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Abstract: There is limited research focused on achieving optimal torque control performance of
Switched Reluctance Generators (SRGs). The majority of existing studies tend to favor voltage or
power control strategies. However, a significant drawback of SRGs is their susceptibility to high
torque ripple. In power generation systems, torque ripple implicates fluctuations in the generated
power of the generator. Moreover, high torque ripple can lead to mechanical vibrations and noise in
the powertrain, impacting the overall system performance. In this paper, a Torque Sharing Function
(TSF) with Indirect Instantaneous Torque Control (IITC) for SRG applied to Wind Energy Conversion
Systems (WECS) is proposed to minimize torque ripple. The proposed method adjusts the shared
reference torque function between the phases based on instantaneous torque, rather than the existing
TSF methods formulated with a mathematical expression. Additionally, this paper introduces an
innovative speed control scheme for SRG drive using a Fuzzy Super-Twisting Sliding Mode Command
(FSTSMC) method. Notably robust against parameter uncertainties and payload disturbances, the
proposed scheme ensures finite-time convergence even in the presence of external disturbances, while
effectively reducing chattering. To assess the effectiveness of the proposed methods, comprehensive
comparisons are made with traditional control techniques, including Proportional-Integral (PI),
Integral Sliding Mode Control (ISMC), and Super-Twisting Sliding Mode Control (STSMC). The
simulation results, obtained using MATLAB®/SIMULINK® under various speeds and mechanical
torque conditions, demonstrate the superior performance and robustness of the proposed approaches.
This study presents a thorough experimental analysis of a 250 W four-phase 8/6 SRG. The generator
was connected to a DC resistive load, and the analysis focuses on assessing its performance and
operational characteristics across different rotational speeds. The primary objective is to validate and
confirm the efficacy of the SRG under varying conditions.

Keywords: wind energy conversion; switched reluctance generator; torque control; sliding mode
control; fuzzy control

1. Introduction

Electric energy plays an important role in the economic development of all countries.
Over the last decade, a rapid increase in electricity consumption and demand has been
recorded [1]. In addition, low-voltage DC microgrids can be very useful for people living
in rural areas in the context of weak grid connectivity. Thus, renewable energy, such as that
obtained using Wind Energy Conversion Systems (WECS) and DC microgrids, seems to
be an adequate solution to simultaneously meet the demand for energy while decreasing
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environmental pollution and toxic materials and to promote a cost-effective solution for
energy access and off-grid systems [2]. Furthermore, the research community has invested
great effort into making sources efficient safe and effective [3]. The presented work is a
step in the same direction. Nowadays, microgrids, based on renewable sources and energy
storage units, can be used to reduce fossil fuel and carbon dioxide consumption [4,5].
Power-generating machines are integral components in various systems, including wind
and hydroelectric systems and electric and hybrid vehicles [6,7]. The Switched Reluctance
Generator (SRG) is becoming a relevant alternative for WECS applications due to its
simplicity of construction, robustness, wide speed range, and absence of magnets in its
design [8,9]. The use of SRGs in the above-mentioned applications presents a number
of challenges, which are currently the subject of research by the technical and scientific
community. These challenges include the highly non-linear nature of the machine, high
acoustic noise, low efficiency at low speeds, and, above all, high torque ripple [10,11].

A review of the literature shows that most research on SRGs has focused on the
study of power and voltage controllers [12,13]. In [14], the authors developed a method to
control the DC microgrid with an SRG. Direct power control has been used to achieve the
maximum power transfer of the wind system. In [15], a bidirectional DC-DC converter was
adopted as an interface stage between the SRG and the grid to achieve optimal excitation
voltage at the SRG side, while a voltage source converter regulates the DC-bus voltage. The
authors demonstrate that the proposed control improved the quality of the power supply,
which is reflected in the grid current. Moreover, a proportional resonant control strategy
was proposed in [16] to improve the response of the SRG output voltage compared to the
conventional Proportional-Integral (PI) system. In [17], a first-order sliding mode controller
has been proposed and evaluated for control of SRG voltage. Furthermore, the authors
in [18] proposed a Sliding Mode Controller (SMC) with parameter optimization based on a
genetic algorithm to build and adjust the output voltage of SRGs. Nevertheless, appropriate
techniques for reducing torque ripple for machines operating as generators are rarely
discussed in the literature, but numerous recent publications have addressed torque control
in reluctance motors [19-21]. Various control strategies, including Indirect Instantaneous
Torque Control (IITC), Torque Sharing Function (TSF), and Direct Torque Control (DTC),
have been explored either independently or in a combined manner. The integration of these
strategies aims to capitalize on their unique characteristics across specific speed ranges,
aiming for outcomes such as reduced torque ripple, enhanced efficiency, and an elevated
current torque ratio [22]. In [23], the authors developed an DITC and a maximum power
point tracking technique for a 12/8 switched reluctance generator-based wind turbine
in order to optimize the overall performance. Several research studies have employed
methodologies to improve the efficiency of SRGs through the optimization of algorithms
and parameters. In [24], a specific algorithm for maximum power point tracking was
devised. This algorithm is designed to identify the optimal parameters of SRG 12/8, taking
into account the mechanical energy. In [25], the proposed approach involves the application
of direct average torque control for SRG in WECS. A non-unity TSF was suggested in [26] to
effectively reduce torque ripple across a broad operational speed range for SRG. However,
it is essential to note that the objective was not only to enhance power generation but also to
address issues such as curbing current fluctuations and minimizing torque ripple. This was
achieved through the implementation of diverse control strategies for SRGs. It is crucial
to emphasize that the selection of these performance indices should be driven by specific
system requirements and approached with a comprehensive optimization perspective.

