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Wind energy conversion system (WECS) is increasingly taking the place to be the most promised renewable
source of energy, which obliges researchers to look for eﬀective control with low cost. Thus, this paper proposes
to build a suitable controller for speed control loop to reach the maximum power point of the wind turbine under
sever conditions and to ensure the stability of the outer voltage regulation loop to meet high range of load
variations. In literature, a major defect of the well-used conventional PI controller is the slow response time and
the high damping. Nowadays, intelligent controllers have been used to solve the drawbacks of the conventional
ones but they demand high speed calculators and expensive cost. Moreover, many solutions proposed the
fractional order PI controller (FO-PI) by extending the order of integration from integer to real order. The FO-PI
controller presents also some weakness in steady state caused by the approximation methods. The idea of this
paper is to propose a Sliding Mode Supervised Fractional order controller (SMSF) which consists of conventional
PI controller, FO-PI controller and sliding mode supervisor (SMS) that employs one of the controllers to ensure
good steady and transient states. WECS laboratory prototype is built around real-time dSPACE cards and
evaluated to verify the validity of the developed SMSF. The results clearly fulﬁll the requirements, conﬁrm its
high performance in steady and transient states and demonstrate its feasibility and eﬀectiveness.

1. Introduction
Recently, the high demand of electrical energy and the decrease in
naturel resources lead to look for new, clean and inexhaustible sources
of energy. Thus, Renewable energies have received much attention in
the last decades [1,2]. Therefore, wind energy is one of the most developed sources by looking to the installed capacity worldwide which is
about 485 GW [3] and 12.63 GW for Europe [4]. Actually, permanent
magnet synchronous generators (PMSGs) have been gaining much attention in modern wind energy conversation systems (WECSs) due to
the variable speed operation, low converter cost, fast dynamical response, high torque to current ratio, reduced power losses brushless
system with low noise and high reliability [1,5–7]. However, variable
physical parameters, nonlinearity, and variable load torque are some of
the important issues to be considered in the control process design of
PMSG [7].
Recent developments in control loops are responsible for optimum

⁎

operation of the wind turbine [8]. Examples include torque control [9],
power control loops [10], pitch control [11], feedback linearization
control [12]. Moreover, there is still a need for implementing each
control loop separately using conventional proportional integral (PI) or
proportional integral derivative (PID) controllers, and minimizing the
couplings among loops by iterative adjustments [3]. However, the
modern wind turbine structure, larger, more ﬂexible and environmental
conditions, make the conventional controllers not suitable in transient
state even their good steady state. Therefore, the need for advanced
control methods is increased. Previous works have focused on improving the dynamic of the PI controllers such as: applying fuzzy logic
control [13], and sliding mode control [14,15]. The main limitation of
these methods is the need for high speed power converters and powerful calculators.
Until now, PID controllers are still being used in the industry applications for their simple structure, ease of design, and inexpensive
cost [16]. In addition, they have good performance, including
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the control part was implemented with two real-time dSPACE1104
cards. The ﬁrst card contains the improved current vector control [21]
with the wind turbine model and wind proﬁle. The direct power control
(DPC) [1,21] was implemented in the second one to control the GSC.

