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Abstract: In electric vehicles, performances of electric vehicle drivetrains depend on the electric
machine and the control. Switched Reluctance Machines (SRMs) are today an alternative to rare earth
magnets machines such as Permanent Magnet Synchronous Machine (PMSM), which is used in the
vehicle drivetrain. Because of its high nonlinear behavior, the classical control designed for SRMs is
not sufficient to obtain good performances. The objective of this paper is to make performance and
robustness comparisons of the designed robust controllers considering the high nonlinear behavior
of SRMs. Sliding Mode Control (SMC) and Super-Twisting Sliding Mode Control (STSMC) are
developed and validated by simulation for the velocity control loop and the current control loops of
the control strategy. However, an evaluation of their performances compared to classical control based
on PI controllers is carried out. For a robustness comparison, a variation of SRM parameters is carried
out by simulation using the three controllers. Finally, an experimental validation on a developed test
bench using the three controllers is conducted to show that Super-Twisting Sliding Mode Control
(STSMC) is the best in terms of performances and robustness for an electric vehicle application.

Keywords: electric vehicle; switched reluctance machine; PI control; sliding mode control; super-
twisting sliding mode control; performance; robustness

1. Introduction

Nowadays, electric vehicles (EVs) are gaining increased attention due to environmental
and energy concerns. EVs can limit environmental impacts and reduce greenhouse gases.
In the vehicle drivetrain, the main component is the electric machine. In such an application,
high power density, high torque density, wide speed range, and efficiency are of primary
importance [1]. To meet these demands, Rare Earth Magnetic Material (REMM) has been
widely used in different types of electric machines dedicated to the EV applications such
as the sintered Neodymium Iron Boron and Samarium Cobalt [2]. However, the cost of
REMM-based machines has increased over several years. Moreover, due to the limited
resources, the use of REMM-based machines in EVs applications is now being challenged.
In fact, many researchers and industrials are working on other machines that can be
competitive in terms of size, efficiency, and torque density. This is the case of the Wound-
Rotor Synchronous Machine (WRSM), which is designed and manufactured by Renault for
the first urban electric vehicle; Renault Zoe and the Switched Reluctance Machine (SRM) is
used today by Land Rover in the electric vehicle Land Rover’110 defender.

Considering the requirements, Switched Reluctance Machines (SRMs) represent an
alternative. They not only feature a salient pole stator with concentrated coils, which
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provides earlier winding and shorter end turn than other types of electric machines, but
also feature a salient pole rotor, which has neither conductors nor magnets. Simplicity in
its construction makes the SRM manufacturing and its maintenance inexpensive. Its high
reliability and performance at high-speed range with a constant power, fault-tolerant oper-
ation capability, and the simplicity of the power converter [3,4] make it a very interesting
candidate for electric vehicles propulsion. However, the SRM exhibits high torque ripples
and acoustic noises [5]. However, these drawbacks can be significantly reduced with an
optimal SRM mechanical design [6] and a good control strategy [7-10]. In [10], for example,
the dynamic performance of direct torque control (DTC) method is improved by replacing
the PI controller of the SRM velocity loop by a sliding mode controller associated with a
disturbance observer.

Unlike most of the other types of electric machines, the SRM is highly nonlinear and
operates in saturation to maximize the output torque. Moreover, the torque, the current,
and the position are strongly coupled through nonlinear characteristics. Consequently, the
design of the controllers is tedious [11]. Because of the high requirements of drivability for
electric vehicles, the control of speed and torque is an important issue [12].

