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A Novel PSO-Gain Super-Twisting Integral
Sliding Mode Controller for Sensor-Less Speed

Control of Saturated DFIM R

PABAME Frédéric, NFAH MBAKA Eustace

Abstract: This work deals with the performance and
optimisation of the speed control of a doubly fed asynchronous
machine (DFIM), modelled considering the magnetic circuit's
saturation. The speed control strategy of the machine, thus
implemented, is a super twisting algorithm with integral action,
consisting of five regulators: four for stator and rotor currents,
and one for speed regulation. The control was achieved without a
mechanical sensor, thanks to an observer that reconstructs the
machine's rotation speed from the readings of the currents and
voltages it absorbs. The coefficients of the regulators and those of
the observer were determined by the Particle Swarm Optimisation
(PSO) methods. Thus, the system's efficiency was tested and
validated across several speed ranges, including very low speeds,
low speeds, and high speeds, using the MATLAB/Simulink
simulation software. The control system's performance was
demonstrated by varying the set speed according to a predefined
profile. The resistive torque and the rotor and stator resistances
values were modified by up to 50% to demonstrate the insensitivity
to disturbances or variations in the machine parameters.

Keywords: DFIM, Saturated Magnetic Circuit, PSO, Sliding
Mode, Super-Twisting, Integral Action, Observer.

Abbreviations:

DFIM: Doubly Fed Induction Machine
PSO: Particle Swarm Optimisation
ST: Super-Twisting

Nomenclature
Lsd, isq, Stator current Cr | Resistant torque
ird, Irq Rotor current J Moment of inertia
Vsd, Vsq, | Stator voltage f ;?:t{ﬁ Zzents of
Ved, Vrg | Rotor voltage Angular velocity
Rs Stator résistance Stator self-inductance
Ry Rotor résistance lor | Rotor self-inductance
Ls Stator inductance flux
Ly Rotor inductance
M, Mutual inductance
Electromagnetic
Cem
torque
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I. NTRODUCTION

The doubly-fed induction machines (DFIM) play a crucial
role in modern industrial systems, particularly in the fields of
wind energy and variable speed drives [1]. Their ability to
operate at variable speeds with high energy efficiency makes
them essential components for applications requiring precise
speed regulation [2]. However, the complexity of their
nonlinear dynamics, accentuated by magnetic saturation
effects, makes their control particularly challenging. In
addition, the use of mechanical sensors to measure speed
increases costs and reduces system reliability, motivating the
development of sensorless speed control techniques [3].

Among the robust control methods, sliding mode control
has proven effective in managing nonlinear and uncertain
systems [4]. The Super-Twisting (ST) technique, an
advanced variant of sliding mode control, offers a significant
reduction in chatter while maintaining high robustness to
disturbances and parametric variations [5]. Incorporating
integral action into this technique improves control accuracy
by eliminating static errors [6]. However, to optimise the
performance of this approach, it is necessary to fine-tune the

controller parameters. This is where particle swarm
optimisation (PSO) comes in, a metaheuristic method
inspired by collective intelligence, capable of finding
optimal solutions in complex spaces [7].

In this paper, we propose a sensorless speed control

strategy for a saturated doubly fed three-phase induction
machine based on the Super-Twisting technique with
integral action optimised by the particle swarm method. This
approach aims to ensure robust and accurate speed control
while accounting for magnetic saturation effects and
eliminating the need for mechanical sensors. We present a
detailed modelling of the saturated DFIM, followed by the
design of the control law, the synthesis of an observer to
reconstruct the mechanical speed of the machine, and the
optimisation of the controller and observer parameters with
PSO. Simulation results are also provided to validate the
effectiveness of the proposed method.

This study contributes to the advancement of sensorless
control techniques for doubly fed induction machines,
providing a robust and optimised solution for demanding
industrial applications.
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II. METHODOLOGY

A. Modelling of the DFIM

With the aim of efficient control for the DFIM, the
modelling requires an accurate model that reflects its
dynamic behaviour. An adequate model is chosen by taking
the (d-q) reference frame with an oriented rotor flux as
illustrated in [8].

