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Abstract— The high cost and complexity of using sensors for controlling processes have led to the development of observer techniques
that aim to estimate system states without the need for sensors. These techniques reduce system complexity and can potentially reduce
product and maintenance costs. In this paper, we present an interconnected high gain observer (IHGO) that estimates the electromagnetic
torque, speed, and position of a doubly fed induction generator-based wind turbine (DFIG-WT) using only voltage, current, and wind
speed measurements. The IHGO is designed to be robust to parameter uncertainties and its stability is assessed using Lyapunov theory.
To guarantee finite time convergence, a Super Twisting-based High Order Sliding Mode (ST-HOSM) controller is used for direct torque
control. The ST-HOSM is a simple algorithm that maintains the sliding mode characteristics, provides robustness against disturbance, and
reduces the chattering phenomenon. The controller and observer are designed in the af frame to avoid the use of a phase-locked loop
(PLL). Simulation results confirmed the effectiveness of the proposed control strategy under parameter uncertainties, power and speed
variations, grid voltage dip and current sensor noise.

Keywords—Direct torque control, High gain observer, Nonlinear observer, Sensorless control, Wind energy conversion system.
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NOMENCLATURE

Turbine and rotor speed (rpm).

Stator and generator angular speed (rad/s).
Slip (%).

Stator, rotor and mutual inductances (H).
Stator and rotor resistances (£2).

Leakage coefficient 0 = 1 — Lmz/Ler
Stator and rotor a3 frame voltages (V).
Stator and rotor a8 frame currents (A).
Mechanical (W), stator active (W) and reactive
power (VARW).

Power coefficient

Gearbox ratio

Air density (kg/m®)

Radius of the blade (m)

Aerodynamic, electromagnetic and mechanical
torque (N.m).

Friction coefficient (Nm.s/rad).

Inertia of the rotating part (kg.m?).

Wind speed (m/s).

Speed ratio.

Pole pairs.

Electromagnetic torque and reactive power
references.
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B8 Angle of the blade (°).
Vs Grid voltage (V).
f Grid frequency (Hz).

1. INTRODUCTION

According to the World Wind Energy Association, wind power
plants globally have installed a capacity of 744 GW, of which 707
GW was supplied by onshore plants in 2020. This energy can
meet 7% of the global demand for electricity [1]. Wind power is
the fastest-growing source of renewable energy, and manufacturers
are aiming to increase wind energy conversion system (WECS)
production capacity. One wind turbine can produce 7.2 MW
[2], while an offshore installation can generate 15 MW [3].
The generator is a key part of the WECS, and due to its
several advantages, the doubly fed induction generator (DFIG)
is a commonly used machine for generating wind energy. Its
converter receives approximately 25 to 30 percent of the generator’s
entire rated power, which helps to reduce cost and power loss.
However, the DFIG-based wind turbine (DFIG-WT) is a dynamic
and complex system, and control research issues is a relevant
investment for this wind energy system [4].

Vector control (VC) is a common control strategy used
for induction machines [5]. However, it is strongly sensitive
to parameter variations and uncertainties. Direct torque control
(DTC) and direct power control (DPC) are popular alternative
control schemes for induction machines [6, 7]. Robustness and
a simple control scheme are attractive characteristics of these
control methods. Regardless of their performance, the DTC/DPC
techniques suffer from torque and power ripples due to converter
switching frequency variations [8, 9]. Therefore, integrating
nonlinear control algorithms result in a more robust control scheme
[10].

High order sliding mode (HOSM) control is a popular nonlinear
control method that has been extensively studied in recent years.
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HOSM controllers have been designed and implemented in various
control applications due to their robustness, fast convergence,
and reduced chattering compared to classical sliding mode (SM)
controllers [11]. One of the most commonly used HOSM
controllers is the second-order sliding mode (SOSM) controller. It
has been applied to control different systems, such as electrical
machines [12], power converters [13], and robotics [14]. However,
SOSM control requires the computation of higher-order derivatives
of the sliding surface, which may lead to numerical problems and
difficulties in practical implementation.

To overcome these issues, the super twisting algorithm (STA)
was proposed as an alternative HOSM controller that eliminates the
need for computing higher-order derivatives of the sliding surface
[15]. The STA has been applied to control different systems,
including wind turbines [16], electric vehicles [17], and power
converters [18]. Several studies have compared the performance
of SM controllers, including SOSM and STA. In [19], an HOSM
controller based on the SOSM and STA was designed for the
control of a DC-DC converter. The simulation results showed
that the STA-based controller had better performance in terms
of convergence speed and chattering reduction compared to the
SOSM-based controller. Another study compared the performance
of SM and STA controllers for systems with stable actuators. The
aim of the comparison is to analyze the chattering parameters,
which refer to the amplitude and frequency of fast oscillations
produced by the controllers, as well as the average power needed
to maintain the system in real sliding modes. SM controller
produces greater amplitude of oscillations and requires more
average power compared to the STA [20]. The Super Twisting
controller is more robust against parameter variations and reduces
the chattering phenomenon, leading to improved performance in
terms of tracking error, time response, and robustness [21, 22].

It is necessary to have a full understanding of the process
under study before creating control schemes. In fact, not all
of the variables used to define the system states are subject to
direct measurement. To estimate the unmeasured variables from
the measured ones, numerous observation approaches have been
proposed. In an industrial application, an observer can afford the
option to optimize the number and cost of sensors. In recent
decades, there has been widespread interest in synthesizing and
investigating observation methods, especially in drive machines
[23]. Estimation of fluxes and torques are common techniques
assessed by researchers, in addition to position and speed estimation
[24, 25]. Model reference adaptive systems (MRASs) [26, 27],
linear observers [28-30], and nonlinear observers [31-33] are
examples of these methods. Despite the effectiveness of MRAS
and its huge application in machine drives, this observer suffers
from parameter variation sensitivity and low-speed inaccuracy.
The linear observer has almost the same disadvantages. On the
other hand, the nonlinear observer has received much attention
in recent years as a result of advancements in power electronic
devices. We can cite classical and extended Kalman filters [34, 35],
extended Luenberger observers [36], Hoo observers [37], sliding
mode observers [38], hybrid observers [39], and the interconnected
high gain observer (IHGO) [40, 41]. The IHGO presents a
highly promising alternative to conventional linear observers due
to its remarkable robustness against disturbances and parameter
uncertainties, making it an exceptionally dependable and reliable
solution for control systems in various industrial applications [42].
The IHGO can also improve the overall performance of the control
system by accurately estimating the system states. This is especially
important in power system applications, where accurate control is
essential for efficient power generation [43]. Additionally, IHGO
is less sensitive to the system model than other observers, such
as the Luenberger observer and the Kalman, it is more resilient
to model uncertainty [44]. In terms of computational complexity,
this observer is relatively complex, but this can be mitigated by
using a decentralized design. In [40], IHGO was compared to an
adaptive observer, and the results showed that it exhibits adaptive