acceptable overshoot with small settling time for slow industrial processes [16,17]. This solution could not be a suitable alternative in high
nonlinear systems. Hence, fractional-order (FO) controllers have been
applied in several ﬁelds with better results in comparison with the
traditional ones [1,16]. Appropriate FO integral (I)/derivate (D) can be
utilized in order to improve the performance of the PID controller. In
recent past, particular interest has been given to the fractional calculus
theory and the approximation methods to build suitable controllers for
complex systems. Firstly, A. Oustaloup was proposed Commande Robuste d’Ordre Non Entier (CRONE) controller in 1991. Afterwards, I.
Podlubny started the FO PID (FO-PID) in the form of PIλD μ in 1999
[18]. The powers λ , μ are real orders employed by researchers to give
more freedom degrees to the FO-PID compared to the integer PID. But,
the high order of the approximation method could be a major drawback
for the FO-PID controller. Thus, compromising between the order of the
approximation and the required performance in experimental application is the real challenge. Lately, more researches have been introduced
to the structure of the FO-PI controllers employed in several domains.
[17] tries to employ a fractional order integral plus proportional (FOIP) controller in active power ﬁltering to gain short response time and
low overshoot but this kind of controllers presents some limitations in
steady state with high distortions. Then, [19] proposed a combination
between a conventional PI and FO-PI controllers and switch between
them when external disturbances are detected but this approach still
have to be improved in order to control the decision maker. In [20],
authors introduced an intelligent solution by replacing conventional
decision with a fuzzy logic supervisor but the cost of this approach
could be a critical issue. After that, authors of [21] applied a new
structure of hybrid FO-PI controller on the same system under study of
this paper. The obtained results could be satisfying in steady and
transient states but the complexity of the proposed controller presents
some critical concerns in term of the powerful calculator units needed
that lead to increase the implementation cost.
Nowadays, sliding mode control has been the choice of many researchers in control and could been a good alternative in supervising
domain [22]. However, the natural chattering phenomenon of the
sliding mode is a major problem for inverters control [22,23]. But, in
our case, it could be the major advantage by up or down depending on
sliding surface. Thus, this paper proposes a new controller structure
named Sliding Mode Supervised Fractional order controller (SMSF)
with simple design, suitable for WECS, easy to be implemented, earn
the beneﬁts from the eﬃciency of the conventional PI controller in
steady state and accuracy of tracking the wind speed in sever conditions. The SMSF controller combines between conventional PI controller and FO-PI controller and set one of them based on a sliding mode
supervisor (SMS). Moreover, the general structure of a PI controller is
kept by employing two parallel paths which have tunable scalar gains
in order to ensure that the SMSF controller can easily be implemented
in control loops.
This paper is divided into six sections. Section 1 is an introduction.
Section 2 gives a brief overview of the WECS modelization, Section 3 is
the global system control. Section 4 presents the proposed SMSF with
detailed analysis and Section 5 shows the experimental results and their
interpretation, which conduct us to the Section 6 with the main conclusion.

2.1. Wind turbine model
The aerodynamic power extracted from the wind is expressed by Eq.
(1) [24]:

Pw =

1
Cp ρπR2Vw3
2

(1)
(kg/m3),

R is the turbine radius (m ), Vw is
Where, ρ is the air density
the wind speed (m / s ), Cp is the coeﬃcient of the turbine given by the
wind turbine manufacturer.The tip speed ratio (TSR) λ is deﬁned as
[24,25]:
λ=

Ωt R
Vw

(2)

Where, Ωt is the wind turbine angular shaft speed.
The torque on the wind turbine shaft can be calculated from the
power expression as [1,25]:

Tw =

V3
Pw
1
= Cp ρπR2 w
Ωt
2
Ωt

(3)

Cp depends on the TSR and the pitch angle β such as [26]:
π (λ + 0.1) ⎤
Cp = (0.5−0.00167(β−2)). sin ⎡
−0.00184(λ−3)(β−2)
⎢
⎣ 18−0.3(β−2) ⎥
⎦

(4)

2.2. Generator model
Park representation of a PMSG model is the commonly used, which
its voltage equations are expressed by [25]:

− Rs−Ld s
v
ωLd ⎞ ⎛isd ⎞
0
⎛ sd ⎞ = ⎛
+ ⎛ ω. φ ⎞
v
f⎠
⎝ sq ⎠ ⎝ − ωLq − Rs−Lq s ⎠ ⎝ isq ⎠ ⎝
⎜

⎟⎜

⎟

(5)

Where, Rs , ω are the stator resistance and the generator electrical
rotational speed respectively.vsdq , isdq are the d, q stator voltages and
currents. Ldq , φf are the d, q axis inductances and magnetic ﬂux.
The relationship between the electrical speed and the mechanical
speed can be expressed as:

ω=

p
Ωt
2

(6)

p is the poles number of the PMSG.
The mechanical dynamics of the rotating parts can be given by
maximum [1]:

J

dω
= Tw−Tm−fr ω
dt

(7)

Where, J is the inertia; Tw is the wind turbine torque and fr is the
coeﬃcient of friction.
2.3. Wind turbine emulator

2. Wind energy conversion system

The wind turbine emulator is based on DC-DC converter and DCMotor with separate excitation as shown in Fig. 2.
The steps proceed to build the wind turbine emulator are very much
in the same way as indicated in [1]. First, the wind speed proﬁle and
pitch angle are set on the control desk of ﬁrst dSPACE 1104 card. Then,
the sensed current ia and DC-Motor speed ωem signals are sent as inputs
to the wind turbine mathematical model. After that, the model generates a reference current signal ia∗ corresponding to the set wind speed
and pitch angle β , then, this reference value is compared to the measured ia . Finally, the error between sensed and reference current is used

Fig. 1 shows the general power circuit conﬁguration of the WECS.
The system is composed of three parts: an electrical part, a mechanical
part, and a control part. Whereas, the mechanical part represented by a
wind turbine, which is employed by DC motor with separate excitation
used as an emulator. The wind turbine model is practically the same as
the one proposed in [1]. The electrical part includes 6.6 kW PMSG
connected to the grid (50 V, 50 Hz) via two back-to-back converters
(machine side converter (MSC) and grid side converter (GSC)). Indeed,
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Fig. 1. Wind energy conversion system.

The optimal values are in Appendix A.

as input for PI controller and the required gate pulse is sent out through
the PWM port of the ﬁrst dSPACE card [1].

3.1.2. Improved current vector control
Vector control technique is mainly used to maximize the extracted
power from the wind [1], it has a nested-loop structure with a fast inner
loop and a slow outer loop as shown in Fig. 3, where the outer loop
controls the wind turbine speed (ω ) and the inner loop is designed to
control the currents id and iq . Therefore, id and iq current loop is decoupled which ensure a stable and decoupled active and reactive
power.
The d and q inner current loops usually adopt a PI controller with a
transfer function (TF) expressed as:

3. Global control
The global system control is mainly divided in two parts: MSC
control and GSC control. The main role of the ﬁrst one is to track the
maximum power from the wind energy conversion system. Whereas,
the second one role is to manage the power between the grid, the
nonlinear load and the wind turbine system by ensuring high power
quality with unity power factor.
3.1. MSC control

Ci d,q (s ) = kp id,q +
3.1.1. MPPT based tip speed ratio
For maximum power extraction, it is necessary that TSR must reach
its optimum value. This is possible by controlling the rotational PMSG
speed so that it always rotates at the optimum speed. The PMSG optimum rotational speed can be extracted from Eq. (8). Therefore, the
mechanical power extracted from the wind is maximum too [21,25].

Ωopt =

s

(9)

Where, kp id,q and ki id,q are the proportional and integration gains
respectively. The maximum power depends on the power coeﬃcient Cp
as in Eq. (1), which is a non-linear function of λ and β as noted in Eq.
(4). Also, Cp should have a maximum value (Cp = Cpmax ); hence, it is
necessary to control the generator speed to meet optimal value of TSR.
The outer speed loop includes a conventional PI controller causes a
dramatically degradation in the control performances which oblige us
to integrate the proposed controller, which will be detailed in next

λ opt Vw
R

ki id,q

(8)

Fig. 2. Wind turbine emulator.
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Fig. 3. Current vector control for MSC control associated with SMSF controller.

section.

Table 1
Switching Table of DPC.