Conventional speed control methods for switched reluctance machines based on linear
controllers perform adequately in many applications but face limitations, such as variations
in machine parameters. To overcome these challenges and enhance precision, numerous
innovative nonlinear control strategies have been proposed over the years [27]. Among
these methods, Fuzzy Logic Control (FLC) excels at handling uncertainties and variations
in machine parameters. By incorporating linguistic variables and employing rule-based
reasoning, FLC dynamically adapts to the changing conditions of the system, offering a
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more robust and adaptable control mechanism. Some papers in this field are presented
to improve the control of the wind energy conversion system. In [28], a fuzzy (Takagi-
Sugeno) controller, optimized by genetic algorithms, was implemented to enhance the
stability of a wind turbine’s power output. This ensured more efficient protection against
harmful wind speeds, thereby extending the turbine’s durability and reducing energy
production costs. The authors in [29] focus on the sustainable revitalization of the Canal de
Castilla, employing a community-focused approach. They assessed the implementation of
hydroelectric turbines using fuzzy logic, which solidified the feasibility of integrating axial
turbines into the canal’s ecosystem.

Another noteworthy approach is Sliding Mode Control (SMC), a nonlinear robust
control method proven effective in systems with parameter uncertainties. Scholars have
introduced various SMC variants with specific sliding surface forms for industrial systems.
In [30], the authors introduced a fuzzy sliding mode controller, which merges the smart
features of fuzzy logic with the SMC technique. Additionally, in [31], the authors introduced
an innovative speed control scheme for SR motors based on a fast terminal sliding mode
control method. The gain value of a sign function is significantly diminished by combining
the suggested fast terminal SMC with a fuzzy logic compensator.

However, SMC has drawbacks, including an undesirable chattering effect, which can
be detrimental to the system. To overcome this, second-order sliding mode algorithms have
been explored, inheriting SMC properties while mitigating chattering and high-frequency
vibrations [32]. Nonlinear Super-Twisting Sliding Mode Control (STSMC) have recently
gained attention for various systems. These methods ensure the robustness and finite-
time convergence of nonlinear systems when the attractiveness condition is met. STSMC
mitigates chattering and vibrations, reducing mechanical stresses in the system. Previous
works, such as those in [32,33], analyze second-order sliding mode control with the super-
twisting algorithm. The objective is to explore the theoretical background of second-order
sliding mode control, present new findings, and to show that the STSMC approach is an
effective solution to the above-cited drawbacks and may constitute a good candidate for
solving a wide range of important practical problems

The primary objectives of our work are to propose indirect instantaneous torque
control for an 8/6 SRG based on the TSF, aiming to address torque ripple reduction and
enhance the overall efficiency. A novel approach, the Fuzzy Super-Twisting Sliding Mode
Command (FSTSMC) method, is introduced, combining fuzzy logic and the super-twisting
algorithm for precise speed control. This method is specifically tailored to generate a
reference torque, optimizing the SRG’s performance by minimizing the convergence time
for tracking error and ensuring high robustness against external disturbances and parameter
uncertainties. Additionally, the integration of FSTSMC with fuzzy logic mitigates chattering
effects, thereby significantly reducing the control gain of a sign function. The experimental
validation, conducted on an SRG within a low-voltage DC microgrid, provides valuable
insights into the discussed control techniques. The utilization of a variable resistive load
in the experiments emulates real-world scenarios connected to the DC bus, enhancing the
practical relevance of our study.

This paper is structured as follows: Section 2 is entirely focused on the modeling of
a turbine and generator, followed by the design of the proposed torque control based on
torque sharing function in Section 3. In Section 4, the PI speed controller, the ISMC, the
STSMC, and the FSTSMC are developed. In Section 5, the simulation results are given
and discussed. In Section 6, the experimental results are presented. Finally, in Section 7,
conclusions are extracted.

2. Mathematical Model and Operation of SRG
2.1. Theoretical Background of the SRG
The generator mode function requires an external voltage source for initial phase

magnetization due to the totally passive nature of the SRG rotor (no winding, no magnet).
A battery in series with a diode is placed on the DC bus to energize the machine at start-up.
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The diode prevents current return to the battery during the generation mode. When the
capacitor voltage becomes sufficiently high, the battery is automatically disconnected, and
the excitation current is supplied by the capacitor. No energy is now drawn from the
battery. This is called self-excitation of the generator. The excitation process of each SRG
phase consists of two regions: magnetization and demagnetization. During magnetization,
switches S; and S, are concurrently activated, injecting a phase current. To regulate the
current, S; is deactivated when the phase current surpasses the maximum allowable current.
This mode, known as the freewheeling mode, enables damping of the phase current through
the phase resistance. As the magnetization phase concludes, demagnetization initiates by
deactivating both S; and Sy, causing a reversal in the phase voltage (—V4.). During this
phase, the phase current is redirected to the source by activating Dy and D,. Additionally,
the phase current reaches zero prior to reaching the aligned position. The one-phase
switching actions are detailed in Table 1, providing a comprehensive overview of the
excitation process.