Ve
e = |
| Gearbox | FCC
|l |
=
] ]
] [}
=] : i
) gt
5 80
= g 8a
- = g
£ g “
g 2 =
= 5 =
S 3 g -
5 = i

Fig. 1. WECS stages

performance in terms of robustness, system stability and response
time. In another study [45], the same observer was applied to
estimate the speed of the generator. Generally, the IHGO used to
estimate the position speed, load torque, stator resistance or flux
[46-50].

The present paper proposes a sensorless ST-HOSM for direct
electromagnetic torque and reactive power control schemes
implemented in a stationary reference frame for grid-connected
DFIG-WT. The main contribution of this work was to design an
IHGO capable of estimating the rotor speed and electromagnetic
torque utilizing voltage, current and wind speed measurements.
This strategy leads to a reduction in the cost and complexity of
hardware installation by eliminating speed and torque sensors. The
stability of the observer was assessed by using Lyapunov theory to
demonstrate the conditions in which the exponential convergence
is verified. The proposed control scheme was investigated under
parameter uncertainties and grid disturbances to test its performance
and effectiveness. Furthermore, the stability of the observer has
been highlighted in parameter uncertainties, followed by the
stability of the proposed control strategy for system internal and
external faults.

The remainder of this paper is organized as follows: Section
2 presents the turbine and generator dynamic models in the
stationary reference frame. Section 3 is dedicated to the synthesis
of control laws based on the super twisting algorithm. The design
of the observers is presented in section 4. In Section 5, the
performance of the proposed scheme is assessed through several
computer simulations. The final section serves as a conclusion.

2. WIND ENERGY CONVERSION SYSTEM MODELING

The overall parts of WECS are basically three: aerodynamic,
mechanical and electrical parts (Fig. 1).

2.1. Aerodynamic and mechanical model

In a wind turbine system, kinetic energy from the wind is
converted into mechanical energy by the turbine blades. The wind
is responsible for blade rotation, and this rotation will in turn spin
a shaft connected to a generator [21, 51]. The system mechanical
equation that describes the dynamics applied to the shaft of the
generator is as follows (Fig. 2):

JOm = Tem — T — foS2m ey

The power transmitted from the wind turbine blades to the
mechanical shaft is known as the generator power, and it is
proportional to the aerodynamic power generated by the wind.
[21, 51]:

P =05pTR*C, (N, B) V)G ¥

The power coefficient C), is a nonlinear function that depends on
the pitch angle 8 and tip speed ratio A where: A = Q. R/V,,
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Fig. 2. Block scheme of the variable speed wind turbine model

The generator torque applied on the shaft can be expressed as
follows:

T = 0.5 p7R*Cy (A, B) Vi /(GN) 3)

2.2. DFIG model

The rotor side dynamic model of the grid-connected DFIG
based on the stationary reference frame is represented by[52]:

lro = (—RyLsire — wmLsLyirg + LmRsisa
—wmLsLmisg + Lsvra — Limvsa)/LrLso

s = (WmLsLrira — RyLsivg + wmLsLmisa
+LmRsisg + Lsvrg — Lmvsg)/LTLSO‘

lsa = (RrLmira + wmLmLrirg — Ly Ryisa
+wmLm?iss — LinVra + Livsa) /Ly Lso

lg = (—wmLmLyira + Ry Lmirg — WmLm2isa
—LyRyisp — Linvyp + Lyveg)/LrLeo

“

where vsag, Vrag, isap and irop are the stator and rotor voltage
and current, respectively, in the stationary frame. R, and R, are
the stator and rotor resistances, respectively. Ls, L, and L,, are
the stator, rotor and mutual inductances, respectively. ws and wp,
are the stator and generator angular speeds w, = p2p,.

The stator active power, reactive power and electromagnetic
torque in the stationary reference frame are stated by [53]:

Ps=1.5 ('Usaisoz + 'USBiS@)
Qs =1.5 ('l)s,Bisa - vsaisﬁ) (5)
Tem = 1.5Lm(is[3iro¢ - isairﬁ)

3. INTERCONNECTED HIGH GAIN OBSERVER

To design an Interconnected High Gain Observer, the plant
dynamics must be modeled and linearized around the operating
point to form the state-space equations.

3.1. Observer design

The DFIG-WT model can be divided into two interrelated
subsystems as shown below:

l’I:Dt = (_RrLsi'ra - meLsLTZTB + LmRsisa - meLs

Lmlsﬁ + st'r'a - Lmvsa)/LT'LsU
Qi = o) T + Tom/)J —0.5pnR3Cy, (N, B) V2 /(JGA)
(6)
lig = (WmLsLpira — ReLsirg + wmLsLmisa + LmRoisg

+Lsvrg — Limvsg)/LyrLso
— Bl B L), — (L ® + Lo Ly)
P2 (irpisp + iratsa) — LsLmp2m
Tem = 3BE2 | (1,52 4 i5a?) = LinLrp@2m (ira® + irp?) +
Ly (Vsgisa + Vralirg — Urgira — Usatsg) +

L (Vratisg — Vrgisa) + Lr (Vsgira — Vsalrg)
(@)

with: Topn = 1.5p Lo (l;gz‘m Tisglra — laairg — iml;g)

The two subsystems (6) and (7) can be represented in compact
form as follows:

Xl = A1 X1+ g1(u, y, X2, X1, V) 8)
Y1 = CX1
X2 = A2 Xo + g2(u, y, X1, X2, 950, 1sp) )
Y2 = CXQ

where X; = [ij = {za}; Xy = Bi] = [;fﬁ} are the

states, u = [u1,U2,us, Us] = [Ura,Urg, Usa,Usg] the inputs,
and y = ng = ET;‘} the outputs of the DFIG-WT.