The electrical equations of the machine in the (d-q)
reference frame are given by the following relations.

dq)sd
ar P

Usa = Rsisqg +
. 49
Usq = Rslsq + 7 + WsPsqa
. (D

d(prd

dt - (ws - wr)(prq
drq

dt + (ws - (Ur)(prd

In these equations, fluxes are a function of inductances, and
inductance values vary according to magnetising currents.
The following relationship gives the magnetising currents in
the machine [9]

Urd = Rrird +

Upq = Rypipg +

2

imq = lsq T lrq (3)
We derive the total magnetising current as follows.
im = /imdz Fimg® o ()

The inductances in the machine can be broken down into
two parts: the self-inductances /, due to the influence of the
coil through which the current flows, and the mutual
inductances Msr due to the influence of neighbouring coils.

From where the total inductance in a branch is given as
follows

lmd lsa + lra

Ls(im) = lgs(m) + M(iy) ... (5)
L(im) = lor (i) + M(i) ... (6)
In this work, inductance values are determined

experimentally and approximated by polynomial functions as
presented in Refs [10]

lys(iy) = —2.6e7%i,,° —1.8¢77i,,2 —4.9e %,
+0.38 [mH] .. (7)

lyr (i) = —8.7e7 10,3 —51e78i,% — 1.6e~%i,
+0.12 [mH] ©)

M(i,,) = 1.2e7 0,7 —8.4e71%i,,% + 2.1e7%i,°
+2e77i,* —6.2e7%,° —1.7e7%i,,”
+2.9e7%i,,, + 8.3 [mH] 9

The equations for inductance-dependent fluxes are as
follows.

@sa = Ls(im)isa + Mgy (i) ira
Psq = ls(im)isq + Msr(im)irq
Ora = L (ln)ira + Msr (i) isa
Prq = lr(im)irq + Msr(im)isq

(10)

The electromagnetic torque is given by
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Cem = m](¢rdisq - ¢rqisd) (11)
The mechanical equation is given by

dw
Con — Cr =]E+fw . (12)

The following system gives the current dynamics of the
machine.

digy . .
d; = —Visa t Wslsq +bag.q + bpw(prq +MyVsq — by
digq . )
dt = _y"sq — Wglgg — bpw(prd + ba(prq + mlysq - bvrq
dirq . .
d; = ~Vilpa + (ws - pw)"rq + bal(psd - bpw(psq - bysd + myvg
di ) .
d;q = ~VYilrq — (ws - pw)"rd + bal(psq + bpw(psd - bvsq + myVrq
dgg .
d; = alMsrlrd — 41 Psq t WsPsq + Vsq
do, .
dtsq = alMsrqu — A1 Psq — WsPsa + Vsq
dgrq ,
d—; = aMsrlsd —aQ.q + (ws - pw)(prq + Vg
% .
d;q = aMsrlsq - ((‘)s - pw)‘ﬂrd + Vrq
dw ) c Tl
E?Zm%ﬂm—jw—T
Where
1
my =—
L7 ol
b — MST
olgl,
Ry
a=-—
I,
R¢l2 + R.MZ
y T —
al,l
13: . (14)
a; =—
1 I
ersz + RSMTZS
T TG
1
my; =—
z ol,
1- Msgr
o=——
(-
Table-I: Characteristics of the Machine
Parameters values
Rs 0.007Q2
Rr 0.007 Q
p 2
f 0.9
J 0.541
Rated power 660kVA
Qn 1440Tr/min
Rated voltage 460v
Rated frequency 60Hz

B. Theory of Sliding Mode Control

Sliding mode control is well-documented in the literature,
and the basic principles are thoroughly explained in [11]. In
this section, we will review the sliding mode to introduce
super twisting with integral
action.
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The classical sliding mode is designed in two steps: the first
consists of converging the system towards the sliding surface
(S = 0) in a finite time for relative degrees of order 1, called
discontinuous control. The second consists of maintaining the
system on the sliding surface. The control law appears
explicitly in the expression of the derivative of the sliding
surface (S = 0) called equivalent control. The total control
law is thus the sum of the discontinuous control and the
equivalent control. When the states of the system reach the
sliding surface, they become insensitive to delimited external
disturbances. At this moment, the dynamics of the system are
known as the dynamics of the sliding mode. Initially, during
the design, it is necessary to predict the dynamic structure of
the sliding mode and then design the sliding surface to
stabilise it [12]. The dynamics of the sliding mode are
generally asymptotically stabilised.