3.2. GSC control
From Fig. 1, it is clearly that the major role of the GSC is feeding the
nonlinear load from the extracted wind energy and injecting the extra
energy to the grid by ensuring a unity power factor during the wind
turbine operation [21]. Thus, the direct power control (DPC) of Fig. 4
with an improved outer DC-bus voltage regulation loop is employed
regarding to its beneﬁts as mentioned in [17] to control the GSC.
In more details, the basic idea of the proposed DPC is to choose the
best GSC voltage vector among the eight possible vectors in order to
maintain the DC-bus voltage close to the reference value, and to keep
the unity power factor by controlling active and reactive power respectively [27]. The GSC switching states of Table 1 are selected by a
switching table based on the instantaneous errors (ΔP , ΔQ ) between the
commanded and estimated values of active and reactive power which
passed through hysteresis comparators. For this reason, the switching
table synthesis is based on the sign and magnitude of the change in
active and reactive power for each sector of Fig. 5.

ΔP

ΔQ

θ1

θ2

θ3

θ4

θ5

θ6

θ7

θ8

θ9

θ10

θ11

θ12

1
1
0
0

0
1
0
1

V6
V6
V6
V1

V7
V1
V1
V2

V1
V1
V1
V2

V0
V2
V2
V6

V2
V2
V2
V6

V7
V6
V6
V4

V3
V6
V6
V4

V0
V4
V4
V5

V4
V4
V4
V5

V7
V5
V5
V6

V5
V5
V5
V6

V0
V6
V6
V1

this kind of controllers in complicated systems that have variable
parameters [17]. One of the proposed solutions is the fractional order PI
controller (FO−PI ). Based on fractional calculus (FC) theory and approximation methods, the FO-PI controller could be a good alternative
in transients by oﬀering fast response time and low damping but it is
also limited in steady state as cited in [19]. Thus, the main idea of this
paper is to propose a new controller which combines between one
conventional and other one fractional then employ one of them in
regulation loop by using a supervisor based on sliding mode control as
shown in Fig. 6. The expected advantages of the proposed Sliding mode
supervised fractional (SMSF) controller are to have a good steady state
and best transient state when applying sever working conditions. The
SMSF controller is employing in speed regulation loop of current vector
control of Fig. 3 and in voltage regulation loop of DPC of Fig. 4.

4. Design of the proposed SMSF controller
As many papers have highlighted [19], the most used controller in
regulation loops is the conventional PI controller regarding to the
simplicity of design, the good steady state and the acceptable transient
state. Recently, several authors have expressed doubts about employing

4.1. Conventional PI controller
In steady-state, the conventional PI controller is selected to obtain

Fig. 4. Direct power control for GSC control associated with SMSF controller.
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α

d
Re(α ) > 0,
⎧ dt α
⎪
α
Re(α ) = 0,
aDt = 1
⎨ t
⎪ ∫a (dτ )−α Re(α ) < 0
⎩

(11)

Where, α is the order of derivative or integral and Re(α ) is the real
part of α .
One of the most used deﬁnitions of the aDtα operator is RiemannLiouville fractional order. The integral order is deﬁned as,
−α
aDt f

(t ) =

1
Γ(α )

∫a

t

(t −τ )α − 1f (τ ) dτ

(12)

Where,

Γ(x ) =

∫t

a

y α − 1e−ydy

(13)

Γ(·) is the Euler’s Gamma function and α is assumed as a real number
that satisﬁes the restriction 0 < α < 1.
Laplace transform is the additional tool used in this FC. The Laplace
transform of nth (n ∈ R+) derivative of a signal x (t ) in relaxed mode
i.e., t = 0 is given as:
L {Dnx (t )} = s nX (s )

Fig. 5. Sectors on stationary coordinates.

(14)

Here, s is Laplacian operator. So, a fractional order diﬀerential
equation for given input and output signals u (t ) and y (t ) (relaxed at
t = 0 ) is expressed as a TF of form,

H ̂ (s ) =
Fig. 6. Block diagram of the proposed SMSF controller.

a1 s λ1 + a2 s λ2+⋯+amA s λmA
b1 s β1 + b1 s β1+⋯+bmB s βmB
R2 ,

kic
s

PI α

∀ (m ∈ N ) . The
(λm, βm) ∈
controller
Where, (am, bm) ∈
involves a fractional integrator order α (can be any real number). The
controller signal u (t ) can then expressed in time domain as,

the expected control performance and its TF is given by Eq. (10) with
two controlled terms (kpc and kic ) and an integer order of integration
(s−1).

