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NON-LINEAR CONTROLS FOR ROBUSTNESS
INVESTIGATION OF PMSG-BASED WIND TURBINE

Fadila TAHIRI, Abdelkader HARROUZ?, Virgil DUMBRAVA?, Abdessalam
BADOUD*, Moamen ALNATOOR!

This paper presents robust controller techniques to improve the performance
of WECS;. Firstly, vector control, which has shown fairly, limited results in terms of
setpoint tracking. To overcome the insufficiencies of vector control, a backstepping
type controller is proposed. The backstepping control allows operating the system in
the best performance. This control less responds to the problems of regulation,
tracking, and robustness with a parametric variation. Here we offer an adaptive
control based on the fuzzy-backstepping control. The simulation results give an
excellent result when applying the fuzzy-backstepping control, where shows perfect
tracking responses and robust characteristics against statorique parameter
variations.
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1. Introduction

With the growth of environmental problems resulting from the use of
fossil fuels and increased energy consumption for the next decades, The majority
of countries have entered into the dynamic to find solutions and in this
framework, the use of renewable energies is an optimal solution for energy
production [1]. The wind turbine, among renewable energy resources, has a large
potential not to replace current energies but to compensate for the amortization of
the ever-increasing demand. [2] Where its use has increased dramatically in recent
years. Today, the globe has 743 GW of wind generating capacity, which helps to
avoid around 1.1 billion tons of CO> [3.]. Wind turbines are power stations that
are erected on the ground atmosphere and use wind energy from a multitude of
levels. The motion of the wind is turned into mechanical energy by the rotor
blades, which are subsequently transferred into electrical energy by the Permanent
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Magnet Synchronous Generator (PMSG). Wind, according to Melo [4], is the
movement of air in the atmosphere that occurs due to the uneven distribution of
solar radiation and the heterogeneity of the underlying surface, thus uneven air
temperature and atmospheric pressure changes. [4]

Currently, in the domain of renewable energy systems, variable speed
generators are the most extensively employed [5], as a result of the evolution of
electronics and permanent magnetic materials, In addition to having high thrust
intensity, low energy loss, rapid dynamic response, and easy maintenance [6].
However, PMSG control remains complex due to the generator analytical model's
non-linearity, parameter disturbances of external environmental elements,
improper magnetic flux measurement, and previous control approaches have not
entirely solved the performance of these problems [7]. Therefore, several research
projects have been undertaken to optimize the performance of wind energy
conversion systems WECSs [8, 9]. Among this research, the vector control or
Field-Oriented Control (FOC). [10] The vector control proposed by Hasse in 1969
and Blaschke in 1972 allows AC drives to have a dynamic approach similar to
that of DC drives [ 11], This technique allows achieving a decoupling between the
flux and the torque control [12],[13]. In this paper we applied this control
technique, it was done by other researchers [14], [15] but after the results have
been obtained, we note that there the disadvantages lie in the sensitivity to
machine parametric variations. To improve the FOC the researchers suggest
another technique; Mohammad Sadegh Eslahi et al [16], made a comparison
between these three controls; FOC, Direct Power Control (DPC), and combination
control, for PMSG. Salah Eddine Rhaili et al published a paper about the control
of the WECS;s using the Sliding Mode Control (SMC) [17]. Mohamed Nadour et
al [18], proposed two techniques for controlling the Double Fed Induction
Generator DFIG (PI controller, backstepping control). Youness EI Mourabit et al
[19] did a study focused on the PMSG of a wind turbine system using the
backstepping control. We proposed a backstepping controller in this research that
can transform the control law synthesis issue for the entire system into a control
sequence synthesis problem for smaller systems by building it in stages using
Lyapunov functions. Backstepping, by utilizing the latter's flexibility, can solve
problems of regulation, tracking, and robustness in a less restricted manner than
other techniques [13]. Today, new control strategies have been presented that are
more adapted to overcoming the system's nonlinearities. Fuzzy logic control
(FLC), in particular, offers an intriguing option. In comparison to PI controllers,
this control provides superior transient response tracking and is less sensitive to
parametric variation and disturbances. The FLC controller substitutes the PI
controller in this approach; however, it requires a decoupling block identical to a
P1 [20]. The objective of our research is to create an adaptive control based on the
fuzzy-backstepping control of PMSG. Even with parameter uncertainties, the
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developed controller can track the reference signal rather effectively. The
suggested technique is quite easy compared to existing based controller design
schemes.