The main disadvantage of the classical sliding mode is the
chattering phenomenon, which is characterised by small
oscillations of the system output around the setpoint. This is
due to discontinuous control, which is generally implemented
using the "Sign" function. It can also be due to digital
implementation problems. These oscillations are very
harmful to the power of motion systems. Solutions exist in
the literature. The "Sat" function often replaces the "Sign"
function, but this solution is not practical for some
applications because the system loses its robustness and
accuracy in the face of disturbances [13]. The chattering
phenomenon is corrected by applying the higher-order sliding
mode developed by [14]. If we consider, for example, a
system whose output dynamics is of class S, where r is the
degree of relative state of the system. The successive
derivatives S (5‘, $ .. 81 ) are the continuous functions of
the state of the system orthe set S =S§ = -+ =§""1=0 is
non-empty and locally consists of Filippov trajectories. The
motion on the set mentioned above is said to exist in r-sliding
mode or r-order sliding mode. The r-derivative S” is
discontinuous or non-existent. Therefore, the high-order
sliding mode removes the relative degree restriction and can
practically eliminate the chattering problem. There are
several higher-order sliding mode algorithms among which
we can cite: sub-optimal controller, the terminal sliding mode
controllers, the twisting controller, and the super-twisting
controller. Super-twisting is preferable to twisting because it
does not require knowledge of the derivative of the sliding
surface.S. In this work, we will converge the system toward
a slip plane that is easier to reach than a slip surface. Once
arrived, it will be difficult to escape.

Let the equation give a system.
x=f(,t)+u .. (15

The control law of super twisting is given by

u= —kl\/HSign(s) +v (16)

v = —k,sign(s) a7

S being the sliding surface of the finished product.
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S=e+wfedt .. (18)

e being the difference between the desired state and the
current state of a variable of the system. The dynamics of the
system (19) is given by

X = —klmsign(s) +v+f(xt) ... (19)

The stability of the system is verified by the Lyapunov
function and given by the following equation:

1 1
V = 2k,le| + Evz +E(k1w/|e|sign(e) -v)? .. (20)

C. PSO-Gain Super-Twisting Integral Sliding Mode
Controller for Speed Control of Saturated DFIM

Flux-oriented control consists of orienting the flux along
the d-axis of the rotating reference frame to simplify the
model expression. As a result, control of the induction
machine becomes analogous to that of a separately excited
DC machine.

After orientation along the d-axis, the components of the
flux along the g-axis cancel each other out. ¢,.; = 0, and the
electromagnetic torque becomes

Com = M Pralsq (€39)
To impose the rotor flux modulus, we will magnetise the
machine through the stator, resulting in

(22)

iT‘d =0 ..

MST‘ .

irq - L_r lsq (23)

Thus, the model of the oriented flux machine is given by the
following equations.

. d‘psd
Usqg = Rgigq + T — WsPsq
dos
—p q
Usq - Rslsq + dt + WsPsa
3 (24)
_ . dq’rd
Urd - errd + dt
der
. q
Urq = errq + dt + (0)5 - wr)(prd
di
dst_d = _yisd + wsisq + ba(prd + myVsq — bvrd
di
d;q = _yisq — Wslsg — bpw@yq + MmyVsq — bvrq
di
drtd = _ylird + (ws - p(‘))irq + bal(psd - bpw(/)sq - bvsd + MyVrg (25)
di
d;q = _ylirq - (ws - pw)ird + balwsq + bpwegy — bUsq + My

do . c Tl
dt = MPrglsq J w J

The following system of equations gives the dynamics of
the machine.

From equation 24, we
define the new voltages for
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each current differential equation.