Table 1. Single-phase operation of SRG.

Operating Mode Switches Active Phase Voltage (V) State
51, S V Excitation
Magnetization L2 de
S1,DqorSy, Dy 0 Freewheeling
Demagnetization Dy, Dy —Vie Generation

The profiles of the inductance, phase current, and voltage as functions of the rotor
position in the two regions are illustrated in Figure 1. The regulation of current involves
the application of a hysteresis controller with a designated hysteresis band, denoted as Ai.

L.(8)
L, = y—
a / /
L,
OF—————————F3—=———4-—————— >
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Figure 1. Typical evolution of inductance (green), phase current (red), and phase voltage (blue) as
functions of rotor position.

The selection of the activation and deactivation angles 6,, and 6,¢ plays a key role
in SRG performance. These angles must be set between the aligned and the unaligned
8, position. The precise determination of these angles is important for achieving opti-
mal current regulation and ensuring seamless operation of the generator throughout its
operational range.

The fundamental differential equations of SRG can be expressed as follows [34,35]:

](:Jr:TM*Te*fwr 1)
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where

wy is the angular speed of a prime mover;

T, is the electromagnetic torque of the SRG;

Ty is the mechanical torque;

f is the coefficient of friction;

J is the moment of inertia;

6 is the rotor position;

i is the current of the kth phase of the SRG;

Vi is the voltage of the kth phase of the SRG;

Ak(0,0) is the flux linkage of the kth phase of the SRG;
1y is the resistance of the kth phase of the SRG.

From the mechanical equation expressed in Equation (1), it is evident that the sign
of the mechanical torque is positive, attributed to the operational nature of the switched
reluctance machine acting as a generator. The inductance and torque curve for different
values of the current and rotor position are shown in Figure 2. Therefore, the flux linkage
and torque can be calculated using co-energy according to the following equation:

4
Te(6,ix) = Y Te(6,ir) 4)
=1
To(6,iy) = [M";g’l")] k=1,2,34 ®)
ik:const
ik
Wi(8,i6) = [ A6, die (6)
0
where
AMe(8, i) = Li(0,ix) ik )

where Ty, Wy, and Ly, are the torque, co-energy, and inductance of the kth phase, respectively.
The torque of the kth phase can be calculated based on the above equations.

03+ ! !
02 /'\

®)

L(H)
T (Nm)

0 20 40 60
6 (°)
@)

Figure 2. Characteristics of 8/6 SRG: (a) inductance; (b) torque.
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2.2. Conversion of Wind Energy

For a wind turbine with a blade radius of R meters and a pitch angle of 3, the captured
mechanical power (Pf) from the wind at any wind speed (V; in m/s) is expressed as
follows [36,37]:

1
P = 5Cp(B,A)pmR*0} O

The wind power coefficient is limited by the design of the wind turbine. The power
coefficient is defined by [36]:

C2 _S
Cp(B,A) = Ci( 57 = Cap—Ca )& +Cod (10)
1 1 0.035
A <A+0.08,3_/33+1> (1)

The coefficients C; to Cq are: C; = 0.5176,C, = 116,C3 = 04,C4 = 5,C5 = 21,
Ce = 0.0068. The ratio A is a function of v;, wind speed (rad/s), and rotor radius and is

expressed as [37],

A= wyR

" (12)
The characteristics of the selected wind turbine are shown in Figure 3. The maximum
electrical power is generated by the wind at any given wind speed, when Cp reaches its
maximum. The power coefficient reaches its maximum value (0.42) only at a tip speed ratio
(Agpt) of 8, as shown in Figure 3a. Hence, the first priority is to adjust the wind speed to
the rotor speed in order to obtain a better conversion efficiency, which is represented by a
maximum Cp. Thus, the optimal power curve can be calculated as follows [38]:

Pi—opt = Kopt.w} (13)
0.6 v=4 m/s
v=6 m/s
0.5 max =8 m/
o =0 6000 v=8 m/s
N I v=10 m/s
0.4 ! s v=12 m/s
3 | 2 4000
. ! gt
0.2 : 2000
0.1
D)
0 1 opt 0 "
2’ 4 6 8 10 12 500 1000 1500
A w, (rpm)
(a) (b)

Figure 3. Wind turbine characteristics. (a) Cp as a function of A and (3; (b) output power as a function
of speed for different wind speeds.

3. IITC Based on Torque Sharing Function

Torque control methods can be divided into direct and indirect categories according to
the type of feedback state variable used. Direct torque control requires torque regulation
based on feedback from the direct torque estimate, while the indirect method relies on
feedback from the phase current [39]. The indirect instantaneous torque control method is
classified as the current profiling and TSF methods [40]. The current profiling technique
essentially determines the reference currents to control the torque. These reference phase
currents are determined without using the current vs. position and torque LUT. Hence, TSF
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is a favorable indirect torque control method, as it is simple and has low computational
burden. The total torque is shared among the commutating phases. Figure 4 illustrates the
block diagram of the IITC torque control based on the TSF method for a four-phase SRG.

Prime mover
/ DC
. Motor/
 Tyfbine

Encoder

6

V!

