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Advanced Control of PMSG-based Wind Energy Conversion
System Using Model Predictive and Sliding Mode Control

Abstract. This paper proposes a sliding mode control (SMC) and a model predictive control (MPC) for controlling a PMSG wind turbine. The MPC
forces the system to follow the defined sliding surface. The major advantages of SMC are robustness, fast response, and simple implementation, but
one of the inconveniences is chattering. Therefore, the MPC has been proposed in this paper which uses the mathematical model of the system to
predict the possible future behaviour of the controlled variables, and this technique allows the selection of the optimal voltage vector that leads to
minimum error using a cost function which leads to low maintenance costs and low total harmonic distortion in current.

Streszczenie. W artykule zaproponowano sterowanie w trybie $lizgowym (SMC) i sterowanie predykcyjne modelu (MPC) do sterowania turbing
wiatrowg PMSG. MPC zmusza system do podgzania za zdefiniowang powierzchnig $lizgowa. Gtéwnymi zaletami SMC sg solidno$¢, szybka reakcja
i prosta implementacja, ale jedng z niedogodno$ci jest chattering, dlatego w tym artykule zaproponowano MPC, ktéry wykorzystuje model
matematyczny systemu do przewidywania mozliwego przysztego zachowania kontrolowanych zmiennych, technika ta pozwala na wybér
optymalnego wektora napiecia, ktéry prowadzi do minimalnego btedu przy uzyciu funkcji kosztu, co prowadzi do niskich kosztéw utrzymania i niskich
catkowitych znieksztatcenn harmonicznych w pradzie. (Zaawansowane sterowanie systemem konwersji energii wiatrowej opartym na PMSG
przy uzyciu modelu predykcyjnego i sterowania w trybie $lizgowym)

Keywords: PMSG, Wind turbine, Sliding mode control, Model predictive control.
Stowa kluczowe: PMSG, turbina wiatrowa, sterowanie trybem s$lizgowym, sterowanie predykcyjne modelu.

1. Introduction

There are two types of energy in the world, renewable
and non-renewable energies like oil and nuclear energy.
The advantage of renewable energy is that it is natural and
will exist forever. Unlike non-renewable energy, it's limited,
the entire world is shifting toward this energy, and wind
energy is a renewable energy source. This energy is a fuel
substitute and protects the environment [1]. The wind
generator collects this energy and converts it into a
mechanical one. Then this power is fed to a generator that
converts this energy into electricity. There are different
types of generators used in this turbine, like doubly-fed
induction generator (DFIG), but the most much-used
generator is the permanent magnet synchronous generator
(PMSG). PMSG-based wind energy conversion systems
(WECS) have received a great degree of interest recently
because of their small structure, reduced maintenance
requirements, and better efficiency and control capabilities.
As a result, PMSG-WECS has developed into a leading
research hotspot in wind power generation [2]. The PMSG-
based WECS generates electricity, but it must be
controllable to meet the following grid conditions: fixed
frequency, voltage regulation, synchronisation, phase
alignment, and active and reactive power control. The
PMSG-based WECS will be installed on the grid through a
back-to-back IGBT converter with two components linked
by a DC link capacitor. IGBT converters provide the power
conversion capabilities and control functions required for
the efficient, grid-compliant operation of PMSG wind
turbines. IGBT converters are essential for optimising wind
turbine performance and grid integration [3]. PMSG-based
WECS are composed of two parts, as presented in figure 1,
the synchronous generator-side converter (SGSC) and the
grid-side converter (GSC), and several control methods
have been proposed to control the back-to-back IGBT
converter. Each control has its unique features. There is
classic control like Proportional-Integral-Derivative control
(PID). Still, it has some limitations due to fixed control

parameters (proportional, integral, and derivative gains) and
needs to directly consider the specific dynamics and
characteristics of the controlled system. This can lead to
suboptimal performance in complex and non-linear
systems. And there are advanced controls that offer more
control capabilities and take into account non-linear
systems, this control method can be used in a linear
system, and the most often used are Field Oriented Control
(FOC), Fuzzy Logic Control (FLC), SMC, and MPC [4].

SMC is designed to make the system slide around the
pre-defined slide surface and stay there regardless of
uncertainty and variations in operating conditions, e.g., wind
speed or uncertainty in the system parameters. The system
moves from one differentiator to another and is modified
using a discrete set of controls to achieve the desired
system behaviour [5]. In this paper, this technique is
implemented on both sides of the system, as shown in
figure 2 and figure 3. Although SMC offers advantages like
robustness, fast response, and easy to implement, it also
has disadvantages like chattering there for another
advanced control has been developed to solve common
SMC problems and enhance system performance. This
technique is called MPC.