Cc (s ) = kpc +

(15)

R+2 ,

u (t ) = kpf e (t ) + kif D−α e (t )

(16)

In the frequency domain, the TF of the FO-PI controller is given as,
(10)

Cf (s ) = kpf +

Fig. 7 shows the regulation loops of the MSC control (Fig. 7-a) and
the GSC control (Fig. 7-b) respectively. The TF of the regulation loops
are calculated and compared with a second order equation to obtain the
integral and derivative gains kpc and kic .

kif
sα

(17)

The following sections will present a brief FO-PI controller parameters calculus and Oustaloup Continuous approximation (OCA)
method [30] to build the FO-PI controller.
4.2.2. FO-PI controller parameters calculus
To calculate the parameters of the FO-PI controller (kpf , kif and α ), a
method well detailed in [17] is used by satisfying the following criteria
to secure the robustness of a linear FO-PI controller [17,31].

4.2. Fractional order PI controller
Fractional order PI (FO−PI ) controllers are studied for variablespeed operation of WECS with a PMSG in several papers [21,28].
However, the FO-PI controller has an additional parameter α to be
developed. This will add more ﬂexibility to the controller design [29].

4.2.2.1. Phase margin speciﬁcation.

Arg [G (jωc )] = Arg [Cf (jωc ) P (jωc )] = −π + φm

(18)

Where, Cf (jωc ) and P (jωc ) are fractional order TF of the controller
and plant, respectively, and ωc is the gain crossover frequency of the
open loop system (|Cf (jωc ) P (jωc )|dB = 0 ). φm is a prespeciﬁed phase
margin that provides a desired level of stability margin, which enhances
the robustness of the system against uncertainties [17,31].

4.2.1. Theory of fractional calculus
FC is a branch of mathematical analysis having 300 years of history
[29]. FC is a generalization of ordinary diﬀerential calculus which
considers the possibility of taking real number power of diﬀerential and
integration operator aDtα [19,29], where a and t are the bounds of the
operation. The FO diﬀerentiator can be presented by a general operator
given by,

4.2.2.2. Robustness to gain variations of the plant.

Fig. 7. Closed regulation loops, (a) for MSC control, (b) for GSC control.
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⎡ d (Arg (Cf (jωc ) P (jωc ))) ⎤
=0
⎢
⎥
dω
⎦ω = ωc
⎣

as output to employ a PI controller or a FO-PI controller.
To build the SMS, ﬁrstly, the sliding surface Sx is expressed by Eq.
(24).

(19)

This constraint, so-called isodamping feature, ensures an almost
constant phase margin about gain crossover frequency ωc which results
in higher robustness against uncertainties. Therefore, realization of the
isodamping constraint with a compact transfer function is one of the
signiﬁcant features of fractional order systems [19,31]; and

Sx = |X ∗−X |−m

4.2.2.3. Amplitude speciﬁcation.

ud =

|G (jωc )| = |Cf (jωc ) P (jωc )| = 1

(20)

