a gearbox without loss and of
ratio n is given by (23):

R 1 R
T, = Ftrg = (Cyrmgcos(a) + 1.15ma + §pC’dAf(v +v9)? +myg sin(a))g (23)

Figure 2. Force applied to the vehicle

3.2. Battery modeling
The battery model takes the total power demand (Pp.+4;) as an input, which is then used to calculate
the power demand per single cell (Pce;). This value is obtained by dividing Py, by the number of battery
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cells (Ngeyp) [35]. The current demand per single cell (I¢ey;) is determined from Pey; using the (24).

Ebatt - Egatt - 4RiPcell

Teenn = 24
cell 2Rz ( )
The outputs of the model are the battery terminal voltage and current, which are determined by the (25):
Ibatt = IcellNcell el
paralle 25
{ ‘/batt = chellzvcellse,\ie ( )

where Nceir,,,, a0 a0d Neepy are respectively the numbers of cells in series and in parallel.

To calculate the state of charge of the battery (SoC'), the charge integration method, also known
as Coulomb counting [36], is used. This method is based on the principle of conservation of charge and is
particularly useful and accurate in a simulation setting. The mathematical equation for Coulomb counting is:

Icell (t)

cell

serie

SoC = SOC() - / dt (26)

where SoC) is the initial state of charge of the battery and C; is the single-cell capacity.

3.3. Induction motor modelling
The mathematical model of the IM in the synchronous reference frame (d, g) is defined by (27) [37]:

dX
R R

: 1 .t R,

1sd oL ? —= o - R_wR oL,L, o'%s

. sy Br
with: X = ;;q =Y |u= {”Sd} and A = w —Latle e Heo

o L0 s R, 0 0

Vs 0 1 0 R, 0 0

where 0 =1 — ng—z, R, and R, the stator and rotor resistance, L and L, the stator and rotor inductance, M

. . T
the mutual inductance between stator phases, w the electric speed, [vgq vgd] the stator voltage components
. T . . . 1T

in reference (d,q) frame, [¢hsq  1s4|  the stator voltage components in (d, ¢) frame and [isq g4  the stator
current components in (d, g) frame.

3.4. The DTC control system

The block diagram of the IM driving a VE based on the DTC strategy is shown in This
control technique uses real-time measurement of stator current and voltage to calculate the electromagnetic
torque and stator flux of the machine using the following equations :

3 . .
Tem = §N (wsazsﬁ - 1/2513%504) (28)

Vs = 5| €790t (29)

with || = 4 /¥2, + 1/)35 and 0; = tan (%) Where 1), and 1), are the stator flux components of the

machine in the («, () stator-related frame given by:

bso (8) = Jo (Vi — ReI,,) dt
{ bor®) = J! (Ve = RoIL,) dt (30)

The comparison of these values with their respective reference values (77, and v}) are the inputs
to two hysteresis comparators. The comparison results (K, Kre,) and the sector number (V) present the
switching table inputs (Table TJ). The table allows for the selection of the voltage vector that will be applied to
the machine, and the inverter control signal sequences (S,, Sp, and S;).
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Figure 3. DTC control of the vehicle’s induction motor

Table 1. DTC switching table
N
K P K, tem
1 Vo Vo Vi V5 Vg Wi
1 0 Ve Vo Voo Vo Vi W
-1 Voo Vi Vo V3 Vi Vs
1 V3 Va Vs Vs Vi Vs
0 0 Vo Voo Vo V& Vo Vi
-1 Vs Vo Vi Vo V3 V4

1 2 3 4 5 6

4. RESULT AND ANALYSIS

The performances analysis of the DPSTA_SMC speed controller are evaluated using simulations in the
MATLAB/Simulink software. All simulations are performed with a sampling interval of 2 ms, corresponding
to a switching frequency of 500 Hz. The model parameters used in the simulation are shown in To
test the performance of the proposed controller, we compared it to the fuzzy logic speed controller (FLSC)
used in [16] and to PI and STA_SMC controllers. The PI parameters used for the simulation were K, = 8
and K; = 32 established by the general characteristic closed-loop equations. The parameters for the two
controllers, DPSTA_SMC and STA_SMC, were optimized using the trial-and-error method and set to {1 = 35,
K5 = 15and A = 3/2. To ensure a fair comparison between the two sliding mode controllers, the gain values
of K and K> were kept the same for both controllers. Furthermore, in the future, genetic algorithm (GA)
methods could be adopted to obtain optimal gain values for the DPSTA_SMC methods. We analyzed system’s
behavior under the european driving cycle (EUDC). It consists of a simple extra-urban run of about 400 seconds
which simulates driving at constant speed on an open road with a maximum speed of 120 km/h.