In the literature, there is a huge number of control techniques for speed and/or
current control of SRM. Each one has its own advantages and disadvantages. For example,
we can mention direct torque control [10], the variable gains proportional-integral (PI)
controller [13], LPV adaptive controllers [14], fuzzy logic, and artificial neural network
controllers [15,16]. The Variable Structure Control (VSC) with a sliding mode control
has also been applied in several works to the speed control of SRM [17,18]. Despite
its good performances, the chattering is a serious drawback for EV because it excites
non-modeled dynamics that may cause unexpected problems and instability [19]. A
robust controller based on H-infinity approaches has been proposed in [20]. Moreover,
Pulse Width Modulation (PWM), hysteresis current regulation [21], and model predictive
controllers (MPC) [22] are commonly used to drive the SRM. Unfortunately, they are not
suited to eliminate the chattering phenomenon of SRM. In this paper, PI control, Sliding
Mode Control, and higher-order sliding mode control based on Super-Twisting Algorithm
are simultaneously proposed for currents and velocity loops of the suggested control
strategy. Even they are robust, Super-Twisting Sliding Mode Control remains the best way
to eliminate the phenomenon of chattering, particularly for electric vehicle applications.
Indeed, with the improvement of vehicle drivetrain performances using SRM and STSM
control, other applications can be improved since they depend on the dynamic behavior of
the vehicle where the model of vehicle drivetrain is considered. In vision-aided intelligent
vehicle sideslip, angle estimation is based on a dynamic model [23]. Similarly, automated
vehicle sideslip angle estimation considers signal measurement characteristics [24].

The main contributions of this paper are focused on the following:

e  Performance comparison of the designed Sliding Mode Control (SMC) and the Super-
Twisting Sliding Mode Control (STSMC) for the current and the velocity control loops
of SRM control strategy with the designed classical control. These controllers are
developed and validated by simulation in [12];

e Robustness Comparison of the designed Sliding Mode Control (SMC) and Super-
Twisting Sliding Mode Control (STSMC) for the current and the velocity control loops
of SRM control strategy with the classical control by varying SRM physical parameters;

e Implementation and validation of the three designed controllers [12] on a developed
test bench using a multicore dSpace 1005 with a SRM and a DC machine to create a
load torque;

e  Finally, performances comparison is carried with the collected experimental data
showing that the Super-Twisting Sliding Mode Control is the best algorithm to select
for the improvement of electric vehicle drivetrain performance.

This paper is organized as follows: The model of the SRM and SRM power stage
converter are presented in Sections 2 and 3, respectively. A short description of PI, SMC,
and STSMC control design is proposed in Section 4. Section 5 is devoted to the validation of
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the designed controllers by simulation and the comparison with the PI controllers’ results.
Section 6 gives the description of the developed test bench, and the experimental validation
of the designed controllers. Conclusion and perspectives are drawn in Section 7.

2. SRM Modeling

The SRM has a simple construction, but the solution of its mathematical model is
relatively difficult due to its dominant nonlinear behavior [25] related to the flux linkage
and the torque, which both depend on the current phase and the rotor position.

The electromagnetic model of the equivalent circuit of one phase is [3] the following;:

oy;(0,1)
withj=1,2,3,4.

The flux linkage ¢; of Equation (1) is a nonlinear characteristic depending on two
variables: the phase current I (0 to 80A) and the rotor position 6 (0 to 60°). In this study,
Figure 1 shows the flux linkage characteristics of the used SRM with the topology 85/6R

given in the Appendix A.
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Figure 1. Flux in terms of position and phase current.

The electromechanical model of the SRM associated with a load and viscous friction
torques can be expressed as follows [3]:
a1
T 7(T6(9/I)_er_TL) 2
The torque T, of Equation (2) is, according to Figure 2, a nonlinear characteristic which
depends on the phase current I (0 to 80A) and the rotor position 8 (0 to 60°).
The torque T, (Equation (3)) given by Figure 2 is computed from the sum of the
instantaneous torque (Equation (4)) developed by phase j according to [3]:

j=4
T, = Z Tphasej 3)
1
where: 1 dL(6)
phase; — 571]‘2 4

All the variables of the model are given by the following: 6: Rotor position, (2: Angular
velocity of rotor, J: Moment of inertia (rotor), T: Total electromagnetic torque, f;: Friction
Coefficient, Tr: Load torque, I;: Current in the jth phase, ¢;: Flux linkages in jth phase, V}:
Voltages of jth phase, R;: Resistance of the jth phase, L: Instantaneous inductance.
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Figure 2. Torque in terms of position and phase current.