s + ωk′
s + ωk

∏
k =−N

5. Experimental results
In order to investigate the eﬃciency of the proposed SMSF controller in speed and voltage loops, a variable speed WECS is a good
challenge by imposing severe wind speed proﬁle and sudden nonlinear
load variations. Fig. 9 presents the experimental set-up of 6.6 kW developed in laboratory in order to examine the validity of the proposed
controller integrated to the current vector control of Fig. 3 which is
implemented with the wind proﬁle on the ﬁrst real time dSPACE board
(N°1) with a sampling time Ts = 40 ms to control the MSC (N°7). The
direct power control with a SMSF controller in voltage regulation loop
of Fig. 4 is implemented in the second dSPACE (N°2) in order to control
the GSC (N°8). The major role of the GSC with the improved control
(SMSF-DPC) is injecting the wind energy to the grid. The experimental
machine side results are recorded by using the control desk interface,
whereas the voltage and current waveforms quality are captured using
a power quality analyzer. The main powers of the global system have
been captured by using a numerical oscilloscope (N°11).
The system parameters used in practical tests are given in Appendix
B and the results are shown in Figs. 10–15. Several criteria are used to
evaluate the proposed SMSF controllers such as the speed tracking and
theCp for the machine side. Where, the response time (tr ), the ﬁrst
overshoot (D ) and the current quality (THD ) are evaluated for the other
side.

(21)

OCA model of the term s μ is given in a desired frequency band [ωb ,
ωh ] [17]. Where, μ is a real number in the range of [−1, 1]. s μ is called
FO diﬀerentiator if 0 < μ < 1 and FO integrator if −1 < μ < 0 . The TF of
the term s μ is given by Eq. (22):

ω
Hf̂ (s ) = K ⎛ b ⎞
ω
⎝ h⎠
⎜

μ

⎟

N

∏
k =−N

1+
1+

s
ωk′
s
ωk

(22)

The poles, zeros, and gain of the ﬁlter can be evaluated as,

ω
ωk = ωb ⎛ h ⎞
⎝ ωb ⎠
⎜

k + N + 12 (1 + μ)
2N + 1

⎟

ω
, ωk′ = ωb ⎛ h ⎞
⎝ ωb ⎠
⎜

⎟

k + N + 12 (1 − μ)
2N + 1

and K = ωhμ.

Indeed, 2N + 1 is the order of the realized analog ﬁlter [17].
4.3. Sliding mode supervisor
Sliding mode control is considered as one of the most accurate and
robust control technique for several control applications [22]. The
standard ﬁrst order sliding mode control causes the chattering problem
which may damage the control performance [23]. But, in our case, the
sliding mode supervisor (SMS) of Fig. 8 employs a PI or a FO-PI controller and ignores the other one as mentioned in Eq. (23). In more
details, going from up to down state and vice versa seems to be the
chattering phenomena of the sliding mode control which is the main
selection mechanism of the proposed SMS.

ud =

{10

PI
FO−PI

(25)

< m , it is clear that Sx is negative and ud equals to zero
as a result the SMS employs the conventional PI controller. And, when
|X ∗−X | > m , Sx is positive and ud equals to one therefore the FO-PI
controller was selected.
For the SMSF controller, all parameters are summarized in
Appendix B and practical tests have been conducted to validate the
performance of the improved technique.

4.2.3. Oustaloup continuous approximation
To implement the term s−α of Eq. (17), in simulation or practical
studies, one most common way is to approximate them with integer
order transfer functions [32]. One of the well-known approximations is
caused by Oustaloup [33] who uses recursive distribution of N pole
points and N zero points of the following form, representing a higher
order analog ﬁlter.

sμ = K

1
[1 + sign (Sx )]
2

When|X ∗−X |

By considering Eqs. 18–20 with the plan TF, we can get kpf , kif , and
α values of the FO-PI controller.

N

(24)

Where, m is a real number whose values are responsible for the
selection sensibility of the proper controller.
Then, the control signal can be rewritten as Eq. (25) to fulﬁll Eq.
(23):

5.1. Grid side results
The power extracted from the wind is transferred to the grid and/or
to the load via the DC link capacitor. In transient state, it is possible to
test the performance of the SMSF controller in DC-bus voltage regulation loop of the improved DPC control by increasing (at t1) and decreasing (at t2 ) the load values as shown in Fig. 10. First, in Fig. 10-a,
the SMS was deactivated and the selection between the PI and the FO-PI
controllers was done manually. When the FO-PI controller is applied in
the period T1, a negligible overshoot with fast response time are observed. Whereas, a high overshoot with a slow response time are recorded in period T2 when using the conventional PI controller. As a