The [Figure 4]illustrates the speed response of the four controllers: DPSTA_SMC, PI, STA, SMC, and
FLSC. The speed error of the four strategies is shown in[Figure 3| It is demonstrated that all controllers are
capable of tracking the reference speed throughout the entire speed change range. The PI controller followed
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the reference speed with a maximum error of 2.33 km/h. On the other hand, the FLSC showed a smaller error
for the transient period when compared to the PI, but the steady-state error was 0.1 km/h. However, both SMC
controllers exhibited better performances than the FLSC and PI controllers, achieving a speed error no greater
than 0.01 km/h while tracking the desired reference speed.

Reference Speed
——— WDTC-DPSTA
120 |— 04 P ] ---- WDTCPI

; -~ ] e WDTC-STA
-------- WDTCFZ

100 —

80—

Speed[Km/h]
@
8
[

40—

20—

0 50 100 150 200 250 300 350 400
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Figure 4. Evolution of the VE speed (Km/h) during the EUDC cycle

————DTC_DPSTA

=+==+DTC_PI
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-~~~ DTC_fZ

o i
33{))\29 3363 33631 336.32

Speed error [rad’s]

| | | | | | |
0 50 100 160 200 250 300 350 400
Time (s)

Figure 5. Evolution of the error speed (rad/s) during the EUDC cycle

Compared to the STA_SMC, the DPSTA_SMC controller provides significant improvements in the
response speed and disturbance rejection performance of the vehicle speed control system. The proposed
algorithm reduces the system response time by 57% during the startup state. In case of speed variations or load
disturbances, DPSTA _SMC reduced the adjustment time to less than 60% compared with STA_SMC.
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The chattering phenomenon produced by the SMC controller is manifested in the speed ripples. A
comparison of the speed ripples amplitude of the two SMC controllers is shown in[Table 3] A detailed analysis
of the zoomed areas in [Figure 3] and [Table 3] shows that the DPSTA_SMC controller significantly reduces
chattering effects. The DPSTA controller reduces ripples to less than 7,764.10~% km/h in steady state when
operating at a reference speed of 70 km/h, and to 3,608.10~% km/h when operating at a reference speed of 120
km/h. The control strategy proposed in this article has succeeded to significantly improve control performance
in terms of response speed and system robustness, while reducing the chattering phenomenon.

presents a comparison of the final SoC values for the four controllers in EUDC cycle. The
DPSTA_SMC controller maintained the SoC at 78,670%, while the FLSC and PI controllers were able to
maintain it at a value less than 78,60%. These results clearly demonstrate the superiority of the DPSTA_SMC
controller over the other controllers. The speed controller proposed in this paper significantly improves the
performance of the DTC control in terms of robustness to perturbations and energy efficiency.

Table 2. Simulation parameters

Parameters Abbr. Unit Value  Parameters Abbr. Unit Value
Induction Machine Parameters Vehicle Parameters
Rotor Inductance L, H 0.0156  Vehicle mass m Kg 870
Stator Inductance Lg H 0.0156 Rolling Resistance Coefficient Chrr 1 0.02
Mutual Inductance L H 0.2848  Gravitational Acceleration Constant g m/ 52 9.81
Stator Resistance Rs Ohm 4.1250  Air Density r kg/m3 1.17
Rotor Resistance R, Ohm 2.486  Frontal Area A f m?2 2.64
Number of Pole Pairs P 1 2 Aerodynamic Drag Constant Cy 1 0.22
Motor Load Inertia J Kg.m? 0.139  Transmission Ratio n 1 18.2
Viscous Friction Coefficient fo N.m.s 0.0095 Wheel radius R m 0.32
Battery Parameters
N¢Geli_serie 1 96 Initial SoC SoCo % 80

Battery Configuration Ncel_parallel 1 4 Nominal Battery Pack Energy E KWh 22

Table 3. Speed ripples amplitude for DPSTA_SMC and STA_SMC controllers
Ve (km/h) 70 50 100 120
DPSTA_SMC  7,764.10~% 4,827.10~% 7,768.10~3  3,608.10~3

STA_SMC 8,119.1073  7,059.1073  1,366.102  2,048.10—2

Table 4. The end values of the SoC (%)
DPSTA_SMC PI STASMC  FLSC
SoC (%) 78,670 78,659 78,669 78,653

5. CONCLUSION

In this article, a DPSTA_SMC speed controller is designed based on the idea of replacing the switching
function in the super-twisting algorithm with DPSMRL to overcome the limitations of the STA_SMC controller
in the context of DTC control of an MI used to EV driving. The structure of the EV, including MI and battery,
was modeled and simulated to evaluate the controller performance using MATLAB tools. The performances
of the proposed SMC are compared with that of PI, fuzzy logic, and traditional STA_SMC controllers. The
proposed DPSTA_SMC speed controller offers significant advantages in terms of performance, state of charge
stability and reduced chattering. These results pave the way for future improvements in electric vehicle control,
aimed at maximizing efficiency, reliability, and durability.
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