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ABSTRACT

This study established a nonlinear control design for switched reluctance motor
(SRM) vehicle applications, using the backstepping approach. The suggested
controller is established according to a model that consider magnetic saturation
while reducing torque ripple and resulting in less vibrations. To optimize torque
ripple, control angles are adjusted based on the machine speed and torque mea-
surements. Indeed, a lookup table is constructed, offering the efficient control
angles for various motor operating points. The suggested control technique was
validated through simulation, exploiting an accurate MATLAB SRM model con-
sidering magnetic saturation effects. To illustrate the superiority of the suggested
regulator, a comparison of its performance with a proportional-integral (PI) con-
troller was performed. The acquired findings indicate the suggested regulator’s
effectiveness.
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1. INTRODUCTION
Switched reluctance machines are distinguished from other electrical machines because their structure

is devoid of conductors and magnets, which allows them to operate at different speeds. These machines also
have other advantages, including simple and less expensive design, high torque production and so on [1]-[3].
But its nonlinear magnetic characteristic poses a number of challenges, including vibration, acoustic noise, and
significant torque ripple [4].

In the literature, numerous studies on machine mechanical design have been established to decrease
the torque ripple of swithed reluctance motor [5]-[8]. But this type of solution is expensive and presents
practical implementation challenges [9]. Other studies have been conducted adopting control procedures, for
instance, currents controllers , excitation angles optimization, and so on. In [10] an adaptive excitation angles
optimization has been proposed. However, the magnetic saturation phenomena has not been considered in the
control model development. For decades, many studies on machines and their controls have been developed
considering linear regime[11]-[13]. The limitation to the linear regime, whether for the machines or the con-
trollers, does not guarantee good performance. In [14]-[16], an advanced torque sharing function (TSF) has
been established. However, this technique use an switched reluctance motor (SRM) model neglecting magnetic
saturation, i.e., the expression of the inductance Lj(θ) (where j represents the considered phase number), was
given according to the position only. Thus the performance of these regulators is only ensured for current
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values lower than the nominal value. Therefore, the SRM must be decommissioned.
Masoudi et al. [17] suggested a fuzzy adaptive control method to decrease torque ripple. The chosen

control model does not considere the magnetic saturation. Thus, the outcomes obtained are unsatisfactory.
Besides, a speed control technique with torque ripple minimization has been given in [18], while acting on
both current and control angles. Its main drawback is that the magnetic saturation effects are not taken into
account when designing its algorithm. To increase the machine’s performance, magnetic saturation effects
should be considered, hence the expression of the inductance Lj should take into account both current ij and
rotor position θ (see Figure 1).
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Figure 1. Inductance L1 form

Many studies based on nonlinear control technique have been investigated taking into account the
magnetic saturation. For instance, intelligent controller, sliding mode controller, predictive controllers, and
so on. In comparison with [19], predictive control provides lower torque ripple. Because of the requirement
to identify the target function future values, it requires massive computations [20]. Similarly, sliding mode
control (SMC) considered in [21]-[23]. Nhan et al. [21] describes the design and study of SMC for radial
position and rotational speed of slotless self-bearing motors. In [23], a control study of an induction motor
powered by a solar photovoltaic (SPV), using a sliding mode controller and a hysteresis controller has been
investigated. Applying this control technique to reduce torque ripple in an SRM is not allowed because to the
chattering issue. Furthermore, Pushparajesh et al. [24] propose a direct torque scheme based on genetic neural
network controllers to decrease the switched reluctance motor torque ripple. A drawback of that method is when
compared to the set performance, the calculation time is a little higher. To improve the SRM performances,
for example, wide speed range and supported large load torque. The controller design model should be carried
out considering the magnetic saturation phenomena. Thus, the SRM machine modeling should be expressed
in nonlinear form of position and current. Furthermore, we can act on both control angles (θON and θOFF )
and phase current. According to the aforementioned discussion, dealing with torque ripple minimization while
considering the magentic saturation are still one of the most significant challenges in control fields. This
motivates us to carry out this work. The major contribution of this study is to establish a new control technique
including magnetic saturation effects in the purpose to improves SRM performances. This controller is intended
to meet the following aims: (i) optimize the control angles in order to decrease torque ripple, (ii) track the
desired speed, and (iii) track the desired torque.