{ Vigsa = MyVsq — bVpg (26)

Vira = _bvsd + MyVpg

{vqu = —bvgg + My @7
Visq = MyVsq — by

From these new tensions, equation 24 becomes

disd . .
dt = —Vsalsq + Wslsqg + ba@,q + V154
disq . .
dt = “Vsqlsq — Wslsqg — bpw@rq + Visq
dird . .
dt = ~Y1lrqg + (05 — pw)qu +bay@sq — bpw(psq"'vlrd .. (28)
dirq , ,
dt = ~VYilyq — (ws - pw)lrd + ba1§05q + bpw(psd"'vlsq

do 1 c Tl
= em —T7W—

—==C
ac J ] ]

The control system will consist of five controllers, one for
each of the four currents and one for the speed. The reference
currents are obtained by an estimator that takes the
electromagnetic torque and the reference flux as input. The
estimator is designed based on the control law and the

equations derived from the flux orientation.
1

.ref _ ref
lsa = M Pra
sr
iref _ lT ref
sq em
£ eMard (29)
.ref __
iy =0
iref - _ 1 Cref
rq ref ~“em
p(prd
/ \__b iref
sd
(e —pr
o . e
Equation (29) lsq
—
ref__’ Ld
¢Fd —’ .ref
irg

. J

[Fig.1: Reference Current Estimator]

The reference electromagnetic torque is obtained by the
speed regulator. The synchronous pulsation is also obtained
from the equations resulting from the flux orientation. From
equation (13), we can deduce the expression for wy

aMSisq Vrq

ws =pw +——+— (30)
rd Pra
From the machine dynamics (equation 24), we define five
sliding surfaces in two ways. The first one is the ordinary
super-twisting, and the second one is the integral super-

twisting.

Sisd = €isd
Sisq = €isq
Sird = €ird (31)
Sirq = €irq
Sw = €w
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Sisa = €jsa + ky f eisqdt
Sisq = eisq + kZ f eisth
Sira = eva + s [ eade . (32)
Sirq = €irq 1 k4 J. €irqdt
S = €, T+ ksfewdt
— :ref
€isa = lsqa — lgq
— ref
€isq = lsq — lsq
With < eq = igq — il (33)
. .ref
€irq = rd — Lrg
ref

The following equations give the derivatives of the sliding
surfaces:

. _ . .ref
Sisa = fl(lsd) + Visa — Leg + kleisd
. _ . .ref
Sisq = fz(lsq) + Visq — lsq + kzeisq
. _ . .ref
) Sira = f3(ira) + Vira — g + kseirg

. . .ref
Sirq = f4(qu) t Vg —lbg T k4eirq

o = fo(@) +

(34)

Cem - d)ref + k5€w

With

filisa) = —Visq + wsisq + bagrq
f2 (iSQ) = —Yisq = Wslsq — bpwrq
f3(ird) = _Vlird + ((1)5 - pa))irq + bal(psd — bpa)(psq

) ) , (35)
filivg) = —V1irg — (@5 — PW)ira + ba;@sq + bpw sy
)= Lot
w)=——w——
s ]

These equations can be rewritten in the following form:

Sisa = 01(isa) + V1sa
5"L'sq = osq(isq) + V1sq
Sird = Q)rd(ird) + Vira

) . (36)
Sirg = Prq (qu) * Virq

S5 =0, (w) +;Cem
With
Bsa(isa) = filisa) — isg + kreisa
Bsqlisa) = folisg) = 15 + kaeigq
Dra(ira) = f3(ira) — i:zf + k3eirg
Brq(irg) = filirg) = irg + kaeirg
B0 (@) = fs(@) — @™ + kse,,

(37)

The super twisting algorithm defines the machine control
voltages.
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Visa = o TsalsignGsisa) — ks [ signsisade
Vigq = —kis “sisq|sign(sisq) — kmfsign(sisq)dt
Vira = —kia/Isiralsign(sqa) — kis f sign(sirq)dt
Vipq = —ki6 “sirq|sign(sirq) —kyy f sign(sirq)dt
Com = —kig/Ise|sign(ss) — kqg J- sign(s,)dt

(38)

Sisa = Bsalisa) = kaoy/Isisalsign(sisa) = kux J sign(sisa)dt
Sisq = (Z)Sq(isq) - klz\/my‘gn(sim) - k13fsign(s,-5q)dt
Sira = Bralirg) — k1an/IS0alsign(sya) — kys [ sign(syq)dt
Sirg = Brq(ing) — kls\/@si‘gn(sim) — ky7 [ sign(sirq)dt

S0 = 0,(@) — kig/Isulsign(s,) = kuo 7 [ sign(s,)dt

. (39)

By making a change of variable, we have the following new
equations.