Al = <7R7‘/0(L7‘0—) —f(j/,]) ; C = (1 O)
—R./(

L,o) 0 )

Az = 0 —(R-Ls+ RsL,) /(L.Ls0)

/N

( - psterl? + LmRsisa - prLsLmisB + Lsul

g1 =
—Lmus)/(LrLso)za/J — 0.5pmR*CpV? /(JGas)
I (pCC3Ler1'1 +p$3LsLmiso¢ + LmRsisﬁ + Lsu2 T
—Lm’U,4)/(LTLSO‘)
g2 = - (Lm2 + LsL, pr3 (1'2'5'5[3 + xlisa)

Lol _Lsmex3 gisﬁ + isaQ) - Lerpxs
T (21° + 227) + Lo (Uafse + uras
—U2x1 — u3isﬂ) + Ls (ulis,ﬁ - UQisa)
+L, (uaz1 — uzzs2)

On the basis of the measurement of rotor and stator current, rotor
and stator voltage, and wind speed (see Fig. 4), we sought to design
two interconnected observers for subsystems (8) and (9) to estimate
the rotor speed and the electromagnetic torque. Some necessary
properties have been supposed before synthesizing observers.
Remark 1: We assume that Cp(A, 8) is known and provided by
the manufacturer (Fig. 3) and that ws is also known and supposed
to be constant.

Assumption 1:

- (u,y,X2,V) and (u,y, X1,%sa,%s3) are known signals for
subsystems (8) and (9), respectively.

- (u,y,X2,V) and (u,y,X1,%sa,isg) are bounded and
regularly persistent inputs for subsystems (8) and (9),
respectively.

— g1 is globally Lipschitz with respect to X2 uniformly with
respect to (u,y, V)

— g2 is globally Lipschitz with respect to X; uniformly with
respect to (U, Y, isa,is3)

Then, assuming that the above assumption is verified, the IHGOs
for subsystems (8) and (9) are given by:

{)A(l = A X, + 0 (u, Y, X27X17V) + S;llCTC(X1 — Xl)
g1 =CX;
(10)

Xo = AsX5+ §o (u,y, X1, X2, 050, is8) + Sog CTC(X2 — X2)
g2 = CXa

(11
5 1| . . 5 o
where X; = Ga| 18 the estimated vector of X; and X2 = Lj’
3 4

is the estimated vector of X5 g is the estimated function of g,

and o is the estimated function of gs.
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The solution of the following Lyapunov algebraic equation is
the symmetric positive definite matrix S,,;, and «; is a positive
constant:

Se; = iSa; + AT Sa, + Sa; Ai — CTC; i€ {1,2}

Remark 2: It is worth noting that S,, and S,, are bounded
for sufficiently large o1 and a2 due to the persistence of inputs
considered in Assumption 1.

3.2. Stability study of the IHGO under parameter uncer-
tainties

A stability analysis based on Lyapunov theory is presented to
demonstrate the state convergence of the proposed observer.
Consider the errors:

e1 = X1 — ){1 (12)
€2 = X2 — Xg
Then, we have:
é1=X1 — X4
€2 = Xz — )?2
s 1 ~T N
ér=(A4, -5,C Clea+g1— ¢ (13)
€y = (A2 — S(IQICTC) ez + g2 — G2

Equation (13) with parameter uncertainties in the DFIG-WT was
next considered:

é1= (A, —S{CTCler+ g1 — g1 + AA1 X1 + Agy
é2 = (A2 - S;QCTC)€2 + g2 — §2 + AA X, + Agg
(14)

where the terms AA1, AAs, Ag; and Ags represent the uncertain
terms of Ai, Az, g1 and g2, respectively.
Assumption 2:

The uncertain terms satisfy the following inequalities:
[AAL| < p, [|AA2]] < p2, [Agr]l < ps and [|Agz|| < pa with
ui >0, fori € {1,2,3,4}

This assumption is supported by the fact that the machine
parameters are known with a certain degree of precision and are
bound, as well as the fact that the machine states are bounded.

Theorem 1. Subsystems (10) and (11) are exponential observers
for subsystems (8) and (9), respectively, for appropriate choices of
a1 and .

Proof. Let us define V' = Vi 4 V5 as a Lyapunov function. where
Vi and V, are the Lyapunov functions for subsystems (10) and
(11), respectively, where V1 = elTSalel and Vo = ezTSazeg, SO:

V= €1TSa1€1 + €2T5a2€2 (15)

. . o T ) .
V =e1TSa1e1 +e1” Sarer +e1” Sar€1 + e2? Sazer

+ eQTS;zQ@Q + 62T5a2€.2 (16)

V=((41-5.1CTC) er + 91— g1 + AA X1 + Agl>TSalel
+e178a, ((Al — S;llCTC) e1+9g1 — g1+ AA L X1 + Agl)
(A2 = S22CTC) s+ g2 — 2 + AdaXs + Ago) ' Sager

+e3T 80, ((Az - S;;C'TC) ez + g2 — g2 + AAx X> + Agz)

V =261 80, (A1 = S2/CTC) 1 4 261" Sy (g1 — 1+
AALX) + Agy) + 265" Sa, (A2 - S;;CTC) es + 2e27 S,
(gz — g2+ AA X5 + Agz)

V =217 (Say A1 — CTC) e1 +2e1TSu, (91 — 61 + AAL X1 + Agy)
+ 2e, T (Sa2A2 - CTC) ez + 262TS¢12 (g2 — G2 + AA X5 + Aga)

Vel (—alsal +oTo - 2CT0) e1 + 2617 S, (g1 — g1+
AALX) + Agr) + es” (ﬂmsaQ + 070 - 2CTC) et
2e2” Say (92 — G2 + AA2 X2 + Aga)

V=—eT (alsal + CTC) er + 2€1TSQ1 (91 — g1+ AA Xy + Ag1)
— e, T (QQSQQ + CTC) es + 2€2TSQ2 (g2 — g2 + AA2 X5 + Ago)

V= —a1 V1 — elTCTCe1 + 261TSa1 (gl — g1+ AAL X+ Agr)
— Vo — ezTcTceg + 262Tsa2 (92 — gg + AAzXQ + AgQ) (17)
Using Assumption 1, we have:
km,in (S(xl) S Hsalﬂ S km,a;n (Sa1)§lmi7L (Sa2) S ”SQZH S l'mam (Sa2)
llgr = g1ll < vallexll 5 llgz — Gall < vz llezl|
1X10l < vs 5 1 X2l < va
(18)

Kmin, lmin, kmaz and lmne are the minimal and maximal
eigenvalues S, and Sa,, respectively. ~;, i € {1,2,3,4} is a
positive constant.