2. Modeling of wind Turbine

The kinetic energy of an air column of length dx (m), section S (m?), air
density p (kg/m?), and wind speed v (m/s) is:

dEczé-p-S-dx-v2 Q)

The power coefficient Cp determines the proportion of power collected by
a genuine wind rotor:

1 3
sza.cp(z)-p-s-v (2)
The speed ratio A is given by:
PRI ©)
v

Where, Q represent the rotational speed (rad/s) and R represent the blade
radius (m). The power coefficient has been calculated using particular readings
obtained from a wind turbine by the following analytical equation:
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Fig. 1. Coefficient power as a function of ration speed

The mechanical torque Tm given as:
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3. Modeling of PMSG

Model of the PMSG in a frame of (d, q) axis, associated to the rotor flux
vector [8], taking into account the hypothesis commonly considered in the
modeling of alternating current machines, are:

di
Vg =—Rs-lq —qu—tq—Ld - ly+ o5 o
dQ

Tem =g. p'[('—q_l-d)'ld g + o 'Iq]
P=Tey Q

Where P, o, p, J, @7, F, Tm, Rs, L4 and Lq represent the electromagnetic
power, rotor angular velocity, number of pole pairs, rotor moment of inertia,
permanent magnet flux, friction coefficient, mechanical torque, stator resistance
and stator inductance of(d,q) axis respectively.

4. Vector control (FOC) of PMSG

The control of the oriented flux is a technique that introduces a method of
decomposing the stator current vector into two components; one controls the flux
and the other acts on the torque. The idea is to solve the problem of coupling
between the two axes (d, q), where the torque is controlled by component (lIq),
while the flux is controlled by (1d). By controlling the quantities (Id and Iq) acting
directly on the voltages VVd and Vq.[22]

In this control technique Id = 0, since it is constant, therefore the
electromagnetic torque is directly proportional to Iq.

3
Tem:E'prf'lq (7)
The machine model in the Park's reference is;

Vd =—a)~Ld . Id +Ud

Vg =-0-(p5 +Lq-1q)+Uq ®)
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On the other hand:
Vg =Rs- 1y +Lyg ‘{j'—;’:vd =(sLg +Rs)- g
dl 9)
_ q _
Vg =Ry lg +Lg o = Vg — (sLq+R)-Iq
Where; s; the variable of the Laplace transform.
Current regulators
From (9), the expressions for the currents is;
la 1
\Y/ sLy +R
o Ly +R) o)
lg _ 1

Vg (SLq+Rs)

As a result, we have two comparable PI regulators that are employed in
two independent loops to control the component of the axes (d, g), as shown in
fig.2. [23]

Speed control

The dynamics of the speed is demonstrated in:
dQ

JE-FF'Q:Tm—Tem (11)
Where;
— Tm _Tem (12)
J-s+F

To maintain the corresponding speed, the variable speed regulator
determines the reference current Igq and the reference torque. The regulator output
is a control signal which indicates the reference current Ig.

The proposed control is explicated in “Fig. 2 "[23]
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Fig. 2. Control principle diagram.
5. Backstepping Control

The equation (6) model is used to model PMSG. Because of the
connection between current and velocity, the model has substantial nonlinearity.
Backstepping control's core principle is to make the system flow in a first-order
cascade stable subsystem in the sense of Lyapunov, giving it resilience and global
asymptotic stability. The goal is to control the speed by using the dlg/dt and dlq/dt
expressions as subsystems and the stator currents as intermediate variables (lg, lg).
We can then compute the voltage commands (Vd, V@) that are required to assure
the PMSM's (Permanent Magnet Synchronous Machine) speed control as well as
the overall system's stability. The following expressions illustrate the errors [1],
[24]:

g =1d—lq
&q=1q-q (13)
fo=0"-0

And the dynamics of the errors are given as follows:

a =g —Ig
q=1lq—Tq (14)
Sa=0"-0
With;
'd -0 (15)
ig=0
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stepl: Backstepping speed controller

In the first step, by the Lyapunov functions (eq16) a virtual control is
created to ensure that the system converges towards its equilibrium state:

=2 (16)

The first derivation of Lyapunov function:
Vi=¢g -0

3
=—KQ-§§2+%Q(—TM+F~Q+KQ~J-§Q+§~p~|q~(pfj an

+%-p-(Ld—Lq)-ld-lq-§Q

With:
1

éo =Q*—3(Ttur—§- p-(La—Lg)1a-1q+1q 01 )—F-Qj (18)

Where
Twr: turbine torque, K_: rotational speed gain.