T i Asymmetric half bridge converter SRG
ref-1 T L = . X "
, > orque to »| Hysteresis| 5. - A
7 s
0] X T Torque T:-ef—z | current l,_ejiL current |—p| ¥ ? § 1: $ 1; ,7) -
r=ref (S € | speed [ ¢ sharing > converter — »| controller —» ; ’ c
_’\/ ”—P controller function ]7 of—3 _ lr-e/‘—3 L | |E I"E E 4—% L= __.r\_D
S~ (TSF) > 27,.(6.,) ~ — H
v = L . S I
T o i |2 Mo olsp) ol
ref-4 de ref—4_ 2|2 4 6 P
> > | [T |
i} ZZT it

Figure 4. The block diagram of the TSF torque control method.

Due to the specific nature of the SRG, the total reference torque must be shared
with adjacent phases, resulting in torque ripple during the switching period. Among
various indirect torque control methods, TSF is the most useful and simplest method for
reducing torque ripple [41]. The TSFs are categorized into linear and nonlinear types, with
the non-linear category further classified as cubic, sinusoidal, and exponential TSFs [42].
These nonlinear TSFs prove effective at low speeds, resulting in minimized torque ripple.
Figure 5a,b depict distinct curves for linear and sinusoidal TSFs, respectively. Our study
primarily concentrates on sinusoidal TSFs.

0 0
Tef ko) o Lo Lt Lo (k1)

C i Commutation
W Region
@ Te—ref g :

7:‘ef(k—l) . Ov_ Trefk ) ) Tref(k+1)

Region, Region,
®) 7 _"efl X .

o 6 Oy 6,

on

Figure 5. (a) Linear and (b) sinusoidal TSF functions.

To produce undulation-free torque, the reference torque is distributed to each phase
using various distribution functions. The reference torque values for each phase are defined
as follows [43,44]:

0 5i0 <0 < o
Te*n’f frise(g) 51 60pn <60 <6
Tref—k = Tefref sif <6< Gof_f (14)

Te—ref ffall(e) si Goff <0<0,
0 sif, <0 <0p
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with

01 = Bon + B0y (15)

02 = Ooff + oo (16)

where T, ., frise, and fr represent the reference torque, rising, and decreasing functions
for consecutively triggered phases. 6y, and 6,5, and 6o, represent the turn on, turn off, and
overlap-angles. 6, is the pole pitch, which is defined as follows, where N is the number of
rotor poles:

27
Op = =— 17
PEN, (17)
The incoming phase f,;s, is defined as the rising TSF, defined as follows [45],
1 1 T
frise(g) = 2 ECOS(@(G_GOH)) (18)
The outgoing phase fg; is defined as the falling TSF, given as follows [45],
1 1 T
fran(0) = 5 + 5 cos(—(0 — Oy5)) (19)
2 2 o0

4. Control Scheme

Figure 4 shows the proposed speed control diagram for an SRG 8/6. In order to
control the current and speed, the four-phase currents, rotor position, and speed are
measured. Two main control loops are provided for the SRG drives: current and speed
control loops. Within the primary current control loop, the measured four-phase currents
are systematically compared with the reference currents through the implementation of a
hysteresis controller. The secondary loop, the proposed speed control, acts on the reference
and measured speed as inputs, and the reference torque is obtained as an output signal.
Using (Equation (8)), the reference torque can be converted into a reference current as a
function of the rotor position.

4.1. PI Controller

Figure 6 illustrates the block diagram of the closed-loop speed controller. The speed
loop employs a PI controller, with the proportional and integral coefficients denoted as k;,
and k;, respectively. The transfer function of the PI controller is given as follows:

H(s) = kp+ ; (20)
TM
wr—mf/' k’. T;—n{/' 1 w”
—_— kp + — >
Ky f+ Js

Figure 6. Diagram of a closed-loop PI speed controller.
Referring to Figure 6, the closed-loop transfer function can be obtained as follows:

(kp/k;)s +1

Gal(s) = (/K2 + ((ky + f)/k)s + 1

(21)

The parameters of the speed controller are chosen to achieve the desired performance
for the closed-loop system. After identifying the denominator in its canonical form, given in
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(Equation (22)), the proportional and integral speed controller coefficients can be obtained
by solving (Equation (23)).

1

Cals) = (1/w3)s? + (28 /wp)s + 1 (22)
ki = ]wg

23

ky =2k~ f 23)

4.2. Integral Sliding Mode Speed Controller

In traditional sliding mode control, the system’s robustness to variations in parameters
and external disturbances is attained exclusively during the sliding phase. However, the
robustness is not assured during the reaching phase. In response to this challenge, integral
sliding mode control eliminates the reaching phase, ensuring the enforcement of the sliding
phase throughout the entire system response. To generate torque reference T, s, we used
the integral sliding mode speed controller. The mechanical equation is written as follows:

o 1
S =Yry-1) - Lo (24)
J J
Using desired state wy(t) and tracking error e(t) = w,_f(t) — wy(t), the sliding
surface can be defined as follows:

t
S = e(t) + Aw/e(r)dr, Ao >0 (25)
0

where A, is a positive constant. The control law can be represented by the following
expression [46,47]:

u(t) = teg(t) + uy(t)

Umin < U < Umax < Umin — Ueqg < Ug < Umax — Ueg
or ug =k sign(Sew)