Sisa = Bsaisa) — kaov/ISisalsign(sisa) = Sisaz
Sisq = Dsq(isq) — klz\/mSign(sisq) — Sisq2
Sira = Bra(ira) — kia/ISiralsign(sira) = siraz
Sirg = Orq(irg) — leMSign(sirq) = Sirq2

1
Sy = Do (W) — kyg 7\/ Iselsign(sy) — su2

(40)

Sisaz = k115ign(sisq)
Sisqz = k135ign(5isq)
Siraz = Kk15Sign(Sirq)

. ) - (41)
Sirqz = k17519n(5irq)
1
5«;2 = k1975ign(sw)
We define the following vector:
T
8 = [{Isilsign(s)  s/] (42)

With i = [isd isq ird irq a)]T

The derivative of §; is given by

$i=

1r_yp. T
Isilz [54\Tsilsign(s) +35: + 0i(D)  —siy/Tsilsign(s)]| ... (43)

The equation can be rewritten in this way.

: 1
0; = |s;|2(4;6; + py)

(44)
kip 1 1 .
With 4; = [_7 E] P = [;¢z(l)]
—ki; O 0

Consider the following external perturbation bound. |p;| =
&y/|s;| with & > 0, a positive constant.

Let the Lyapunov function be defined by

V(&) = 6&"P5; (45)
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1 [4‘ki2 + ki _kil]
2

with P, =" " ,

The derivative of the Lyapunov function is given by
Vi(8) = 1sil6," (ATP + PADS;

+ 215416, P,p;

The derivative of the Lyapunov function can be written in
the following form.

Vi(6) =

(46)

Is:18;" Hi6; ... (47)
With
ki
4 [ + 2k = 8 (ks + 472)
i — A
’ —(kiy — &) 1
H; is positive if the coefficients k;; and k;, meet the
following conditions:

ki > 26;

11 The matrix

.. (48)

1kf (6 — kin)

ki > 528,

(49)

The coefficients of the controllers are chosen to account for
these conditions, ensuring the system's stability. However,
the performance of the controllers strongly depends on the
values of the coefficients, which is why the PSO algorithm
calculates the optimum coefficients.

D. PSO Method

The inductance's dependence on the magnetising current
prevents a direct calculation of the controller gain. We
employ the PSO method because it enables us to find the
system's ideal coefficients within a narrow time window. The
PSO algorithm will be used to determine the corresponding
coefficients for the five controllers required by the proposed
system. The formulas used to determine each object's position
and speed are as follows:

Vigi =V + sz(x,-p — x,-) + ep(xg — xl-) (50)

GD

Xip1 = X+ Vigq

Where the constants are the best position of an i particle
from the first iteration and the global position of the swarm,
respectively, the flowchart of this algorithm is given in

Figure. 2.
[nitialization of the Assessment of the particles Determination of the best
particles and their speeds linked to the objective finction value of each particle

l

Reveal of the position and
speed of every particle

End of the
algorithm

Overhaul of the optimal |

values

[Fig.2: Flowchart of the PSO Algorithm]
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E. Synthesis of Observer The observer copies the dynamics of the system while

correcting the observation errors, which gives us the
following form:

In this section, we will synthesise an interconnected
Luenberger observer that can reconstruct rotational speed
from measured currents and voltages of the rotor and the

stator of a saturated DFIM. {H1 = By(Hy)H; + fi(w,y, Hy, Hy) + G(y, — $1)

N (55)
Equation (13) for the machine can be expressed as follows. ) Vi = CiH,

{Hz = B,(H)H; + fo(w,y,Hy, Hy) + K(y; — 92) (56)
digy _ , _ _ o = ol -
d; = —ayigq + (awr + ws)lsq +aziyg + A5 Wrlrgq + b1Vsq — b3Vrg Y2 2772