Two nonlinear speed/current controllers are included in the proposed control approach using an op-
timal angles selection. Based on a model wish consider the magnetic saturation, nonlinear controllers are
designed with the use of the backstepping approach. To reduce torque ripple, an excitation angles selection is
carried out. The simulation outcomes are carried out using an SRM MATLAB model, that gives consideration
to saturations effects. To prove the suggested approach efficiency, a comparison with proportional-integral (PI)
controller is performed. The structure of this work is given as: switched motor modeling is depicted in section
2. Section 3 presents the design of the nonlinear controllers and the control angles selection. The simulation
outcomes are developed in section 4. A conclusion is given at the end of this paper.
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2. SWITCHED RELUCTANCE MOTOR MODEL
As dicussed above, magnetic saturation should be considered when developing the SRM model, for

the purpose of optimize motor performances. Thus, the current per phase and position must appear in the ex-
pression of the machine parameters. Using machine magnetic characteristic as shown in Figure 2, the phase
inductance modeling is carried out as proposed in [25]. Based on electrical and dynamics fundamental formu-
las, we can elaborate these equations [10]:

di1
dt

= −(α1 + β1 · ω) · i1 + γ1 · u1

di2
dt

= −(α2 + β2 · ω) · i2 + γ2 · u2 (1)

di3
dt

= −(α3 + β3 · ω) · i3 + γ3 · u3

dω

dt
= −f

J̃
· ω +

1

J̃
· Te −

1

J̃
· TL

with ij represent the current per phase; uj the control signal; Te the instantaneous torque; θ the position; ω the
speed; TL the torque load; f the coefficient of the viscous friction ; and J̃ the inertia moment. The parameters
αj , βj and γj are expressed as:

γ1 =

(
i1 ·

∂L1

∂i1
+ L1

)−1

;α1 = γ1 ·R1;β1 = γ1 ·
∂L1 (θ, i1)

∂θ

γ2 =

(
i2 ·

∂L2

∂i2
+ L2

)−1

;α2 = γ2 ·R2;β2 = γ2 ·
∂L2 (θ, i2)

∂θ

γ3 =

(
i3 ·

∂L3

∂i3
+ L3

)−1

;α3 = γ3 ·R3;β3 = γ3 ·
∂L3 (θ, i3)

∂θ

where Rj is the resistance per phase. Figures 3 and 4 show the general shape of ∂Lj(θ,ij)
∂θ and ∂Lj(θ,ij)

∂ij

parameters, which are performed based on the modelisation proposed by [25].
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Figure 2. SRM 6
4 magnetic characteristics

Figure 3. The ∂Lj(θ, ij) variation with respect to position
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Figure 4. The ∂Lj(θ, ij) variation with respect to phase current

Otherwise, the electromagnetic torque is given by [26]:

Te =

Nph∑
j=1

Tj (2)

with:

Tj =
∂

∂θ

∫ ij

0

φ(τ, θ)dτ (3)

where Tj is instantaneous torques per phase; φ(θ, i) the flux linkage and Nph is the SRM phases number. If we
choose x1 = i1, x2 = i2, x3 = i3 and x4 = ω as state variable, the system of equation given by (1) becomes:

ẋ1 = −(α1 + β1 · x4) · x1 + γ1 · u1

ẋ2 = −(α2 + β2 · x4) · x2 + γ2 · u2

ẋ3 = −(α3 + β3 · x4) · x3 + γ3 · u3 (4)

ẋ4 = −f

J̃
· x4 +

1

J̃
· Te −

1

J̃
· TL

3. NONLINEAR CONTROLLERS DESIGN
3.1. Control approach

Instantaneous torque control (ITC) and average torque control (ATC) are the major SRM torque con-
trol techniques. When comparing these two methods, it can be shown that ATC has a significant torque ripple
that might result in machine vibrations, which are not recommended in the industry [27]. The instantaneous
torque control techniques is categorised as direct (DITC) or indirect (IITC). The IITC control the output torque
by regulating phase current. In the literature, there are several categories of IITC approaches, including har-
monic current injection, torque sharing functions (TSF), current profiling methods and so one [28]. In our
study, TSF technique is addressed. Figure 5 illustrates the association of a TSF function with a speed controller
required to produce the desired torque T ∗

j . A torque-current lookup database is then associated to a second
current controller so as to achieve the desired uj . Furthermore, the θON and θOFF angles are varied based on
the SRM operating point.