Along with CTC' > 0, we can write:

V< —aiVi+ 2| e 1Sar | lg1 — G1 + AAL X1 + Agi|| — azVs
+2lerl| [Saz [l lgz — g2 + AA2 X2 + Aga|

V < —a1Vi + 291 1Saq || lex |I? + 20193 [[Saq || llex ]l + 203 [|Say |
lexll — a2Va + 272|[Sas Il lle2l|® + 2m2va | Saz |l lle2ll + 244 |Say | lle2|

V< (2v1 —01) Vi + 2 (p1y3 + 143) kmax (Say) |lex]| +
(272 — a2) Va + 2 (p2va + £14) lmaz (Sa2) |le2]| (19)

Consider now that:

kmin (Sar) < [[Sen || < kmaz (Sar)
lmin (Sag) g ||Sa2|| S lmam (Saz)

_ ) Fmin (Sa,) ||61H22 < [[San |l H61||22 < kmaz (Saq) H€12||2
bmin (Saz) lle2]l” < |Sas |l le2l|” < lmaz (Sas) [lez]l

vV Ekmin (Say) ller]l < VWi < Vkmax (Say) llexll
vV lmin (Saz) ||62|| S \/?2 S V lmfl-’f (Saz) ||62H

=
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ler]] £ ——=VvW1

kmin (S(xl )

lleall € ——=—=vV2

lmin (Sa2 )

Substituting (20) into (19):

(20)

. kmaft Sa
V< —(o1—2v) Vi +2(u1ys + ps) ki((,sl))vvl
min a1

lmﬂl SO(
— (o2 — 292) Vo + 2 (u2ya + pa) 17((52))\/ Vs
min a2

V< —(ar—91)Vi—(az —2) Vo +93VV 1 + 94V V2

210
with:
kmag (Sa )
V1 = 2715 D2 = 2725 U3 = 2 (13 + p3) ——=;
kmin (Sal)
lmaz (Sa )
s =2 (poys + pa) ——
lmin (SaQ)

We pose:

e1 =min{ar — Y1, a2 — 92}
€2 = max {93,904}

where a1 > Y1; a1 > Y1 and using: Vi + Vo < VvV

Equation (21) becomes:

1% < —e1V +52\/V

Thus, we have two cases:

1) The parameters of the machine are known (g2 = 0), so we
need just to choose: a1 > ¥1; a1 > Y

2) The parameters of the machine with uncertainties (e2 # 0),
in this case, mean that:

V<—(1l-eeaV-eaV+4+eVV, 0<e<l

. 3
SV<-(1-eaV  Ve>-—=

€€
Therefore, it is required that the estimation error be always

|le]l > =2, and this condition can be reached by adjusting ;.
eeq

O

4. HIGH-ORDER SLIDING MODE CONTROL DESIGN

In this section, we present the super twisting-based HOSM
(ST-HOSM) for the control of DFIG-WT in the stationary frame;
the super twisting algorithm is used here to overcome the issue of
chattering.

The objective of this control design was to control the
electromagnetic torque and reactive power. Therefore, the sliding
surfaces are chosen as follows:

_ Sl _ Tem* _Tem

When the system states attain and remain on the sliding surface,
S=8=0.
Its derivative is written as [54]:

[T

5= @3
—Q,

The relation between the electromagnetic torque and the stator

active power can be represented by [53]:

Tom = £ P, (24)

s

Then:

. [15(0/ws) (Vsalsa + viatsa + vsplog + vigisp)
o -1.5 Uéﬂisa + vsﬂl‘;a - ’U‘;aisﬁ - 'U\;aisﬁ

} (25)

with: V5a=wWsVsg; Vsg=—WsVsa

&= 1.5L,, (p/ws)'usa
" L.Lso

(p/ws)’UsB] [Um]

Usp —VUsa Urp

L5 11 1] [vse’] _ 1.5Lm
Lsows |0 0 0352 L.Lso

(p/ws) L (Rrvgp + pnervsa)} [im}

(p/ws) Lm (Rrvaa — p2mLrvgg)
Lm (p2mLrvsg — Rrvsa) irg

Lm (p2mLrvsa + Rrvgg)

1 —RsLr (LrLsop = @mp?Lm?ws)| |Tem
- LyLso (_Qyanzws - LTLsawgz/p> —RgLy Qs
6)
Equation (10) can be rewritten in canonical form:
S=GV+F @27
where
_ L5Lm |(p/ws)vsa  (p/ws)vsp| 1, _ |Vra
G= V=
L,.Lso Usp —VUsa Urp

P L5p 1 1] [vsa’|  1.5Lm
" Lsows |0 0 vsﬁ2 L,.Lso

(p/ws) Lo (Rrvgg + p2m Lrvsa) | |ira
Lon(02mLrvgg — Rrvsa)

[(p/ws) Lun (Rrvsa — p2m Lrvgg)

Lm (p2mLrvsa + Rrvgg) irg

B 1 —RgLy (LTLSUP - ﬂmp2Lm2ws) Tem
LrLso | (2mLm2ws - LTLsawS2/p> —~RsLp Qs
The control law is defined as:
V=Ve+Vs (28)

Ve represents the equivalent control, and it can be obtained from:
S=0=V=-G'F

Vs is the switching control obtained from the super twisting
algorithm [21], [54]:

1 fAlsign (Sl) + Bl\Sl|l/2sign (Sl)

‘/6 = -G ) .
J Azsign (S2) + 32\52|1/2szgn (S2)

(29)

The corresponding sufficient conditions for finite-time convergence
to the sliding manifold are:

4 ¢1 I'na (Bit ¢1)

b1 . 2
By > g Ad 2 e o
b2 . 2 4 ¢2 I'no (Bot ¢2)
By > I A2 > I'm23(Ba—¢2)

with:
G1] < ¢1;0 < I'mi < Fi < T
|G2| < ¢2; 0 < I'mae < Fo <I'nmo

where ['mmi1, I'm2, I'ni1, I'vi2, @1 and @2 are positive constants.
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Fig. 4. Configuration of the simulated power system

5. SIMULATION RESULTS AND DISCUSSION

Simulations were conducted to illustrate the effectiveness of the
proposed observer and control strategy for a connected DFIG-WT.
The wind power generator shown in Fig. 4 was connected to a
three-phase system with a voltage of 690 Vrms and a frequency
of 50 Hz. The system’s main parameter values are listed in Table
1 [55]. Table 2 displays the control parameters of the proposed
ST-HOSM and observer. The observer’s gains were selected to
ensure faster convergence than the controller. The simulation time
step was set to 5 us, and the switching frequency of the proposed
control strategy was fixed at 4 kHz. The performance of the
proposed strategy is investigated by considering two cases:

Case 1: open loop system

o Verify the observer without the controller
Case 2: controller associated with the observer

o Scenario 1: normal conditions

o Scenario 2: active power variation and speed variation

« Scenario 3: power grid terminal voltage drop fault

o Scenario 4: robustness test

o Scenario 5: rotor current sensor fault

5.1. Case 1: open loop system

First, the DFIG-WT was excited through the rotor voltage (V.
= 50 V) to test the IHGO (Fig. 5) without the controller (open
loop system).