. L -, 0
i - o w1thH=i&3TBH=[ 1 ]
d—iq = (aw, + Wy)isqg — Ayisq — AsWyirg + Azirg + biVsq — b3V 1= [lsa, @17 B () —Mylyq —My)
diyg . . . Wry | (52)
= Qylgqg — aﬁwrlsq — Qylpqg + (ws - _) qu - b3vsd + bZUrd ~
dt g fi(w,3,Hy, Hy) =
diyg o, (aw, + ws)isq + azlrq + aswplyg + bivsqg — b3vpg
= —AgWplgg + a4l —(w ——)i — Qyipg — b3V, + by, PN
dt 6Wr sdd 4tsq s P rd 2'rq 3Vsq 2Yrq ml (lsq lrd) 2
w . . . .
E = ml(lsqlrd - lsdqu) - m,w . R R T
H, = [lsq' bra, qu] >
. 1-¢ R R RyM.
With a=—,aq,=—,a,=—"F == q,= _ _
o > T G122 T g1 olgly > 4 a As Wy as
RsMsr _ Msr _ Msr b, = 1 b, =1 Msr ( wr)
olsly ’ . ols > 0 o1, 1 T Gl 27 o1, 3T olgly B,(H,) = e Wr az Ws =5,
— 1M wr
» 0= aq _(ws_7 —a;

This model is broken down into two subsystems, the first of

(awr + ws)isd + blvsq - b3vrq
which is as follows:

Aulsqg — b3v5d + b2vrd
_a60)rlsd - b3vsq + bZUTq

fo(u,9,Hy, Hy) =

{Xl = A, (X)X, + g1(w, y, X1, X3)

(53)
1 =C6X G, Ky
With =3 ] K = |K,
X1 = [isa w]" 2 K;
_a1 0
Al(Xl) = [_ i _ ]3
my qu m; Vs Urd, Jsd, faq, Ird, Irg
gi(u'y'XLXz) = ] Observer 1 ‘
[(awr + wg)igg + A3l + AsWylpg + b1 Vsq — b3Vpg
ml(isqird) ’
¢ = [0 1]
The following equation gives the second subsystem:
{Xz = A, (X1)X2 + 92 (W, ¥, X1, X3) (54)
V2 = X,
With
, Xy = [isq' lrd) irq]T / \
! —asWy as
—a.w —a (w _ﬂ) Observer 2
Ay(Ky) = | T9er : "
wr _ — N
Ay - (ws - 7) az Vg Vg i T, I, g N
C, = [1 0 0]

NI

(aw, + w)isa + biVsg = bsvrg [Fig.3: Internal Structure of the Observer]

Aylsg — b3vsd + bzvrd
—AgWylisg — b3Vsq + by

g.(u,y, X1, X3) =
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[Fig.4: Global Structure of PSO-Gain Integral Super-Twisting Control of DFIM]

I RESULTS AND DISCUSSION was then carried out, as shown in Figure 6 below, which
indicates that the quadrature flux is close to zero.

The coefficients were calculated with 150 iterations on 100
particles. For each iteration, the system's performance is
evaluated, and the objective function is shown in Figure 5.
With the objective function being satisfactory and the curve
tending towards zero, a verification of the flux orientation
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[Fig.5: Curve Illustrating Goal Attainment as a Function
of Iterations]

[Fig.6: Curve Illustrating Flow Orientation Along the
Direct Axis]

A. PSO-gain Super-Twisting Integral Sliding Mode
Controller for Sensor-Less Speed Control of Saturated
DFIM

To demonstrate the robustness of the control system, a
reference speed profile is applied to the machine at no load
and compared with the speed observed on the machine shaft.
The speed and load torque references consider all trajectories
required to analyse the dynamic performance of the entire
control law. The initial values of mechanical speed and load
torque are held at 0 to allow flow to establish itself in the
machine. At t=0.75s, the machine speed is increased to 20
rad/s and remains constant until 5s. This initial phase is used
to test and evaluate the dynamic performance of the control
law at low speeds. The machine is then accelerated to a high
speed (100 rad/s). This second phase aims to test the
performance of the control law during a large speed transient
and at high speed. The machine is then rapidly decelerated to
reach a low negative speed (-1 rad/s) at t=12s, which remains
constant until t=15s with load torque as displayed in Figure
7. This phase highlights the performance of the control law in
the critical "very low frequency" zone. Finally, the
trajectories bring the machine into the low-speed zone.

speed(radis)

20l I I I I I
o [ 14

2 4 6 ] 10
Times (seconds)