Figure 5. Proposed IITC controller
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The suggested approach emphasizes two nonlinear backstepping controllers, a first table database for
the desired current i∗j , and a second one for the control angles optimization. For convenience, we recall that we
attempt to meet the following control aims:
− Optimize the control angles to decrease torque ripple.
− Track the desired speed.
− Controlling the torque indirectly using currents.

3.2. Control angles selection
In the purpose to decrease the torque ripple, it is necessary to avoid the production of a negative

torque. Therefore, the excitation angles(θON and θOFF ) should be chosen appropriately. In fact bad choice
of these values, leads to apply a positif current throughout inductance negative changes (∂L∂θ < 0). Thus, it
should be important to select θON and θOFF such that they delimit the positive variation of the self-inductance
(see Figure 6). As a result, good performance cannot be attained by a torque control with set control angles.
This encourages the notion of modifying these angles based on the motor’s operating point. Using an accurate
MATLAB SRM 6/4 model, the optimal control angles were selected after several simulations. By computing
the torque ripple ratio for distinct values of velocity and torque using the formula: Tripple(%) = Temax−Temin

Ta
×

100%. Where Temax, Ta, and Temin are the higher, average and lower torque respectively.

Figure 6. The application of a positive current during the interval θON and θOFF

The Tripple for every (ω, Te) pair is computed for different values of excitation angles. Finally, we
maintain the combination (θON and θOFF ) at a given torque and speed, ensuring the lowest torque ripple rate.
Figure 7 illustrates an example of SRM torque ripple variation with respect to the excitation angles for a given
torque Te and speed ω (70 Nm and 200 rd/s). For this example, the optimal obtained pair is (θON = 48◦,
θOFF = 82.5◦ ). The entire collection of obtained measures is employed as lookup database that utilizes the
speed and the instantaneous torque as inputs and θON , θOFF as outputs.
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3.3. Design of the nonlinear controllers
3.3.1. Speed controller

The velocity controller is designed utilizing the backstepping method. Let define the velocity error:

ē1 = x4 − ω∗ (5)

where ω∗ is the desired speed. The candidate Lyapunov function under consideration is presented as:

V̄1 =
1

2
ē21. (6)

Its time derivative is obtained by using (4) and (5) as:

˙̄V1 = ē1 · ˙̄e1 = ē1 ·
(
−f

J̃
· x4 +

1

J̃
· Te −

1

J̃
· TL − ω̇∗

)
(7)

Let consider Te as a virtual command, such that:

Te = −J̃ · l1 · ē1 + f · x4 + J̃ · ω̇∗ + TL (8)

where l1 > 0 is a controller parameter. In this situation, one has:

˙̄V1 = −l1 · ē21 < 0 (9)

as a result, the velocity error ē1 is globally, asymptotically stable. On the other hand, Te doesn’t represent a
real control input, so should not be immediately applied in accordance with (7). Thus, we designate the torque
reference signal by T ∗

e :

T ∗
e = −J̃ · l1 · ē1 + f · x4 + J̃ · ω̇∗ + TL (10)

the next objective is to ensure that Te pursues its reference Te
∗.