The initial state conditions are set as follows:

DFIG-WT:

X1(0) = [36.164 A;157.58 rad/s]”
X5 (0) = [—622.87 A;—3247.575 N.m]"
IHGO:
X1(0) = [200 A;140 rad/s]" , X2(0) = [-1400 A; —5000 N.m]"

The wind profile used for simulation is presented in Fig. 6
during 10 s.

Both observers were given equal gains. In order to demonstrate
the performance of the observer, we examined three different

Clarke’s
transformation
abc ;
to Jsaf
op Grid (V; =690V,
ook F=50Hz)
Viabe T
HOSM
(eq 29)
A T
Qs
ur > >
DFIG-wWT
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T T T
==
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iq (eq 10) —-o—
L 1
: r 7] _:::::::::::::::_T_
I — ———>
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:'___bl (eq 11) :——?—b
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Fig. 5. Speed and electromagnetic torque IHGOs
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Fig. 6. Wind speed profile
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Table 1. Turbine and generator parameters

Generator parameter Value Turbine parameter Value
Prated 2MW R 42m
Rs 0.026£2 p 1.225kg/m3
Ry 0.02942 G 100
Ls 0.026 H J 90kg.m?
L, 0.026 H fo 10-3
Lm 0.025H
Vs 690V
f 50H z
Vhus 1150V
p 2

Table 2. Turbine and generator parameters

Observer Gains Controller Gains

a1 = ap = 10000 Ay =10%;,B; =107; Ay = 4 % 10%; By = 107

values for the observer gain. The tracking curves of the measured
and estimated values of the rotor current in the a-axis and S-axis,
as well as the speed, angle, and electromagnetic torque, are
presented in Figures 7 and 8. As depicted, the convergence time is
highly dependent on the observer gain, with a small convergence
time indicating a larger gain. However, an excessively large gain
may result in highly sensitive and noisy estimations.

5.2. Case 2: controller associated with the observer

Several numerical simulations were conducted to evaluate the
performance of the controller and observer. Specifically, the wind
speed profile was maintained consistently across all simulation
runs in order to ensure a fair and consistent comparison of the
controller’s performance (see Figure 6).

e Scenario 1: normal conditions.

In this scenario, the system is simulated under nominal parameters.
The rotor speed, rotor angle, and electromagnetic torque are
provided by the observer. The proposed control scheme is
compared to conventional Super-twisting based HOSM (CST) in
the dg frame studied in [21] and field-oriented control (PI).

Fig. 9 presents the rotor speed (a), electromagnetic torque (b),
reactive power (c), and active power (d). It can be seen that the
variables track their references. The proposed control approach
exhibits good reference tracking, low chatter, and low torque
ripple. The observer estimation errors shown in Fig. 9 (e-f) are
very small. The errors are calculated between the real rotor speed
w and its estimation wes (€) and between the real electromagnetic
torque Tem and its estimation Temes (f).

Fig. 10 depicts the three-phase stator current and rotor current
of the proposed control strategy and CST. When the generator
operates nearly at synchronous speed, the rotor current loses its
sinusoidal shape at 1.6 s, 2.1 s, 4.7 s, and 7.5 s, as shown in Fig.
10 (b). The proposed control strategy reduces the harmonics in the
rotor current, as shown in Fig. 11.

o Scenario 2: active power variation and speed variation

We perform more simulations to examine the dynamic behavior
of the observer and controller in different operating modes. The
rotor speed is varied from subsynchronous to synchronous and then
supersynchronous, as shown in Fig. 12 (a). In all operating modes,
the observer provides accurate estimations of electromagnetic
torque (Fig. 12 (f)) and rotor speed (Fig. 12 (e)). Furthermore,
the proposed control strategy presents a fast response time without

overshooting and good tracking of references compared to PI and
CST.

Next, we test the stability of the proposed strategy under
active power variation. Variable steps are used as a reference
diagram of the active power to assess the observer accuracy and
control strategy tracking performance (Fig. 13 (d)). In Fig. 13,
the estimation of rotor and electromagnetic torque follows their
actual variables. The reactive power is kept at 0 VAR to ensure a
unity power factor. The controller responses track their references
perfectly. The proposed strategy shows good transient performance.
Additionally, we can notice that the strategy guarantees decoupled
power control (Fig. 13 (c)).

o Scenario 3: power grid terminal voltage fault.

According to the grid code, the WECS is required to maintain
the connection to the power grid during and after the voltage drop.

To test the FRT capability of the controller+observer, three grid
fault were proposed:

1) Symmetrical voltage dip:

— three-phase grid voltage dip of 50% amplitude occurred at
3.7 s and was restored at 3.9 s (Fig. 14),
2) Asymmetry in voltage dip:
— a 50% amplitude two-phase grid voltage dip occurred from
3.7 s to 3.9 s (Fig. 17);
— A 50% amplitude one-phase grid voltage dip occurred
from 3.7 s to 3.9 s (Fig. 20).

The results of the conducted tests demonstrate the effectiveness of
the proposed controller and observer for mitigating the impact of
grid voltage faults on wind turbines. Fig. 15 shows the response of
the system when a symmetrical grid voltage dip occurs, revealing
the changes in rotor speed, electromagnetic torque, reactive power,
and active power. Figs. 18 and 21 illustrate the responses of the
rotor speed, the electromagnetic torque, the reactive power and
the active power when the grid voltage is temporarily reduced
during 200 ms for two- and one-phase voltage dips, respectively.
The results indicate that the controller+ observer can effectively
maintain wind power extraction during the fault. Moreover, the
electromagnetic torque, reactive power, and active power rapidly
return to their references once the fault is cleared, indicating a
good recovery time. The observer preserves its performance for all
scenarios of grid voltage faults, and the asymmetrical voltage dips
do not affect the estimation process.