(23)

From Fig. 8, the SMS is a block that has the error ε between a reference signal and a sensed signal as input and the command signal ud

Fig. 8. Sliding mode supervisor (SMS) block
diagram.
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Fig. 9. Experimental setup for WECS, 1: PC
with ﬁrst DSPACE, 2: PC with second DSPACE,
3: DC motor, 4: DC/DC converter, 5: separate
excitation, 6: PMSG, 7: machine side converter,
8: Grid side converter, 9: transformer, 10: nonlinear load, 11: numerical oscilloscope, 12:
voltage sensors, 13: speed sensor, 14: currents
sensors, 15: ﬁlters.

Vdc

Vdc

P

t2

t2
Using PI
T2

Using FO-PI
T1

P

50 ms

t1

Pwind

Using SMSF

Pwind

Q

50 ms

t1

Q

(a)

(b)

Fig. 10. Experimental results for two changes of load, (a) Switch between PI and FO-PI controllers manually, (b) using proposed SMSF.

Fig. 11. THD using, (a) FO-PI controller, (b) Conventional PI controller.

result, this test revealed that the FO-PI controller get more beneﬁts
compared to a conventional PI controller in transient in term of response time and ﬁrst overshoot. However, in Fig. 10-b the SMS was
activated. As expected, the SMSF controller conﬁrms the ability to stand
sever load variations by employing the fractional controller in transients. Moving to the steady state analysis, the currents quality that feed
the load and/or injected to the grid are evaluated by the total harmonic
distortion (THD) parameter. In contrast to the transient state, the
conventional PI controller oﬀers better currents quality compared to
the FO-PI controller (3.4% < 5%) as shown in Fig. 11. Moreover, it is
plausible that the limitation of Oustaloup continuous approximation
method to build a good fractional controller could have inﬂuenced on
the current quality as depicted in [19,20]. Furthermore, the SMS selects
the conventional solution in steady state. However, the SMSF controller
respects the standards imposed by IEEE.

10 s

Fig. 12. Wind speed proﬁle.
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10 s

10 s

(a)

(b)

10 s

10 s

(c)

(d)

Fig. 13. Experimental results using conventional PI controller for WECS: (a) wind turbine speed and its reference, (b) Error between wind speed and its reference, c)
Power coeﬃcient, (d) Error in power coeﬃcient.

evaluate the eﬀectiveness of the WECS. To give more validity to the
obtained results, a comparison is done with [1,25], which also integrates new structures of the Fractional order PI controllers applied in
WECS. This article proves the superiority of SMSF which could qualify
the proposed controller to be an interesting alternative for variable
speed WECSs.

5.2. Machine side results
In order to test the eﬃciency of the SMSF controller integrated to
current vector control, a sever wind speed proﬁle has been applied as
shown in Fig. 12. Actually, Figs. 13–15 show the response of WECS with
MPPT controller based on PI, FO-PI and SMSF controllers respectively.
From Figs. 13-a, 14-a and 15-a, it is clear that the PMSG power has
the same waveform of the wind speed of Fig. 12. But, the PMSG speed of
conventional control has a considerable overshoot in tracking of its
optimal value with high error between the speed and its reference
(Fig. 13-b), which leads to losses in the power extraction, the power
coeﬃcient Cp in this case is far from its optimum value (Fig. 13-c and
-d). Whereas, by employing the FO-PI controller, it is clear that the
PMSG speed follows its reference (Fig. 14-a) with acceptable losses
(Fig. 14-b). As a result, a good Cp is recorded around the optimum
values (Fig. 14-c and -d). Obviously, the WECS with the proposed SMSF
controller presents the best tracking results in term of wind speed
(Fig. 15-a) and power coeﬃcient (Fig. 15-c) with negligible errors as
illustrated in Fig. 15-b,d.
In normal condition, when the PMSG speed is close to its reference
value, the SMS employs the conventional PI controller to the speed loop
to eliminate the steady state error that guarantees optimal power
coeﬃcient (Cp ≃ Cp∗). When sever wind speed variations are detected,
the SMS employs the FO-PI controller which has fast settling time in
order to reach the wind speed reference. Figs. 13–15 prove the superiority of the proposed control over the conventional and the fractional
controllers.
The advantages of the proposed method over the conventional and
the fractional controllers have been proved previously in practical tests
in both transient and steady states and reported in the Table 2. The Cp ,
THD , tr , D , and the complexity of implementation factors are used to