3. SRM Power Stage Converter

As the SRM is four phases, four asymmetric H-bridges are selected to supply the
stator windings because of the simple design, control, and low cost. Indeed, different
types of converters are listed in the literature to supply the SRM [26]. Figure 3 gives a
view of the selected converter supplying each phase of the SRM. The DC link voltage Vdc
to supply the converter is fixed according to the SRM specification at 250 V/61 A. The
supply of each phase is carried out by each asymmetric H-bridge. On the other hand, PWM
signals for supplying the drivers of the transistors are provided by the current loops of the
implemented control strategy, which is given in Section 4. Using MATLAB/Simscape, the
power stage to supply the SRM is modelized by four asymmetric H-bridges.

‘Qilr_n—_l;l o K Qa:l.._J D3 Q_Sl:lkj

+
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Ve Y Y Y L

2 8 Qﬂ% oa 78 Qﬂ."}l D6 7
'

Figure 3. SRM four asymmetric H-bridges.

4. SRM Control Strategy

For velocity or torque control, different control strategies are suggested [12]. Direct and
indirect torque control are among the control strategies. The control strategy selected for
the velocity control is based on two cascade control loops: velocity and current loops [12].
Figure 4 shows the block diagram of this control strategy. The velocity control loop provides,
according to the velocity point (*) the total torque setpoint (*) of SRM to a torque sharing
function in charge of generating torque setpoint (*) for each phase. From each phase torque
setpoint (*), a phase current setpoint (*) is deduced using the reverse of the nonlinear torque
characteristics given by Figure 2. The deduced current sept points (*) are finally provided
to the four current control loops to generate PWM signals of the converter.
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Figure 4. Block diagram of the control strategy.

Based on the control strategy given by Figure 4, PI, SMC, and STSMC controllers are
designed for velocity and current control loops. SMC and STSM are developed separately
for current and velocity control loops in [12] using the nonlinear model of the SRM given
in Section 2.

4.1. PI Controllers

PI controllers are widely used in industries due to their simplicity and low cost.
Moreover, their implementation in analog or digital hardware is simple and easy. Under
limited operating conditions, they perform well and their steady state performance is good.
For any PI controller, the control design is defined by the following:

u(t) = Kpe(t) +Ki/0te(l“)d1" 5)

where e(t) is the error defined as the difference between the desired set point and the
measured variable. K, and K; are the proportional and integral gains.
For the velocity control loop, e(t) is defined by the following:

eq(t)= Q7 () —Q(f) (6)

()* and Q) are the velocity set point and the measured velocity, respectively.
For the current loop, e(t) is given by the following:

ei(t) = i*(t) —i(t) @)

i* and 7 are the current set point and the measured current, respectively.
The PI parameters K, and K; are designed for current and velocity loops using the
classical methods of control.

4.2. Sliding Mode Control (SMC)

The design of SMC can be achieved in two steps. In the first step, we define the sliding
mode, which is a surface (switching function) that is invariant to the controlled dynamics,
where the controlled dynamics are exponentially stable and where the system tracks the
desired set point. In the second step, the control law is designed in such a way that it
should guarantee steering the system trajectories towards the sliding surface [27].