Figs. 16, 19, and 22 demonstrate the response of the system to
three-phase, two-phase, and one-phase voltage dips, respectively,
by presenting the stator and rotor currents. The results indicate
that the proposed controller and observer are capable of holding
current levels within acceptable bounds during transient events.

Nevertheless, protection must be implemented to protect the
power converter using the crowbar at the beginning of the fault.

e Scenario 4: robustness test

The generator resistances were modified (R, = 1.5 * R,
R, = 1.5%R,) to assess the controllers under uncertain parameters.
R and R, are the nominal values of the stator and rotor resistance
illustrated in Table 1. The variables of the proposed control
strategy and Pl presented in Fig. 23 tracked their references
perfectly. However, the CST controller began to lose control when
the wind speed was high. The observer accurately estimates the
electromagnetic torque and the speed even in the presence of
parameter uncertainties.

e Scenario 5: rotor current sensor fault.

Sensor measurement noise is an unfavorable condition that can
impact the results. To address this issue, Gaussian noise was
added to the current measurements (as shown in Fig. 24), and
further simulations were performed. The results, as presented in
Fig. 25 and Fig. 26, show the rotor speed (a), electromagnetic
torque (b), reactive power (c), active power (d), stator and rotor
current. Interestingly, the controller+observer was able to maintain
its performance and robustness even in the presence of noise.



H. Bahlouli et al.: Super-Twisting Control for a Doubly Fed Induction Generator (DFIG)-Based...

iro. (A)

1

1

i (A)

-1

-1

speed (rad/s)

electromagnetic torque (N.m)

(a) (b)
1500 - 800
iroL o o.=10000
1000 i =
iro o o 5000 600 }2 e
500 | ifoc . 0=1000 / \
. —~ 400
0 s < M\ N
g 200
-500 i % /
-1000 0 v
-1500 -200
0 0.1 0.2 0.3 0.4 0.5 0 0.002 0.004 0.006 0.008 0.01
Time (s) Time (s)
500 (©) 1000 @
ir ., o=10000
- i} B gs #=5000 500 =
i irB... .=1000
500 es
ir| = 0 f
o Brmes < Lz
£ g0/l
= -500
-500 “
000 -1000
500 -1500
0 0.1 0.2 0.3 0.4 0.5 0 0.002 0.004 0.006 0.008 0.01
Time (s) Time (s)
Fig. 7. Measured and estimated rotor current in the stator frame. (Open loop)
(@) (b)
165 4000
160
— S e 3000
155 =
=]
/ B
150 o 2000
/ =2
145 w, o, ,=10000 = / 0, o, ,=10000
W gg 0125000 1000 6,, o, ,~5000
140 w (7_1v2=1000 I [ "‘1,2:1000
W 6mes
135 T T 0]
[0} 2 4 6 8 10 (0] 2 4 6 8 10
Time (s) Time (s)
x 10* (c)
3 T T
Tem,_ ., ,=10000
2 Tem,, o, ,=5000
Temes ay ,2=1 000
1 Temmes ||
(0]
fN—%/‘\\ B Ram——
-1
-2
[0} 1 2 3 4 5 6 7 8 9 10
Time (s)

Fig. 8. (a) Speed, (b) angle and (c) electromagnetic torque. (Open loop)



Journal of Operation and Automation in Power Engineering, vol. X, no. X, XXXX (Proofed) 9

200 0
[}
0 g
S 150 S %
2 L o -5000 | Mwﬂk
3 PI SE PI
$ 100 ST c £
g g2 ST
5 ® g -10000 Tem
S 50
§ Wgg % Teme,
Ref % Ref
0 -15000 I
x10° 2 4 () 6 8 10 10”2 4 (d) 6 8 10
2 T 2 T
o Pl PI
g ST H g 1 STH
2
S~ Qs 3 Ps
x Ref o
.g ;5 0 I 0 Ei 0 RefH
o= 5 \
o] -1 < B
14
2
2 4 6 8 10 g
. x10° (e) g5
38 ° 2
8 bl 52
%_E 0 mhMl J\JVMM JYM i) Jn i MMMJM 2 8
B L LA i i T -
= £
5 E g £
2G5 29
@ 2 4 6 8 10 3
Time (s) ©

Fig. 9. (a) Rotor speed, (b) electromagnetic torque, (c) reactive power, (d) active power, (e) speed estimation error, (f) electromagnetic torque estimation
error. (Normal conditions)

Stator current (A)
Stator current (A)

-3000 ] |

2 4 6 8 10
Time (s)
(d)
2000
< < 1000
€ €
19 o
o o
Pt et
] =]
o - 5 1
& 2 000 ‘ ‘
| ira irb irc
2000
2 4 6 8 10

Time (s)

Stator current (A)

-1000

Rotor current (A)
o

-2000

Fig. 10. Stator current: (a) proposed control strategy, (b) CST, (c) PI. Rotor current (a) proposed control strategy, (b) CST, (c) PI. (Normal conditions)



.2 Super-Twisting Control for a Doubly Fed Induction Generator (DFIG)-Based...

JJFundamental (50Hz) = 9.92, THD= 34.89% (a) undamental (50Hz) = 77.19, THD= 75.50% (b)
100 100
£ &0 % 80
Qo
£ &
3 ]
2 60 S 60
2 iz
k] I}
£ 40 40
g g
= 2 = 20
olLAl 0
0 200 400 600 800 1000 0 400 600 1000
Fundamental (50Hz) = 38.18 , THD= 83.22% (c)
100
g ®
£
15
2 60
2
5
& 40
g
= I I
0 |_|_|_|_|_I_I_I_I_|_|_|_u_
0 200 400 600 1000
Frequency (Hz)
Fig. 11. Harmonic spectrum of rotor current: (a) proposed control strategy, (b) CST, (c) PI
© 250 @ g 0 ©)
% 70 T \6 N -o000
S 200 % 2 5000 I
B o 1119951 2 2405
o 1.95 ‘ 2 2ps 21 5=
& 150 @ < 10000
£
8 l S L—-—-
S 100 3} -15000
o 1 2 3 4 5 2 1 2 3 4 5
PI csT o m— ——— Ref| | ] csT Tem Tem, Ref |
X 10 x 10
5 2 T 2 T
s (©) P o (d) PI
gg ST g R ST
2<o0 Qs ;';5_, 0 Ps H
= Ref 2 Ref
: | < [
14 2 2
1 2 3 4 5 1 2 3 4 5
Time (s) Time (s)
x 107 (e) g x 10° ®
L 2 o._ 5
5 £ Lo
N | m
8 ollylll hhH\mm‘\\mw‘ \\H\”M‘ iy u‘\‘w ‘H‘mh l M\MHH Il 25 \h\h i H‘\ AR HM“H‘U“M“\“‘u““ (A il il
o I i I il HHH“\H\ 53 m il g ARk “W WM
S E EE
X o [
2 S P 5
1 2 3 4 5 ° 1 2 3 4 5
Time (s) °© Time (s)