& VSu k < Umax — Ueg

(26)

where the equivalent control law Uy, is utilized to control the system behavior at the sliding
surface, and the term Uy is a relay control function used to reject the disturbances and the
parameter variations [47]. The discontinuous term U, can be expressed as:

ug(t) =k sign(Sw) (27)

where K is a positive constant. Due to its discontinuous nature, this term generates a
chattering phenomenon that can be reduced utilizing a smooth control function. To find
the equivalent command (U,;), Equation (28) becomes, in our case:

So=8,=0 (28)
Thus, the following is obtained:
g . . 1 f
Sw=e+Ape= Wr—ref — T(TM —u)— Twr + Awe (29)

Also, substitute Equation (25) into Equation (29) and consider, on the basis of Equation (28),
that U = Uyy:

Ueg = ]|:}TM — J]((/J - (erref - )\wE:| (30)
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Hence, the sliding mode speed controller is defined as follows:
1 f . ,
Tefref = Ueg +Ug = J 7TM - Tw = Wr—ref — Awe| +k szgn(Sw) 31)

<[l

To verify the stability of the system, the Lyapunov function is proposed as [48]:
v=lg (32)
= 55
The stability is guaranteed if the following holds [49]:

V = SwSe < 0 (33)

Consequently, the reachability condition of the sliding mode speed controller is verified
as follows. The combination of Equations (29) and (33) gives:

‘./ = Sw ((:Jr—ref — |} (TM — Te—ref) — %wr} + /\we)

1 1 ,
Wr—ref — Wr—ref — iwr + =Ty — Awe — Ty + }:wr + )\w(f) — %k szgn(Sw) (34)

J J J J

=0
= —1Swksign(Se) <0

Figure 7 shows the block diagram of the ISMC. As shown in this figure, the real and
reference speeds denote the inputs, and control signal T, s denotes the output.

1

[ v
(G +/ e . S{u J— K E
- + ’
a, T L Sign(S,) U,
1 y
lw S +
v, )

Figure 7. Block diagram of the ISMC for SRG drive.

The main drawback of ISMC is the difficulty of adjusting its gain, which is necessary
to ensure a compromise between the controllers” disturbance rejection property and the
chattering phenomenon. The ISMC law contains a discontinuity term. However, as a
consequence of its discontinuous nature, it has certain limitations in electric drives and
shows high-frequency oscillations in the form of chattering characteristics. This chattering
produces various undesirable effects, such as current harmonics and torque pulsations in
the drive train. To reduce the chattering, a super-twisting speed controller is proposed and
developed in the next section.

4.3. Super-Twisting Rotor Speed Controller

A high-order sliding mode has been developed to overcome the limitations associ-
ated with the relative degree and to mitigate chattering in control systems [50]. Among
various algorithms, STSMC stands out due to its ability to achieve finite-time convergence
through continuous action without requiring information about derivatives of the sliding
function [50]. This algorithm processes a relative degree equal to one, so it can directly
replace standard sliding mode algorithms when the disturbance is smooth and with a
gradient limited [51]. The super-twisting algorithm is used for systems with a relative
degree equal to two. This algorithm does not require knowledge of the second derivative
of the sliding surface, as other algorithms require. Thus, this algorithm guarantees that
system trajectories are twisted around the origin in the phase diagram [52], as shown in
Figure 8.
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'
S
S
| >
Figure 8. Convergence of STSMC.
Consider the following non-linear system:
Sw = ¢(xt) + Y(x, t)ugr (35)

where S, is the sliding surface, Usr is the control signal, and ¢ and Y are uncertain
functions with upper and lower bounds. To guarantee convergence of the sliding surface to
zero in the presence of disturbances and uncertainties, the functions @ and Y must verify
the following conditions [53]:

o, t)] < ¢

Y <Y(x,t) < Yum (36)
Y >0

According to Equations (24) and (25), the derivative of the surface is written as follows:

Sw = (:Jr—ref — {%(TM — Te) — J]:(Ur} + )Lwe

. ) ; ; (37)
= wr—ref + TTE + Twr—ref - %TM + (/\w - 7)6

The STSMC control law is composed of two parts, U; and U, represented as
follows [54]:

ust = uy(t) +uz(t) (38)

with .
Uy = —0u,sign(Sey) (39)
Uy = —pew|Sw|"sign(Sw) + 11 (40)

where J,, and y, are chosen as positive constants, and the parameter 7 presents the degree
of nonlinearity. The sufficient conditions by Levant to offer a finite-time convergence are
given as follows [55]:

b < &

4 Y (60
Mo = 3% O 41

0<7<05

where Y}, and Y) are considered the bounds of the function Y. By identification, referring
to Equation (35), the variables Ust, @, and Y are:

= |Wy—ref T %wrfref - %TM + (/\w - jTC)e
=1 (42)
Ust = %Te

= <
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From Equation (42) and based the conditions of Equation (36), we have 0.5 <Y <2
and we can choose the following conditions:

" % )

2 _
Mo = 052052 g—¢) — 209 (43)
n =05

Figure 9 depicts the block diagram of the STSMC. Within this illustration, the inputs
are represented by the surface, while the output is denoted by the control signal T, s.

S(ll
—_— >0, —>

Sign(S,,)
T,
+ Le-ref
| o,
>
Sign(S,,)

Figure 9. STSMC block diagram.