4.2.1. SMC Controller for Velocity Loop

The switching function is defined as follows:

S1(t) = eq(t) + /\1/_:0 eq(I)dr (8)
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where A is a positive constant.
The aim is that the error will converge to zero exponentially (if S1(t) = 0 then ey = 0).
The state space variables are defined as the following:

{x1(t) = f:; eaD)dl ¢ 1 1) )

Using (8) and (9), we can write the following:
S1(t) =x(¢) +/\1X1(t) (10)

According to (9), the dynamical model of SRM, (2) can be rewritten as follows:

1 1, ., 1 « 1
Xy = jTg - T'er - jfrxz - Q - TTL (11)
In a state space representation, (11) becomes the following:
xi = X2
. 12
{xzzf(t)—l—g.u—l—d 12)

with f(t) = = Q% () — { frea(t) = Q*(t), g = j,d = =T, and u = Te.
The equivalent SMC law (u,,) that ensures the asymptotic convergence of the velocity
error towards zero verifies the following equality [27]:

S1(t) = Sy1(t) =0 (13)
From (10) and (12), we deduce the equivalent control input as follows:
g =g~ (—f(x) —d — Ax2) (14)

Ueq represents the total reference torque (T ,,;,)-
Additionally, the discrete SMC law (1) that guarantees the reachability of SMC in
finite time is warranted if the following is the case [27]:

$151 <0 (15)

From (10), (15) can be rewritten as the following:

$181 = S1(f(x) + g +d + A1x) (16)
if we set the following;:
uy'=gu=guy (17)
and
uf = —(f(x)+d—+Axp) — Cysign(Sy) (18)

where C; is a positive constant. Therefore, the SMC law that ensures the asymptotic
convergence of the velocity towards zero in finite time is given by the following:

U= Ueg + Uy (19)

4.2.2. SMC Controller for Current Loop
For the current SMC controller, the sliding surface is defined as the following;:

Sa(t) = Kqe;(t) + Kz/_too e;(Idr (20)
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where K; and K; are two positive coefficients.
The reason for this choice is obvious. If 5(t) = 0, then é:—%e, so the current error
will converge to zero exponentially.
Equation (1) can be written as follows:
. 9(0.5) do_ oy;(6,1;) dl;

Vi=Rii+ =gt oL @

]
. . op;i(6,1; . v (6,1
in which % = (), where L a(l_ ) represents the self-inductance of the phase and %Q
j

(21)

is the back counter-electromotive force (EMF) produced in the jth phase. From (21), we can
write the following:

dl; VR d; 91]«0 ”
ar =( i ])'Bilpj(G,Ij) T 90 (22)

The equivalent voltage (V,;) obtained by the following:
S2(t) = Sy(t) =0 (23)

From (22) and (23), the equivalent voltage (V,;) for each current regulation is written
as the following:

81/1](9, I]) O+ al/J](Q, I]) dL/*_Q_(R 81/)] (9, I]) K5

Veg= RiI;"+ % 5 It iy K—l)ei(t) (24)
Finally, the current SMC controller law is defined as the following:
VSMC = ng - CzSigl’l(Sz) (25)

with C; is a positive constant.

4.3. Super Twisting Sliding Mode Control (STSMC)

The implementation of sliding mode control presents an undesirable phenomenon
of oscillation, which is known as “chattering”. The Super-Twisting Sliding Mode control
(STSMC) has been developed to avoid chattering in variable structure control (VSC) for the
case of systems that have a relative degree equal to one [27].

Consider sliding variable dynamics given by a system with a relative degree of two,
the following is the case:

y1(t) = @st(y1,t)+Ysr(y1, t)ust(t) (26)

where y; (t) is the sliding function S, in which ¢s1 and Ys7 are uncertain functions with the
upper and lower bounds of (27) and (28), respectively, and ugr () is the scalar control input.

lpsT(y1,t)| < Pst (27)

0< Yyust < Ygr(y1,t) < Yusrt (28)

The control signal ugr(t) can be given as the sum of two terms [27]:

u=up(t) + uz(t) (29)

o Ju(t)gpiflu(t)gr| > U
ul(t)_{ —I/\57£ign(y1 StT)else (30)
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o [=AISolfsign(ys ()i (8)] > So
2“"{ Ay (1) Psign(y (£)else (31)

where U is the control value boundary and Sy is a boundary layer around the sliding
surface S. The sufficient condition of limited time convergence is the following:

W > $stT

YmST
Yus(W+sr)
22 4psT YMmsT ST 32
> Yiust? YisT (W—¢sr) 32
0<p<05

4.3.1. STSMC Controller for Velocity Loop

To compare the SMC and STSMC, we use the same switching function expression
used in SMC controller design:

S3(t) = yl(t) = EQ(t) + C[ eQ(F)dF,c >0 (33)

The aim of this mathematical development is to write the systems having a relative
degree equal to one and to compare it with (26) to find the sufficient conditions and to use
the control law defined in (29).