Fig. 12. (a) Rotor speed, (b) electromagnetic torque, (c) reactive power, and (d) active power, (e) speed estimation error, (f) electromagnetic torque estimation
error. (Rotor speed variations)



Journal of Operation and Automation in Power Engineering, vol. X, no. X, XXXX (Proofed) 11

— (@) g (b)
@ 200 <2 0 T
® o Pl
8 8
8 150 S 5000 \ —osT ¢
8 100 Pl 2E b m Tom
9 csT(| o= T
@ 50 © 1 g < -10000 % ; ———, emes a
S S V4 17 Ref
n:o 0 iy | | g 15000 10004 1.0008
1 2 3 7 53 1 2 3 4 5
4 Time (s) Time (s)
, 105 10 (c) o 10° (d)
. T T
g ] Z PI 5 PI
8- csT|| 2 ———CST
° 9(: 0 4 4,0d02 as |l Q_g 0 Ps
% > Ref _g D T (TA T L d Ref
8 -1 g -1 ‘ i
i l
2 2
1 2 3 4 5 1 2 3 4 5
Time (s) Time (s)
x10° (e) 2 x10* ®
e, ]
] o9
T £ = = I
o5 4 oo 1
Q =
6 2 whuﬂlwf\w SR MMMIﬁTﬂ 25 o ""[L\1““J“'F“ﬂ""“""‘!‘I‘l‘“‘““l‘\J\““‘w""h‘""[“‘T"mﬂ"l"v“V'lI'J‘!'u ﬂu NM
5% o%F J Y
4 LR AT UG ¢ B N
- 7 i f 0 5% T
o , 30,
1 2 3 4 5 2 1 2 3 4 5
Time (s) Time (s)

Fig. 13. (a) Rotor speed, (b) electromagnetic torque, (c) reactive power, and (d) active power, (e) speed estimation error, (f) electromagnetic torque estimation
error. (Active power variations)

600 I

Y

vsa
400 vsb

§200 il ﬁw]wwa I b
g ol
Lo it
G - L
-400
0095 3.6 3.7 3.8 3.9 4 4.1
Time (s)

Fig. 14. Three phases grid voltage dip of 50% (between 3.7 s — 3.9 s)



H. Bahlouli et al.: Super-Twisting Control for a Doubly Fed Induction Generator (DFIG)-Based...

200 (a) (b)
0 measured
- g estimated
» o
E 150 § reference
= L -5000 ~
B 100]145, 2E \-'\
a oz
@ o g= o
5 144 S -10000 " e
B 50f—s7 57 = measured & -
x estimated % -10000 1
reference SP 3.81 39 1
0 - L -15000
2 4 6 8 10 2 4 6 8 10
Time (s) Time (s)
x 10° (©) x 10° (d)
2 2
measured measured
C reference reference
g 1 5 1
o 3
Sg s
g§ 0 03 0
52 z
g < \ /‘u»/\
x 1 1 \/ \ /N
2 2
2 4 6 8 10 2 4 6 8 10
Time (s) Time (s)

Fig. 15. (a) Rotor speed, (b) electromagnetic torque, (c) reactive power, (d) Active power. (Symmetrical voltage dip)

(b)
2000 T
z < 1000
z =1
3 g
3 3
S 8
S 5]
7] o -1000
1.5
2 2000
2 4 6 8 10 2 4 6 8 10
Time (s) Time (s)
4
C
15X10 (©) 2000 I
. —
isa ira
1 isb 1 irb
< 05 4 isc || g 1000 irc
= =
= e AT
B oo B Db [Tl ,
3 3 1 .
° 05 J 5 R i Ny
g I 2 N
» ! @ -1000
45
2 2000
37 38 39 4 41 42 43 a4 37 38 39 4 41 42 43 44

Time (s) Time (s)

Fig. 16. (a) Stator current and (b) rotor current. (Symmetrical voltage dip)



Grid voltage (V)

Fig. 18. (a) Rotor speed, (b) electromagnetic torque, (c) reactive power, (d) active power. (Two phases grid voltage dip)

Journal of Operation and Automation in Power Engineering, vol. X, no. X, XXXX (Proofed)

Voltage dip
600 — —
[ ——Vvsa ”
400 —wb
————— VsC
200 I 1 AT
-200 1
-400
-600
3.5 3.6 3.7 3.8 3.9 4 4.1
Time (s)
Fig. 17. Two phases grid voltage dip of 50% (between 3.7 s — 3.9 s)
(a) X 10 (b)
200 2 T
° i measured
_— 2 1 | estimated H
§ 150 g reference
= 2_ o
o 148 ©E
o} L | cE
q(%)' . 146 AJ"/ g2 -1 \——\ el
= £ x 10
% 50 }-144 measured %
o 37 138 39 4 estimated o 2
reference @
0 T 3 37 [38 3p a4
2 4 6 8 10 2 4 6 8 10
Time (s) Time (s)
x 10° (c) x 10° (d)
4 1.5
measured 1 measured
N 3 reference reference
[ = 0.5
: e s
S 8 o0
o< 1 03
g 2 ~ 05
é‘é 0 Wm g \ . Ay
) Y B VAl AN
2 2 [
2 4 6 8 10 2 4 6 8 10
Time (s) Time (s)