3.3.2. Torque-current table
It should be noted that the currents per phase i∗j are generated using the association of TSF block with

torque-current database (view Figure 5). A adapted TSF function is employed in this paper. It has recently
been established in [29] that this function provides the best solution for reducing torque ripple. Accordingly,
TSF (θ) function is given by:

TSF(θ) =



0, (0 ≤ θ ≤ θon)
T∗
e

2 − T∗
e

2 cos Π
θov

(θ − θon) , (θon ≤ θ ≤ θon + θov)

T ∗
e , (θon + θov ≤ θ ≤ θoff )

T∗
e

2 +
T∗
e

2 cos Π
θov

(θ − θoff ) , (θoff ≤ θ ≤ θoff + θov)

0, (θoff + θov ≤ θ ≤ θp)

(11)

with θp, θov are rotor period and overlap angle respectively. Based on (3) and the SRM 6/4 magnetic charac-
teristic, a torque-current lookup table is constructed. Moreover, an inverse lookup table i∗j (Tj , θ) is created by
exploiting an interpolation function [29]. Now that the reference currents are determined, one can develop the
second controller.

3.3.3. Current controller
Let consider the current errors given by:

z̄j = xj − i∗j , j = 1, 2, 3 (12)

for the current errors system z̄j , the chosen Lyapunov candidate function is given by (13).

V̄2 =
∑
j

1

2
z̄2j =

1

2

(
z̄21 + z̄22 + z̄23

)
(13)
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Using (4) and (12), one can obtain:

˙̄V 2 =
∑
j

[
z̄j ·

(
−αj · xj − βj · xj · x4 + γj · uj − i̇j

∗)]
(14)

by using (14), the chosen control inputs are:

uj = (αj)
−1 ·

(
−kj z̄j + i̇j

∗
+ αj · xj + βj · xj · x4

)
(15)

where kj > 0 are the controller parameters. By swapping (15) for (14), one has:

˙̄V2 = −
∑
j

kj · z̄2j < 0 (16)

as a result, the current regulator’s error z̄j is globally and asymptotically stable. The following theorem sums
up the results of this analysis:
Theorem 3..1 (main result) considering the closed-loop system which consists of an SRM model, given by the
dynamic system (1)-(4), and a nonlinear regulator provided by (15). Consequently, the ensuing properties are
assured:
− The error system of currents (z̄1, z̄2, z̄3) has a global and asymptotic convergence to zero.
− Also, the error of torque ē1 has a global and asymptotic convergence to zero.
Proof 1 the first section is proved by (16). Therefore each current ij track its reference i∗j in steady state.
Furthermore, to enforce the motor torque to track its reference T ∗

e given by (10), the currents per phase i∗j were
obtained based on the association of TSF function (11) with a lookup table. As a result, the SRM torque Te

will track its reference T ∗
e . This concludes the proof of the second section of the theorem.

4. RESULTS AND DISCUSSION
To confirm the suggested control method superiority, simulations were performed using an SRM 6/4

MATLAB model while considering saturation. The major characteristics of the used motor are presented
in the Tables 1 and 2. Indeed, a Simulink MATLAB model of the considered system is shown in Figure 8. A
backstepping controller is used to achieve the speed tracking objective. This latter gives rise to the motor torque
reference signal. A TSF function is then applied to determine the torque reference associated with each motor
phase. Finally, using a lookup table, the desired torque is converted into corresponding current reference signal.
The current controller drives the power converter associated to the SRM motor. Furthermore, an optimization
unit is introduced for the adaptation of the converter control angles according to the SRM operating point. In
this section, a performance comparison of the suggested controller with a PI regulator is carried out. Moreover,
the consequences of varying θON and θOFF is investigated. Lastly, the suggested controller’s strength to load
torque changes is assessed.

Table 1. SRM 6/4 characteristics
Parameters Value

Stator and rotor poles 6
4

Phases number 3
Maximum power 60 kW

Phase voltage 240 V
Resistance per phase 0.05 Ω

Max current per phase 450 A
Max flux linkage per phase 486 mWb

Rotor friction 0.01 N.m.s
Rotor inertia 82.10−4 Kg.m2

Saturated aligned inductance 0.15.10−3 H
Aligned inductance 23.6.10−3 H

Unaligned inductance 0.67.10−3 H

Accounting for magnetic saturation in designing a SRM speed controller for ... (Youness Boumaalif)
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Table 2. Considered parameters
Parameters Values
Standard PI K̄I = 150
K̄p = 1