From (2), (33) can be rewritten as the following;:

o i e (S 1
y1=0Q + ]TL+ ]er +< i +C>€Q ].Tg (34)

Defining the variable as the following:

¢ST:Q*+1TL+1er*+ (—fr-i-C)eQ (35)
J J J

Ysr =1 (36)

ust = —%Te 57)

Equation (34) becomes the following:
y1 = @sT+YsrlsT (38)
If we set the following;:

0<Yust =05 <Ysr=1<Yysr =2

dor = 3Te <U = 7T (39)
$sT = Q*—i—%—l—ﬂ] +(—%+6)€Q‘+ %‘

where T,y is the maximum torque of the SRM. Conditions in (27) and (28) are satisfied.
To design the control law defined in (29), it is necessary to choose the controller

parameters that verify (32).

4.3.2. STSMC Controller for Current Loop

In the same way as in the previous paragraph, for the STSMC current controller, the
switching surface is defined as the following:

S4(t) = yz(t) = Kge; (f) + K4/joo e;(T)dr (40)
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Putting e;(t) with its expression (21) in (38), we can write the following:

= Ko +Kae; 4 KR L0 gy -9y 41)
= Kae; e I —K3— — ;
Y2 360 46 30 ]81’[]](9,1]) 380 31/1](9,[]) ]
where K3 and K, are two positive numbers.
Defining the variable as the following:
'~ Kaer" + Kaei + KaRy i — k2 42
PsT = Kae; + Kqe; + BJ'JW_ 339 (42)
ol;
Yor' = — 1 — (43)
9; (0, 1))
usy! = —V; (44)
Equation (41) is expressed as the following;:
Y2 = @s7'+Ysr' ust’ (45)
where ol dl ol
0< Y'ust = 05—+ < <Y =_—"J< <Y pyer= :
st ayi(e) = " gp o) = MT T Zay(e)
Wer = |=Vj| <U' =V (46)
al; al
¢'sr = ’KSei* + Kaei + K3Rj Ijz—— ‘ + ’K3a730’

#liag )

It satisfies the conditions in (27) and (28).

5. Performances of the Designed Controllers

For the velocity and current loops, controllers are designed for both using PI Con-
trollers, Sliding Mode Controller (SMC), and Super-Twisting Sliding Mode Controller
(STSMC). Simulations are performed at a reduced scale for a vehicle drivetrain (Figure 4)
using Matlab/Simulink to evaluate the proposed controllers [12]. The objectives are to
minimize the velocity error and to ensure a smooth total torque waveform of the SRM. A
velocity profile from zero to SRM maximum velocity (10,000 rpm) is chosen (Figure 5) with
a load torque T;, = 8 Nm applied, in steady state, at t = 1.5 s, for a duration of 2 s. In addi-
tion, SRM torque viscous friction defined by fr*() where fr is the viscous friction coefficient
(see Appendix A) is considered for all the simulation. The velocity profile tracking of the
PI, SMC, and STSMC controllers and torques responses are presented in Figures 5 and 6,
respectively. Indeed, Figure 5 shows that the velocity profile is well followed using the
three controllers except the PI controller. Indeed, with the zooms displayed in Figure 5,
STSM control is the best in terms of tracking. In Figure 6, the torque responses confirm
on the one hand that the STSM control is the best, in terms of response time, to follow the
torque profile, and on the other hand, as shown in the zoom of Figure 6, the torque ripple is
considerably reduced in steady state compared to the SMC. In addition, the motor torque
(current) at standstill is not zero because of the applied load torque of 8Nm for a duration
of 3 s. However, viscous friction torque is zero because it depends on the motor velocity.
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Figure 5. Velocity responses for the designed controllers.
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Figure 6. Torque responses for the designed controllers.