13



H. Bahlouli et al.: Super-Twisting Control for a Doubly Fed Induction Generator (DFIG)-Based...

Grid voltage (V)

x 10* (a) (b)
1 , 3000 .
— . 2000
< <
5] g 1000
5 5
3 3 It e
.9 g \“I ]“ A
& - &
] 1000
-2000
3000
— . 2000
< <
c c
1000
o o
s 5 °
S o
a 1000 W y U
A -2000
36 38 4 4.2 24 3.6 38 4 42 2.4
Time (s) Time (s)

Fig. 19. (a) Stator current and (b) rotor current. (Two phases grid voltage dip)

600 Voltage dip

- Vsa
400 — by
—— VsC

200

-200

-400

-600
3.5 3.6 3.7 3.8 3.9 4 4.1

Time (s)

Fig. 20. One phase grid voltage dip of 50% (between 3.7 s — 3.9 s)

14



Journal of Operation and Automation in Power Engineering, vol. X, no. X, XXXX (Proofed)

200

150

Reactive power
(VAR)

Fig. 21. (a) Rotor speed, (b) electromagnetic torque, (c) reactive power, (d) active power. (One phases grid voltage dip)

Stator current (A)

Stator current (A)

Rotor speed (rad/s)
2
g ﬁ

()

50 measured
estimated
reference

0 T
2 4 6 8 10
Time (s)
x 10° (c)
2 !
measured
; reference
0 N
-1
-2
2 4 6 8 10
Time (s)

3.6 3.8 4
Time (s)

4.2 4.4

electromagnetic torque

Active power

Rotor current (A)

Rotor current (A)

(N.m)

W)

2000

1000

-1000

-2000

1500

1000

500

x10* (b)
2 T T I
— measured
0 estimated
7 reference |
‘37 [38 4
\‘\ ! ) /\_/
2 4 6 8 10
Time (s)
x 10 (d)
—= measured
reference
\n
\\ \/‘%/\ A~

2

4

6 8 10

Time (s)

ira
irb

irc [

Time (s)

(d)

ira

irb H
irc

-500

-1000
3.6

3.8

4
Time (s)

~
R

4. 4

Fig. 22. (a) Stator current and (b) rotor current. (Two phases grid voltage dip)

15



H. Bahlouli et al.: Super-Twisting Control for a Doubly Fed Induction Generator (DFIG)-Based...

(a)
200 0
/‘ “‘*\,\ [
—_ =}
o I~ S 5000
o 200 T
2 100|— 4 cstH 55
2 P gZ
@ 180 ® S
5 / © §  -10000
5 50 ! es | &
4 5 6 7 Ref || @
PI @
0 : -15000
2 4 6 8 1
Time (s)
o 10° (c) )
T
CST cST
Qs Ps
] 1 Ref o th Ref
2 PI 2
<] 2 PI
S T S~
g< 0 f 03 0
B a =
3 2
o -1 1 f\\/ﬂ
2 2
2 4 6 8 10 2 4 6 8 10
Time (s) Time (s)

Fig. 23. (a) Rotor speed, (b) electromagnetic torque, (c) reactive power, (d) active power. (One phases grid voltage dip)

T T T
iro. mesearement with noise

= n w
o =1 [=1
S S S
=] S [=]

irB mesearement with noise 1

iro.

=
e
==
=
——
—
=
e
=
———

1
——
-—

——

A"ﬁirﬁ
] T T

o
[—

[ —
 —
[ —

S —
[ ——

i

-1000 W
-2000

Rotor current in stator frame (A)

-3000
2

2.05 21 2.15 22

o [
S S
=) S

3]
S
S

o

.
=) I3
S 3
S 3

Rotor current in stator frame (A)

N
I3

00
49 4902 4904 4.906
Time (s)

4908 491

2.25 2.3 2.35 24 2.45 25
Time (s)
(c)

Gaussian noise
300

200

100

-100

200 s

-300
0 2 4 6 8 10

Time (s)

Fig. 24. Rotor current in the stator frame, (b) details and (c) the noise added to the current measurement

16



17

Journal of Operation and Automation in Power Engineering, vol. X, no. X, XXXX (Proofed)

W
E
m &
k-
— w0
s g
T @
3
EE
Q
ee
T
o o o o
o o o
o o o
Q e 2
(wrN)
anbuo} onoubewonos|e
T
8@
N4
G / -
~ o
/ 8
w
w
o wn o
/ ~ 6% ©
o o o o o
o n o n
34 -~ -

(s/peJ) paads Jojoy

10

1

)

Time (s

Time (s)

(d)

x 10°

)

C

(

x 10°

Ps
Ref
VA

\m L™,

~ o -
(m
Jamod aARoy

— =) -

(4vN
Jamod anoeay

10

10

Time (s)

Fig. 25. (a) Rotor speed, (b) electromagnetic torque measured and reference: (c) reactive power, (d) active power. (Sensor fault)

ira
irb
irc

Time (s)

(b)

i ‘H‘”
i

r
™

3000

2000

1000

-1000

=)
3
e}

() JuaLnd J0joy

10

Time (s)

Fig. 26. (a) Stator current and (b) rotor current. (Sensor fault)



H. Bahlouli et al.: Super-Twisting Control for a Doubly Fed Induction Generator (DFIG)-Based... 18

The proposed sensorless control strategy was rigorously tested
in the presence of internal system uncertainties and external
disturbances. The results demonstrate that the variables are able to
track their references with high accuracy of the observer estimation.
In cases where the DFIG system is particularly sensitive, such
as in the event of a grid voltage fault, the controller is able to
maintain the current within acceptable levels. Furthermore, the
system response is able to quickly recover when the grid voltage
returns to normal. The observers for electromagnetic torque and
speed showed exceptional accuracy and robustness for the proposed
cases.

6. CONCLUSION

In the current study, we implemented a robust control approach
to directly and independently manage the electromagnetic torque
and reactive power of DFIG-WTs. The adopted control technique
was the ST-HOSM in association with an IHGO. This scheme
was implemented in the af frame to avoid the utilization of
the PLL. Additionally, the observer was designed to estimate
the speed, position, and electromagnetic torque using currents,
voltages and wind speed measurements. The observer stability was
demonstrated against the parameter variations; hence, the high
value gain of the observer assures an accurate estimation even with
high speed. Furthermore, an open-loop system fulfills the need for
the estimated states’ convergence to the real state. The sensorless
control strategy was compared to the conventional Super-twisting
algorithm and PI. Overall, the results validate the effectiveness
of the proposed controller and observer in mitigating the impact
of parameter uncertainties, grid voltage faults and current sensor
noise.
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