To provide a more detailed explanation of STSMC, the flow chart of the super-twisting
algorithm is presented in Figure A1, located in Appendix A. The rapid responsiveness
exhibited by STSMC renders it a compelling approach for managing nonlinear systems
amidst uncertainty and disturbance. Nevertheless, real-world challenges, reliance on
dynamic models, and adverse effects resulting from chattering may compromise control
performance. To address these issues, intelligent methods, like fuzzy logic systems, can be
employed to mitigate these limitations.

4.4. Fuzzy Super-Twisting Sliding Mode Command (FSTSMC)

This section presents the combination of STSMC with a Fuzzy Logic System (FLS)
to reduce the undesirable effects of chatter in the presence of disturbances and model
uncertainty. Therefore, the non-linear surface S, in Equation (25) and the derivative
of surface is considered the input of the FLS of the control law. In this approach, the
conventional sign function is replaced with the FLS. It is important to emphasize that
chattering occurs when the system states are in proximity to S, = 0. In the proposed
solution, the FLS exhibits behavior similar to the sign function when the system states
are distant from the sliding manifold [56]. The block diagram of the proposed FSTSMC is
shown in Figure 10, which shows that the surface and its derivatives are the inputs, and
control signal u = T, is the output.

» Fuzzy !
S Logic | 5 5 > n| g
¢ > % »| System /”’/ Y

A
<

Sign(S,,)
Figure 10. Block diagram of the proposed FSTSMC.
Conversely, when the states approach the sliding manifold closely, the FLS employs IF-

THEN rules to mitigate the chattering phenomenon. Consequently, with this controller, the
advantages of having a signum function in the SMC signal persist, as it continues to drive
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the system states toward the sliding surface while effectively preventing chattering [57]. It
is also possible to obtain the fuzzy approximate of the sign function directly from the system
states. In this case, the MFs act on position error and its time derivative (see Figure 11).
The rule base considered for this fuzzy system is summarized in Table 2, with N, Z, and P
selected to be equal to —1, 0, and 1, respectively.

| \B NM NS Z PS PM PB
0 )
1 0 1
[ NB NM NS z PS PM  PB
S
0 >
1 0 1
(a)
N 7 P
1
u

\

-1 0 1
(b)

Figure 11. (a) Input membership function s and s dot; (b) output membership function.

Table 2. The fuzzy rule base for the more complex fuzzy system approximating the sign function.

Z
=

ds/dt

PM PB

N

NM NS PS

NB
NM
NS

PS
PM
PB

zZ z zZ zZ Z Z

z zZz2Z ==
zZ Z 2z~ 9"
Z Z =" 9"
Z 9999

z z 2z 2z 2zZ =9 "
Z Z Z N =< 39 <

5. Simulation Results

Current Controller

This section details the simulation of the current controller for the SRG drive using
MATLAB® /SIMULINK® 2023. The hysteresis current controller band and sampling time
are configured at 0.1 A and 50 ps, respectively. The regulation hysteresis of the currents of
SRGs plays a crucial role in understanding and optimizing their performance. In simulation
and experimental studies, a DC machine is often employed to emulate the mechanical
power extracted from wind in wind turbines. To mimic the load, a variable resistance is
used, and a shunt capacitor is employed to smooth the DC bus voltage. This setup allows
for a comprehensive investigation into the dynamic behavior of the system under various
conditions, shedding light on the intricate interactions between current regulation and the
associated system parameters. Under controlled conditions, simulations were conducted to
evaluate the impact of current variation on DC bus voltage.
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The mechanical speed remained steadfast at 600 rpm, while the load resistance was
initially fixed at a constant value of Ry, = 400 Q). The variation in the reference current
significantly influences the behavior of the DC bus load, as illustrated in Figure 12. As
the reference current undergoes changes, it directly impacts the overall system dynamics.
The insight gained into the relationship between the reference current and the DC bus
contributes to the development of strategies aimed at achieving the efficient and stable
operation of SRGs. These strategies, informed by the observed effects on the DC bus, can
be instrumental in enhancing the overall performance and reliability of SRG systems in
various practical scenarios.

6 T T T T
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—_ 2 1
< < .
5 }L—;O-G 25 iy
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4r- 5 31 i
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[ 7] © [ i
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80+ / -
< ,
S 60 / i
> |
40 | | 1 | 1
0 2 4 6 8 10 12
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(b)

Figure 12. Effect of variation in reference current on DC bus: (a) phase currents of SRG; (b) DC
bus voltage.

In addition to the reference current, the variation in the R; (resistance of load) has a
notable impact on the DC bus voltage. To evaluate the influence of load variation on DC
bus voltage, simulations were conducted under controlled conditions. The mechanical
speed was maintained at a constant 600 rpm, and the reference current was set to a fixed
value of I, = 1 A. Notably, at t = 5 s, a significant change in the load occurred as it
transitioned from 400 ) to 333 (). Changes in the load parameters directly affected the
voltage dynamics, influencing the stability and reliability of the system, as represented
in Figure 13. Investigating this effect is fundamental in designing reluctance machines
capable of adapting to diverse operating conditions.