Based on these simulation results, Table 1 summarizes performances of the three
controllers, namely rise time, maximum steady state error, maximum overshoot of velocity
responses given by Figure 5, and torque ripples computed from torques responses given
by Figure 6. Finally, performances comparison is carried out to show that Super-Twisting
Sliding Mode Control is the best algorithm to provide the best performances for an electric
vehicle drivetrain using a Switched Reluctance Machine.

Table 1. Performances comparison of the designed controllers.

Performances PI SMC STSMC
Rise time 0.105s 0.08s 0.01s
Max of steady state error 6% 0.3% 0.1%
Max of overshoot 27 %o 23 %o 8 %o
Torque ripple at maximum velocity 14.5% 13.9% 12%

6. Robustness of the Designed Controllers

In the context of an electric vehicle application, the study of the robustness of the
proposed controllers is necessary to check the limits of performances degradation with
respect to the variations of the SRM physical parameters. The parameters to be varied are
the resistance of the stator windings of a phase, the moment of inertia, the viscous friction
coefficient, and the vehicle load torque whose variations are due to driving conditions
(acceleration/deceleration), road slope, and state of the road (speed bumps, presence of
obstacles, etc.). Based on the designed controllers where performances are evaluated by
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simulation in [12], a second simulation creating the variation of physical parameters of the
vehicle drivetrain is carried with the designed controllers PI, SMC, and STSMC.

6.1. Stator Resistance Windings Variation

As the stator resistance windings varies because of temperature and ageing of the
SRM, two values are chosen with —50% and +100% of the nominal value. Using the same
simulator with the three controllers, namely PI, SMC and STSMC, response velocities
and stator currents responses are collected. Figure 7a (with PI control), Figure 7b (with
SMC), and Figure 7c (with STSMC) show the effect of these variations. Indeed, if the
stator resistance of a phase decreases, an overshoot occurs; if the stator resistance of a
phase increases, dynamic responses are slow. In addition, the zooms associated with these
figures for the current and velocity responses show the interest to use the STSMC for the
resistance varyies.
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0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 2.5 3
t|s] t s
(c1) Current response with STSMC (c2) Velocity response with STSMC

Figure 7. Velocity and current responses with the three controllers.

6.2. Load Inertia Variation

As the vehicle inertia varies because of the vehicle load inertia, two values are chosen
with —50% and +100% from the SRM inertia nominal value. Velocity responses show the
effect of these variation on the velocity responses with the PI controller (Figure 8a), SMC
(Figure 8b), and STSM (Figure 8c).
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Figure 8. Velocity responses with the three controllers.

6.3. Viscous Friction Coefficient Variation

For the viscous friction coefficient, a variation of 1/2 f, and 2 f; of the friction coefficient
is carried out by simulation using the three controllers. Figure 9a—c show the velocity and
torque responses. Indeed, STSMC is more robust compared to the other controllers. The
zooms show that the errors are neglected when the viscous friction coefficient varies.

6.4. Load Torque Variation

For load torque variation, a first step load torque of 12 Nm is applied att = 1.5 sand a
second step of 16 Nm is applied at t = 2 s. Figure 10a—c show torque and velocity responses
using the three controllers. Indeed, the load torque change is well compensated by the
motor torque. In addition, as shown in the zoom of velocity responses, the overshoot error
is neglected.
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Figure 9. Velocity responses with the three controllers.

Based on the responses of Figures 7-10, a quantification of the maximum error in
steady state is carried out for current and velocity responses, while from torque responses,
torque error is quantified in % using the following formula:

ATE(O/o) _ Temax — Temin
Teaveruge

Table 2 summarizes the computed values of the maximum errors at the maximum

velocity using PI control, SMC, and STSMC.