6. Conclusion
In this paper, a suitable Sliding Mode Supervised Fractional order
controller (SMSF) for Wind Energy Conversion System (WECS) was
developed. The potential of this approach is to behave as adaptive
controller with low complexity in the design. In more details, the proposed SMSF combines between the simplicity of a conventional PI
controller in steady state and the eﬃciency of a FO-PI controller in
transient state. The SMSF controller was employed in the current vector
control loop for maximum power extraction also in direct power control
loop to ensure smooth injection of wind energy to the grid. The eﬀectiveness of the proposed controller was tested experimentally in laboratory. Whereas, a wind turbine emulator based on a DC motor was
realized to drive an industrial PMSG and been connected to the grid via
back-to-back converters. A variety of tests have been performed to
demonstrate the good tracking capabilities and the accurate power
control. In transient state, the experimental results show that the proposed SMSF controller can achieve fast response time with low overshoot and good tracking performance under variable wind speed proﬁle. Furthermore, low THD have been obtained in steady state. The
proposed controller could be a good alternative in regulation loops for
variable speed wind energy conversion system.
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Fig. 14. Experimental results using FO-PI controller for WECS: (a) wind turbine speed and its reference, (b) Error between wind speed and its reference, (c) Power
coeﬃcient, (d) Error in power coeﬃcient.

Appendix A.
A.1. MPPT optimum values

Cp max = 0.47,λ opt = 8.1.
A.2. Wind turbine speciﬁcations

R = 1.02 m ρ = 7.225 kg/m3.
A.3. PMSG parameters

Rs = 1.6 Ω, Ld = Lq = 6.365 mH , φf = 0.1852 Wb, p = 4, J = 18.5 ·10−5kg m2, P = 6.6 kW.
Appendix B.
B.1. SMSF controller parameters for MSC

kpc = 19, kic = 13.4, kpf = 12.6, kif = 9.8, α = 0.8,[−m, m] = [−5 rad/s, 5 rad/s].
B.2. SMSF controller parameters for GSC

kpc = 1.4, kic = 210, kpf = 0.4, kif = 30, α = 0.8,[−m, m] = [−3 V, 3 V].

99

Energy Conversion and Management 167 (2018) 91–101

H. Afghoul et al.

10 s

10 s

(a)

(b)

10 s

10 s

(c)

(d)

Fig. 15. Experimental results using the proposed SMSF controller for WECS: (a) wind turbine speed and its reference, (b) Error between wind speed and its reference,
(c) Power coeﬃcient, (d) Error in power coeﬃcient.
Table 2
Main comparison results.

Conventional PI
FO-PI
Ref [25]
Ref [1]
SMSF

Machine side

Grid side

Implementation

Cp error

THD (%)

tr (ms )

D (%)

17%
2%
13%
8%
2%

3.4%
5%
4.2%
4%
3.4%

60
10
/
/
10

10%
2%
/
/
2%

Less
Moderate
Moderate
High
Moderate

B.3. Approximation parameters

ωb = 10−4, ωh = 10 4, N = 3.
B.4. TF of the fractional order integration s−α = s−0.8 is

s−α = 0.19

(s−0.79)(s−7.94)(s−79.4)(s−794.32)(s−7943.2)(s−79432.82)(s−794328.23)
(s−0.14)(s−1.41)(s−14.12)(s−141.3)(s−1412.53)(s−14125.3)(s−141253.75)
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