The first subsystem is stable; the derivative of the norm must always be
negative V1 < 0. This translates into the correct choice of stator currents values Id
and Iq.

lg =0
'3232.\] [_KQ'%CQ_Q*—M—E{Z} (19)
“P-of J J
With:
o 20)

Vi =-Kq -5 <0
Step2: Backstepping voltage controller

In this step, the control voltages statorique in Park axis Vg (Direct voltage)
and Vq(Quadratic voltage) will be calculated based on the virtual entrances of the
system. A new Lyapunov function based on the velocity tracking error and current
component error to find the stator voltage references [9]:
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V=2 (v )

(21)
Vo =&q-Eq+éy o +éa-éa =—Ka-E4—Kq-&f —Kq-&§
Using the previous equations, we get;
. 1
§d=L_'(Rd'|d_p‘Q'|—q'|q_Vd)
d
= Ko-J—F)Tyr—F-Q-2F.
fq 3-p-ps (( Q )[tur 2
(22)
1
((LdLq)-ld-Iq+lq-(pf)+L—q-(Rq~lq+p-Q~Ld-IdVq)n
§Q=3[—KQ-J-§Q—7‘)W-éq—Tp-(Ld—Lq)-lq-fd}

The choosing of the Current gains (d, q) Kd and Kg among the positive
constants Contributes to system stability.[18]

In the end, the control laws are in the following forms:

|;:_ 23 {_KQ.%_Q*_M_E.Q}
3-p-of J

Ry Ly

Vg =—Ly| —-Kyq-&g—lg+—-l4-@ 23

d d[ d *Sd DRRCRNTRR j (23)
3'p'(0f Ot Ld Rq

V :—L —K . — C _ ) —— ) ——-

‘ q[ N L, ¢ L ¢

6. Fuzzy logic control

The use of this technique, first described by Lotfi Zadeh (1965), has
become a viable alternative to several control systems in recent decades. Fuzzy
logic techniques are now used in practically every sector and may be used to
operate wind turbines with nonlinear models. The fuzzy logic structure is divided
into three sub-blocks, as illustrated in Fig. 3, fuzzification, inference, and
defuzzification [25].
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Fuzzy logic controller

______________________________________________

! 1
) 1 ags -
ek Ke || Fuzzification | 3| Fuzzy | yf Defuzzification : C
\ inference h
1
1 f 1
1
1
1

1

i

1

Kde Input Fuzzy Fuzzy Output Fuzzy !

Ae(k) Sets Rules Sets !
1

1

______________________________________________

Fig. 3. Structure of the FLC

Ke, Kde, Kc They are scaling factors that can be constants or variables and
play an important role in FLC design to achieve a good response in both dynamic
and transient states.

Fuzzification

Based on a membership function, the numerical input variables (e (k),
Ae(k)) are converted into linguistic variables in this stage. There are seven levels
of fuzziness employed; ZE (Zero), PB (Positive Big), PM (Positive Mean) PS
(Positive Small), NB (Negative Big), NM(Negative Mean), and NS (Negative
Small) [26], as illustrated in fig.4.

e(k),Ae(k),C
NB NM NS ZE P P NB

Fig.4. Membership functions for variables linguistics of the FLC
Fuzzy Rule Base

The table below gives 49 inference rules of different combinations
between the variables linguistics e(k), Ae(k) with the output C to get the required
reference signals [27]. The IF-THEN rules of the following types indicate the
fuzzy mapping of the input variables to the output variable:

IF [e(k) is NB] and [Ae(k) is NB] THEN [C is PB].
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IF [e(K) is PB] and [ Ae(k) is PB] THEN [ C is NB].[28]

Table 1
Fuzzy rule table for FLC

k) NB | NM | NS | ZE PS PM | PB
Ae(K

NB PB PB | PM | PM PS PM | ZE

NM PB PM PM PS PS ZE NS

NS PM PM PS PS ZE NS NS

ZE PM PS PS ZE NS NS NM

PS PB PS ZE NS NS NM | NM

PM PS ZE NS NS NM NM NB

PB PS NS NS NM NM NB NB

Inference and Defuzzification

This approach transforms the inferred fuzzy control action to a numerical
variable at the output using the eq (24) by constructing the union of the outputs of
each rule.[29, 30, 31, 32, 33].

My =5 (24)

Where;
N: number of rules.
wi: designates the membership rank.
Ci: the coordinate linked to the respective output.