Table 2. Evaluation of the robustness of the three controllers.

Physical Parameter
Variation

P1

SMC

STSMC

Resistance R

Velocity emax =2 rpm

Velocity emax = 0.8 rpm

Velocity emax = 0.5 rpm

Currentemax =13 A

Current emax =0.97 A

Current emax =0.3 A

Moment of inertia J

Velocity emax =5 rpm

Velocity emax =5 rpm

Velocity emax = 1.5 rpm

Friction Coefficient f;,

Velocity emax = 3 rpm

Velocity emax = 40 rpm

Velocity emax = 0.5 rpm

load torque Ty,

Velocity emax = 48 rpm

Velocity emax = 8 rpm

Velocity emax = 5 rpm

Torque emax in % = 0.6

Torque emax in % = 0.1

Torque emax in % = 0.06
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Figure 10. Velocity and torque responses with the three controllers.

In comparing the maximum errors of the three controllers, STSMC also shows its
added value in robustness. Indeed, for all physical parameter variations, the maximum
errors are the smallest ones for velocity, current, and torque responses. However, STSMC
remains the best controller in terms of performance and robustness for electric vehicle
applications. Finally, in Table 3, performance and robustness of the three controllers shows
that Super-Twisting Sliding Mode Control is the best comparing to the PI and sliding
mode controllers.

Table 3. Performances and robustness evaluation of the three controllers.

Controller
PI SMC STSMC
Tracking - ++ ++
Rapidity + ++ ++
Performances —
Precision + ++ ++
Torque ripple + - ++
R + ++
fr + ++
Robustness
J + ++ ++
T + ++ ++

++: Very good, +: Good, -: Poor.
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7. Experimental Validation

For the experimental validation, an emulation of the electric vehicle drivetrain is
carried out at a reduced scale. As shown in Figure 11, a test bench is set up using a
Switched Reluctance Machine of 8.3 kW (1) and a DC machine (2) with a resistive load
(3) to emulate the vehicle load torque. The power supply of SRM is provided by four
asymmetric half-bridges (4) supplied by a DC link of 250 V (7). In addition, the PWM
signals to provide to the drivers of the IGBTs of each half-bridge converter are computed
from the control strategies implemented on a multicore dSpace 1005 platform (5). The
provided PWM signals are amplified from 5 V to 15 V using an electronic stage (8). For
all the implemented control strategies, four current sensors (6) are used to provide, in real
time, the stator currents through A /D inputs of the dSpace panel.

Figure 11. Test bench SRM-DC machine.

The real-time interface RTI of the implemented control strategies is mainly composed
of four blocks. Figure 12 gives the general block scheme of the implemented control
strategies, namely PI, SMC, and STSMC with a sample time of 10~ s and a PWM frequency
of 18 kHz.

i(a,b,c,d)[A]

AD_Measurement

Absolute mechanical angle [mech-deg]

Absolute mechanical angle [mech-deg]

[4RT! Data
double D DSSSZSESSMC double D
1 » Enable [0,1] Watchdog ok [0,1]
double (4) D2 3 double (4) D1 constant Board: 2
1 AC_Motor_Setup
Measured currents [A]
4
double D3 double D1
—' !
M angle 1 [deg] double (4) D1
double (4) D2 double (4) D1 Control Signal ]~
» »{ Angle 4 (deg]
4 i
Velocity [rpm] |double D3 double D1
——————» ”
Velocity [rpm]

Resolver_Measurement

PWM generation
Block of control strategies

Figure 12. RTI block scheme of the implemented control strategies. 1—block of the four measured

currents i,, ip, ic, and ig. 2—block of the measured position and velocity with a resolver mounted on

the shaft of the SRM. 3—block of the control strategies with the designed robust controllers; PI, SMC,

and STSM implemented separately. 4—block of PWM signal generation.