Suggested controller k1 = 24.104

k2 = 24.104

k3 = 24.104

l1 = 105

Constants excitation angles θON = 48◦

θOFF = 80◦

Figure 8. Simulink circuit scheme

4.1. Comparison of PI with the suggested controller
Based on control law provided by (10)-(15) when applied to the SRM 6/4 MATLAB model, the

comparison is carried out. Figure 9 shows the speed responses of the two controllers when the speed takes 100
and 200 rad/s respectively with TL = 30Nm. It can be seen clearly the appearance of a overshoot due to PI
regulator requiring more time to stabilize. In contrast, the two regulators perfectly follow the speed reference.
Figure 10 illustrates the torque forms obtained with these two regulators. It is obvious that the suggested
regulator minimizes Tripple significantly, which proves its efficiency. Figure 11 depicts the phase voltage V1

when the phase current track its reference. Moreover, Table 3 illustrates this comparison.

Figure 9. The speed shape of the two controllers

Figure 10. The torque shape of the two controllers
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Figure 11. Responses of the phase voltage V1 and current per phase I1

Table 3. A comparison of speed and torque ripple of both controllers
Velocity error (rad/sec) T Ripple (%)

ω∗(rad/sec) P.I Suggested regulator P.I Suggested regulator
100 0.7 10−4 45.28 8.95
200 0.4 3.10−3 52.37 9.63

4.2. Influence of control angles
To demonstrate the advantage of modulating the θON and θOFF parameters, a comparison of the

proposed controller performances (for fixed and variable excitation angles) is performed. Figures 12 and 13
depicts the phase current, torque, and speed forms for fixed and modified control angles with a fixed load
torque of 150 Nm. We can observe that the velocity response still follows its setpoint with minimal torque
ripple. Table 4 highlight this comparison. Figure 14 shows the variation of excitation angles when applying a
reference speed of 100 rad/s for t ranging from zero to 0.1 s and 200 rad/s for t from 0.1 to 0.2 s with a torque
load of 150 Nm. We can see that our controller provides the optimal doublet (θON , θOFF ) which ensures the
required performance based on desired speed and torque.

Figure 12. Responses of currents, velocity and torque with constants θON , θOFF

Figure 13. The currents, speed and torque shapes with controlled angles (θON , θOFF )

Accounting for magnetic saturation in designing a SRM speed controller for ... (Youness Boumaalif)
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Table 4. A performances comparison for constants and adapted (θON , θOFF )
Velocity error (rad/s) T ripple (%)

Constants angles 0.59 66.3
Adapted angles 0.42.10−3 6.33

Figure 14. Excitation angles (θON , θOFF ) shapes for a variable reference speed

4.3. Proposed controller robustness
To highlight the suggested regulator robustness, a varying resistant couple. with fixed speed (200

rad/s) is applied. Figures 15 and 16 show the shapes of speed and torque with variable load torque. It is clear
that, regardless of load torque fluctuations, the proposed controller guarantees a speed tracking towards its
reference with minimal torque ripple. Despite high torque value, the simulation outcomes prove the velocity
regulation efficiency of the proposed controller as well as a minimization of torque ripple. Moreover, its
immunity to load torque fluctuations has been demonstrated.

Figure 15. Speed form for variable load

Figure 16. Torque form for variable load (20, 150, 50 and 80 Nm successively)

5. CONCLUSION
This work designed a backstepping SRM controller while giving consideration to magnetic saturation

effects and guarantying a torque ripple minimization. To more enhance the performance requirements, partic-
ularly, particularly when the load torque increases, an optimum excitation angles lookup-table has been used.
Based on a Simulink model, considering magnetic saturation effects, the simulation has been carried out. The
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outcomes demonstrate that the suggested regulator greatly reduces the Tripple compared to the standard PI.
Further, the velocity tracking error is less than 10−3 rad/s. Furthermore, it has been illustrated that, as com-
pared to fixed control angles, the employment of adaptive excitation angles improves machine performance.
Finally, the suggested controller’s robustness test has been accomplished.
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