7. Simulation results

The simulation model of wind conversion system with different control
was created using the MATLAB/Simulink program.

Table 2
Parameters of the WECS:.
Rd, Rq 0.5(Q)
Ld, Lg 0.016(H)
Multiplier gain G 1
P 1.2255(kg.m?3)
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0 0.148Whb

P 17

F 0.001 (N.s/rad)
J 0.021(kg.m?)
S IL.R*(m?)

We initially built vector control and backstepping control to make the
system as resistant to structural uncertainty as feasible. The collected findings
suggest that the backstepping control performs significantly better than the FOC,
as shown in the figures below. By comparing the reference tracking in the two
controls, the reference tracking in the backstepping control is more accurate than
the tracking in the vector control. Furthermore, the initial oscillation of the
Qbackstepping control is minimal.
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Fig.5. Rotation speed Q (rad/s).
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Fig.7. Torque Tem and Tt (N.m).



Non-linear controls for robustness investigation of PMSG-based wind turbine 389

0.5
Id(vector)
= = =|d(backstepping)
< o
=
-0.5 I I L |
0 2 4 6 8
t(s)
Fig.8. Stator current Id (A).
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Fig.9. Stator current Iq (A).

We will proceed to two increases of the parameters likely to change over
time, namely the resistances Rd and Rq (assumption of generator heating with
time) and the inductances Ld and Lqg (assumption of saturation) as shown in
(fig.10.a, b) for study the variations of the different quantities according to the
applied stresses and to analyze the extreme conditions of operation.

At t=3sec: Increase in resistances by 10% and inductances by 7%.
At t=5sec: Increase in resistances by 50% and inductances by 14%.
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Fig.10. (a): Variation of stator resistances (Rd, Rq) (Ohm), (b):Variation of stator inductances (Lg,
Lo) (H).

The figures below show us the results of the simulation of various
Controls made in this article (FOC, Backstepping, fuzzy-backstepping) was
carried out without and with variation of the machine parameters.
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(Fig.11) and (Fig.12) show a comparison between the simulation results of

different control applied on the wind turbine based on a PMSG with and without
variation of the stator parameter.
The (Fig.11.a), (Fig.11.b) and (Fig.11.c), show the shape of the speed, power, and
torque, where it is noted that the vector control in the three figures follows the
reference value with a limited offset at the beginning for the speed and power, but
they follow the set point perfectly in backstepping and fuzzy-backstepping control
(more efficient in the backstepping control). As for the current Id, it remains zero
in operation without applying the constraints (Fig.11.d), before the oscillations,
increase when the constraints are applied (Fig.12.d). When we apply the
constraints (Fig.12) at t=3sec (R increases (10%) and L increases (7%)) we see a
limited distortion compared to the vector control. An increase in the value of R
and L (R(50%) and L(14%)) produces in the form of vector control (Fig.12.a) and
(Fig.12.b), quite significant oscillations appear around the reference value. For the
electromagnetic torque (Fig.12.c), we notice a deterioration of the tracking;
similarly, for the current Iq (Fig.12.e), which is the image of the torque. In
(Fig.12.a),(Fig.12.b) the result is good in fuzzy-backstepping where the tracking
of the reference is more accurate compared to the backstepping control, and
opposite to the FOC with which the tracking is bad from that moment on. The
torque (Fig.12.c) and the current Iq (Fig.12.e) behave well. The current id
(Fig.12.d) is perturbed but slightly less than the vector control. Thus, the results
show that, compared to the vector control and the Backstepping-Fuzzy
combination, the results obtained by the Backstepping control are the most
efficient without constraints. When we apply constraints, first at the 3rd second
and then at the 5th second, we find that the Backstepping-Fuzzy control
combination is the best compared to the vector control and the Backstepping
control.

8. Conclusion

This paper proposes robust control techniques for WECSs to improve the
performance of a PMSG. We first used vector control, which showed quite limited
results in terms of monitoring. In order to overcome the shortcomings of vector
control, we have thought of new intelligent control technology, in particular
backstepping control and fuzzy logic control (associated backstepping -fuzzy).
These smart controls have shown excellent results, especially in terms of
flexibility and adjustment. The results show that, compared to vector control and
Backstepping-Fuzzy associations, the number of backstepping control is the most
efficient without constraints. When applying the Backstepping-fuzzy combination
constraints to the GSAP machine, the simulation gave us a good result, showing
perfect tracking response and robustness to changes in stator parameters.
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