For the experimental validation, a velocity profile (*) of 3000 rpm max is chosen
with acceleration, steady state, and deceleration phases for a duration of 180 s. Based on
the velocity responses of Figure 13, responses errors are plotted in Figure 14a—c showing,
respectively, a zoom of the reached velocity in steady state errors with PI, SMC, and STSMC.
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Indeed, the best robust control given the minimum of oscillations around the steady
state value is STSMC and, consequently, the minimum error in a steady state compared to
other controllers. Moreover, when comparing the response of SMC and STA, the velocity
response ripples, as shown in the zooms of Figure 13, are significantly improved due to the
elimination of the chattering phenomenon.

Finally, simulation and experimental results confirm that, according to the performance
comparison, STSMC is the best algorithm to be selected for an electric vehicle drivetrain
with a Switched Reluctance Machine.

For the same controllers, current responses for a current set point (*) are collected from
the test bench and plotted to make a performance comparison. Figures 15-17 show the

current responses of phase 1 using PI, SMC, and STSMC, while Figures 18-20 show the
corresponding current error responses.

Courant [A]
o N N
@ ) a

-
=]

(5]

\ . \ .
140 140.005 140.01 140.015 140.02

Figure 15. Current response of phase 1 using PI control.

Courant [A
- N N
o« o o«
T T T

-
o
T

o
T

140 140.005 140.01 140.015 140.02
t|s

Figure 16. Current response of phase 1 using SMC.

25+

- - [
o o o
T T T

Courant [A]

o
T

0

140 140.005 140.01 140.015 140.02
t[s]

Figure 17. Current response of phase 1 using STSMC.
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Figure 18. Current error response of phase 1 using PI control.
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Figure 19. Current error response of phase 1 using SM.

—I-1
ol |

0 50 100 150 200
t[s]

Figure 20. Current error response of phase 1 using STSMC.

According to the experimental current responses, it is shown that STSMC implemented
in the current loop is the best algorithm to obtain minimum oscillations around the steady
state value and, consequently, minimum torque ripple. Finally, the three robust controllers
implemented simultaneously in the velocity loop and in the four current loops of the SRM
control strategy confirm that STSMC performances are better compared to the other robust
controls, namely PI and SM controllers.

8. Conclusions

In this paper, STSMC, SMC, and PI controllers are successfully validated and im-
plemented to deal simultaneously with the velocity and current tracking problem of a
Switched Reluctance Machine for electric vehicle applications. A cascade control strategy
is adopted to control separately the SRM velocity and each phase current.
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e The simulation and the experimental results show and confirm the benefits of using
STSMC in terms of tracking performances and torque ripple minimization, thanks to
the significant reduction in the chattering.

e  The performances of electric vehicle drivetrain are improved using a Switched Reluc-
tance Machine and STSMC. Both could be a new solution for future electric vehicles
drivetrains: SRM as a fault-tolerant design component without rare earth material
and STSMC as a robust control to obtain better performances and comfort in the
electric vehicle.

e Improvement of performances and robustness of electric vehicle drivetrain using
switched reluctance machine can improve performances of other functions of safety
in electric vehicle applications and/or in autonomous vehicles where the dynamic
behavior of the vehicle on the road depends on the dynamic behavior of the vehicle
drivetrain in closed loop.

e  This work can be extended to deal with electric and mechanical faults of the electric
vehicle drivetrain to show the added value of SRM as a fault tolerant design machine.

e  Finally, this study can be extended to Four-Wheel Independent Control Electric Vehi-
cles (FWIC-EV) using Switched Reluctance Machines and STSMC.
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Appendix A
Parameter Value
Topology 85/6R
Phase number 4
Power supply (DC) 250V
Maximum current 61 A
Nominal Power 8 kW
Maximum torque Ty, 20 Nm
Maximum speed 10,000 rpm
Phase resistance R 0.0404 Ohm
Moment of inertia ] 0.0043 Kg/ m?
Viscous friction coefficient fr 0.005 Nm/s
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