To thoroughly assess the influence of speed variation on DC bus voltage, simulations
were meticulously executed under controlled conditions. The load resistance remained
constant at a value of Ry = 400 (), and the reference current was set to a fixed value of
L =1 A. Initially, the wind turbine speed was established at w = 500 rpm. Att=3s, a
deliberate change was introduced, increasing the speed from 500 rpm to 600 rpm. Sub-
sequently, at t =9 s, the wind turbine attained a final speed of 700 rpm. This carefully
designed simulation provided a comprehensive understanding of the dynamic response of
the system to varying wind turbine speeds.
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Figure 13. Effect of load variation on DC bus voltage: (a) phase currents of SRG; (b) DC bus voltage.

The fluctuation in wind turbine speed emerged as a pivotal factor significantly influ-
encing the DC bus voltage. Variations in the speed of the wind turbine introduce dynamic
changes to the mechanical power supplied to the DC machine, resulting in observable
fluctuations in the DC bus voltage, as illustrated in Figure 14. This dynamic relationship
between wind turbine speed and DC bus voltage is a key aspect of the system’s behavior,
which warrants careful analysis and consideration in the design and optimization of wind
energy applications.

4— T T T T T
= —
< €1, T T T T .
\(;;3 _§ 1 = - M\ = - M\ —|2 I
2 80'5_\/)()( \/)()( \ 1 —'3
g 2 _3 0 | I | I i4 _
o 8 2 2.01 2.02 2.03 2.04 2.05 i
(O] o T (s ref
(7]
21
c
o

100 T T T T T

80

60 / -

Vo ()

401 .
20} .

0 I I I 1 I
0 2 4 6 8 10 12

T (s)
(b)

Figure 14. Effect of speed variation on DC bus voltage: (a) phase currents of SRG; (b) DC bus voltage.
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The preceding section detailed and confirmed the current regulation, highlighting the
multifaceted influence of various parameters on both current regulation and the DC bus.
Building upon these findings, the subsequent section aims to further our understanding
by exercising control over the turbine speed, maintaining it at a fixed value. From this
set speed, we extracted the corresponding torque and reference current values. This
deliberate approach allows us to explore the impact of controlling the turbine speed on
the performance of the system. Specifically, our focus is directed toward the effect on
the torque of the SRG. The overarching objective was to minimize torque ripple using
various techniques. By investigating the interplay among turbine speed, torque, and
reference current, we aim to develop strategies that effectively mitigate torque fluctuations,
contributing to the overall optimization of SRG performance in our study.

Speed Controller

The simulation results of speed regulation, employing the indirect control method
based on IITC with the FSF, are presented in this section. The validation of the simulation
outcomes was conducted at a speed of 400 using the PI, ISMC, STSMC, and FSTSMC
methods. The control parameters for each method are meticulously detailed in Table 3.
This comprehensive evaluation allows us to assess the efficacy and performance of the
indirect torque control strategy in regulating the speed of the system.

Table 3. Parameters of the control schemes.

Control Scheme Parameters
PI kp =6.85, k; = 0.02
ISMC K =10, A, =—0.001
STSMC bw and py

High-performance applications, such as WECS, demand that the proposed design
exhibits robustness in the face of parameter variations and external disturbances, with
mechanical torque being a common source of disruption in the case of an SRG. To assess
the robustness of the proposed FSTSMC, simulation tests are imperative, as the behavior of
the SRG inherently suffers from ripples that can impact its speed and position feedback.
Additionally, current feedback is prone to noise, which may indirectly contribute to an
increase in speed ripples. Studying the performance of the FSTSMC under these conditions
is crucial for ensuring the reliability and stability of SRGs in high-performance applications,
particularly in scenarios where disturbances, variations, and inherent ripples can signifi-
cantly affect the overall system behavior. Figures 15 and 16 illustrate the simulation results
of speed control for the SRG using the PI, ISMC, STSMC, and FSTSMC methods at 400 rpm.

In Figure 15a,b the waveforms of the speed controller based on the PI controller and
the ISMC method during the operation of the prime mover at 400 rpm are presented.
These waveforms provide insights into the speed, total torque, currents, and current of one
phase. Figure 16b highlights the superior performance of the FSTSMC, especially when
the mechanical torque varies from 2 to 2.5 N-m at t = 4.0 s. Both controllers, STSMC and
FSTSMC, were exposed to this torque change. The figure indicates that despite the sudden
change in mechanical torque, the FSTSMC effectively maintained the desired speed without
a significant drop in the prime mover speed and ensured a minimum reference pic current.
In contrast, the STSMC struggled to achieve this level of performance and exhibited more
pronounced speed oscillations during the period while attempting to compensate for the
disturbance caused by the abrupt change in the speed of the prime mover.

In Figure 17, a comparison of the controllers is shown at 700 rpm. It can be seen that
the higher-order sliding mode controller with the fuzzy logic system (FSTSMC) was more
robust than STSMC.
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Figure 15. Simulation results at 400 rpm of speed, torque, and currents: (a) PL; (b) ISMC.
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Figure 17. Simulation results at 700: (a) speed; (b) torque.

According to the simulation results, the proposed method successfully tracked the
currents with a small tracking error and acceptable peak currents; hence, the torque error
and torque ripple were minimized. It should be noted that eliminating the torque ripple
improved the accuracy of the average torque and made it close to the reference value. The
higher the ripple during the commutation, the larger the deviation of the average torque
value from the reference value. While operating at high speeds, the current tracking error
increased. Table 4 provides a comprehensive comparison of the four controllers, allowing
for a quick assessment of their performance across key metrics. The results reaffirm the
robustness of Fuzzy STSMC and its ability to outperform other controllers in terms of
tracking accuracy, current peaks, torque ripple, and average torque deviation.