[Fig.7: Speed and Reference Speed Curves with PSO-
Gain Integral Super-Twisting]|

The super-twisting integral is also compared to the classic
super-twisting applied to the previous machine, which has the
same set-point speed profile. We can see from Figure 8§ that
the super-twisting integral converges more, and the
deviations from the set point curve are minimal. At low
speeds, i.e. from 0 to 20rad/s, the super-twisting succeeds in
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the control, and overshoots are almost non-existent. From 20
to 100rad/s, the super-twisting controller does not succeed
like the super-twisting integral controller in making the
system converge perfectly. The difference in performance is
also evident in the curves of the set-point tracking errors in
Figures 9 and 10. In Figure 9, the set point tracking error in
super-twisting speed takes on enormous proportions of up to
12.5rad/s, unlike in Figure 10, where the error rises to
1.2rad/s.

120¢

speed(radis)

[Fig.8: Speed and Reference Speed Curves with PSO-
Gain Super-Twisting]
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[Fig.9: Error Speed with PSO-Gain Super Twisting]
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[Fig.10: Error Speed with PSO-Gain Integral Super Twisting]

[Fig.11: Speed and Reference Speed Curves After
Modification of Rotor Winding Resistances at +50%
with PSO-Gain Super twisting]
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[Fig 12: Speed and Reference Speed Curves After
Modification of Stator Winding Resistances at +50%]
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[Fig.13: Load Torque Profile for The Machine]

The internal resistance of the windings is a function of
temperature and can also influence the controller (the
controller coefficients are a function of these quantities). A
robustness test to variations in resistive parameters is
performed. The stator resistance varies by +50%, followed by
the rotor resistance. Consider these variations. At the speed
level, we observe insensitivity on vector control as presented
in Figures 11 and 12.

Modifying the load torque also verifies the control's
robustness. As a result, the machine is subjected to a time-
varying torque profile, as shown in Figure 13. The control
system remains systematically robust to load variations, as
shown in Figure 14.
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[Fig.14: Curve Illustrating Rotation Speed in the
Presence of Variable Resistive Torque]

B. Synthesis of Observer

After synthesising the observer model, the PSO method
determined the coefficients. The search for the optimal
coefficients led us to the following objective function, as
shown in Figure 15.
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[Fig.16: Curves of the Speed and Engine and That Observed]

Figure 16 shows the velocity profile plotted jointly with that
reconstructed by the observer. We can see the perfect
convergence between the two curves, which is also
demonstrated by Figure 17. The observation error, which is
the difference between the two curves, is tiny. Thus, the
observer, which is therefore designed, perfectly replaces the
mechanical sensor in our system.
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[Fig.17: Speed Observation Error Over Time]

IV. CONCLUSION

In this paper, we propose a sensorless speed control strategy
for a saturated doubly-fed Induction machine (DFIM) using a
PSO-gain super-twisting integral sliding mode controller for
Sensorless speed control of saturated DFIMs. This approach
addressed the challenges of speed control in a context of
nonlinear dynamics, magnetic saturation, and the absence of
mechanical sensors, while ensuring robustness and accuracy.
the results obtained
demonstrated the
effectiveness of the proposed
method. A comparison
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between classic super twisting and integral super twisting was
also carried out by applying both controls to the same
machine following the same set point speed profile. We
therefore highlighted that the results were better with the
PSO-gain super twisting controllers. The PSO-gain Super-
Twisting technique significantly reduced the chattering
phenomenon while maintaining robustness against
disturbances and parametric variations. The addition of the
integral action improved the regulation accuracy by
eliminating static errors and ensuring accurate tracking of the
speed set point. Furthermore, the optimisation of the
controller parameters by the particle swarm method achieved
optimal performances, adapted to the specificities of the
saturated DFIM. The simulations validated the proposed
control's ability to operate under various conditions,
including the presence of magnetic saturation and external
disturbances.

This study opens promising perspectives for the application
of robust and optimised control techniques in industrial
systems using doubly fed induction machines. Future work
could explore the practical implementation of this method on
experimental platforms, as well as its extension to other types
of machines or to multi-objective applications. This approach
represents a significant step toward more efficient, robust,
and cost-effective control systems for modern industrial
applications.
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