Table 4. Performances and robustness evaluation of different controllers.

Average Torque

Controller Tracking Error Peak Current Torque Ripple Deviation
PI Low High High High
ISMC Moderate High Moderate Moderate
STSMC High High Moderate Moderate
FSTSMC .
(Proposed) High Low Low Low

6. Experimental Validation

Figure 18 illustrates the schematic of the testbed, comprising an inductance machine
emulating the primary energy source and the current controller. The SRG features an
8/6 four-phase topology. An AHBC was employed to regulate the SRG’s operation. This
converter was activated by an external excitation source during magnetization mode and
transferred power to the load (an equivalent resistance) through the DC bus during the
generation mode with 58 V. The control segment encompassed a host PC for programming,
supervision (MATLAB® /SIMULINK®, Control-Desk), and data acquisition. The digital
controller consisted of a digital signal processor (TMS320F28379D, Texas Instruments,
Dallas, TX, USA), responsible for current control.
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Figure 18. Experimental SRG drive. (a) Block diagram of testbench; (b) block diagram of

current control.

In the pursuit of experimental validation, the focus was primarily directed toward the
first segment of the current control methodology. The intention was to rigorously validate
this specific aspect through practical experimentation.

The characteristics of the SRG used in this paper are detailed in Table 5.

Table 5. Database of 8/6 SRG.

Characteristics Values
Output power 250 W
Maximum current 3A
Inductance (aligned position) 0.14H
Inductance (unaligned position) 0.021H
Moment of inertia 0.006 kg m?2
Resistance of phase winding 50

The DC voltage generated is influenced by various factors, including the phase cur-
rent reference (Irep), speed (wy), and load (Rp). Preliminary experimental tests have been
conducted to comprehensively analyze how these parameters impact the DC bus voltage.
Figure 19 highlights the notable influence of the phase current reference on the DC bus
voltage of the SRG. These findings are in concurrence with the simulation results obtained
in Figure 12, with only the presence of minor ripples in the DC bus voltage. Additionally,
Figure 20 illustrates the dynamic response of the DC voltage to load step changes, indi-
cating an increase in the DC voltage when the load current decreases, corresponding to
an increase in resistance. These results align consistently with the simulation outcomes
depicted in Figure 13, where only minor ripples are observed in the DC bus voltage. The
convergence between experimental and simulation results underscores the reliability and
accuracy of the proposed hysteresis control. Furthermore, in Figure 21, the response of
the DC bus to a speed step change is depicted, illustrating the rise in the DC voltage
corresponding to the change in speed. These observations align consistently with the
simulation results presented in Figure 14. These preliminary experimental results em-
phasize the significant impact of three key parameters of the SRG operation. It is further
demonstrated that electrical power generation and its efficiency are intricately dependent
on these independent parameters.
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Figure 19. Experimental results of the effect of current variation. All other parameters were set to:
wy =600 rpm and Ry= 400 Q. (a) DC bus voltage; (b) current and voltage of phase 1.
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Figure 20. Experimental results of load variation effect. All other parameters were set to:
wy =600 rpm and I,y = 1 A. (a) DC bus voltage; (b) current and voltage of phase 1.
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Figure 21. Experimental results of the effect of speed variation on the DC bus voltage. All other
parameters were set to: R, =400 Q and L,y =1 A.

7. Conclusions

This paper introduces a novel control strategy for switched reluctance generators
applied to WECS for low-voltage DC microgrids. A torque sharing method based on
indirect instantaneous torque control is presented. A performance comparison of the
speed control of SRGs with a FSTSMC, ISMC, STSMC, and conventional PI controller was
carried out in this study. Despite their simplicity of design and ease of implementation,
PI controllers exhibited moderate performance under undisturbed conditions. However,
their limitations became apparent under disturbed conditions, such as sudden changes in
reference speed, leading to substantial overshoot and an extended settling time. In the time
domain, the suggested FSTSMC showcased a faster rise time under speed variation when
compared to both the proportional-integral control and conventional sliding mode control
methods. Moreover, the proposed fuzzy STSMC performed well in terms of the speed and
torque ripple. The proposed control strategy combines the advantages of fast and finite-time
convergence of tracking error under load disturbance while mitigating chattering effects.
The simulation results validate the effectiveness of the proposed method, showcasing its
potential for enhancing the speed control performance of SRGs in WECS. The effectiveness
of the current control strategy has been assessed through both numerical simulations and
experimental tests conducted on an SRG-based drive supplying a variable DC load. This
dual evaluation approach, encompassing theoretical simulations and practical experiments,
provides a comprehensive understanding of the control strategy’s performance under
varying conditions. In the future, our efforts will focus on testing the speed control loop in
a laboratory. Thanks to these advances, we expect to improve the reliability and efficiency
of the control strategy of SRG for WECS applications.
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Appendix A
Figure A1 depicts a flow chart for the Super-Twisting Rotor Speed Controller.
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Figure A1. Flowchart of STSMC.

This graphical representation provides a concise and intuitive overview of the control
algorithm’s sequential steps and interactions, complementing the detailed formulations
presented in the manuscript.
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