MPC is designed as an optimal solution for controlling
the PMSG wind turbine and meeting our grid requirements.
The concept of MPC is that it uses the system model to
forecast the behaviour of the variables being controlled and
uses a cost function to choose the voltage vector that
minimizes the margin of error between the controlled
variable and its reference. This new technique is also
implemented on both sides of the system, as shown in
figures 4 and 5. This control technique offers advantages
like constraint handling, fast response, low maintenance
cost, low THD current, and optimal power extraction, but it
also comes with some potential inconveniences and
challenges like computational complexity. MPC solves an
optimization problem at each control step, for it will need a
powerful processing power with large memory.
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Fig.1. PMSG wind turbine system control

The aim of this work is to present the SMC and the MPC
used for back-to-back IGBT converter control in the PMSG-
based WECS.

This paper is structured in the following sections.
Section 2 presents the mathematical model of the generator
and grid side of the PMSG wind turbine, while Sections 3
and 4 deal with the sliding mode and model prediction
techniques, respectively. Section 5 presents simulation
results to compare and discuss the performance of the two
advanced controls.

2. System modelling
2.1 Wind turbine model
The model of wind power is as follows [7]:

(1) P

wind

= 1 pxSxV’
2
The turbine can generate only a certain percentage of
the available wind power. This percentage is represented
with C,. The wind turbine equations are as follows [7],[13]:

1
) F’turb=5><Cp><p><S><V3

PUI’
&) Tturb = gt)_tb
Where C, is the power coefficient [8]:
116 -
4) C,= 0.5(7— 0.48-5)e% +0.00681
With:
1 1 0.035
()

A A+0.08x8 B+l

2.2 Maximum power point tracking (MPPT)

The MPPT strategy aims to extract the maximum power
from the wind turbine, i.e., to increase the power coefficient
C,. To ensure this, the electromagnetic torque needs to be
estimated and controlled using the MPPT technique. The
maximum power is extracted when 4,,,=8.1 and g = 0° [9]:

Q xR
(6) A= tv
Pturb—ref PXTTX RS x Cp—max x Qt2
(7) Tem—ref = Q = 2)(/13

t opt

2.3 Synchronous generator side model
The PMSG is modelled using the d-q synchronous
reference and is defined as follows [10]:

DC-link voltag®

Grid current
Grid current refference
GSC Grid voltage
DC-link voltage refference
di R,. aoly. V
@ =i+ i+
dt Lsd Lsd Lsd
@) d'i:_&i _ oLy, _a)s_¢f+vﬂ
dt L, ' Ly ULy Ly
3 . .
10 T =2 Pl — Lol + 1 Xl
o 1 3 p . f
(11) P = — T —=X—XPl, ——Q
gt g e

Where i;q and ig, are the currents of the stator in the d-q
frame, Vg, and Vg, are the stator voltage in the d-q frame, ¢y
is the flux of the permanent magnet, w, is the angular rotor
speed, p is the poles pairs number, f is the friction
coefficient, R; is the stator resistance, Ls; and Ly, are the
stator inductances in the d-q frame, T, is the
electromagnetic torque applied to the PMSG, ] is the inertia
coefficient.

2.4 Grid side model

The grid-side converter model connected to a filter is
described in the d-q synchronous reference as the following
[10]:

(12) d(;—gtdzvl_ij—i—:igﬁf%igq—l_—ij

(13) %zvﬂ—&i i, ——+
d L, L, 9 9oL,

(14) Py =V +Vyig

(15)  Qy =Vl —Veilyg

Where isy and iy, are the currents of the grid in the d-q
frame, V,4 and V,, are the voltage grid in the d-q frame, w,
is the grid voltage angular frequency, V;; and V;, are the
voltage output of the converter in the d-q frame, Ry is the
filter resistance, L is the filter inductances in the d-q frame.

3. Sliding mode control

In SMC, the control law is adapted to drive the
trajectories of the system's state on a predetermined
"sliding surface" in a given finite time. The sliding surface is
defined based on the desired system behaviour and is
constructed to make the system dynamics simple when
projected onto this surface. The control law aims to
maintain the system's state on this sliding surface, ensuring
robustness against uncertainties and disturbances.
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3.1 SMC model in synchronous generator side converter
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Fig.2. Generator side of PMSG wind turbine control system

Three controllers are installed using the sliding mode on
this side to control the d-q axis stator current (isq, i5q) and
the speed (Q...). The sliding surfaces are defined as the
following [5]:

(16) S(isd) = e(isd )= i:d - isd
(17) S(Isq) = e(lsq) = I:q o isq
(18) S(Qmec) = e(Qmec) = Qtnec _Qmec

Each axis control is as follows [6]:
(19) Vsd,ef :Vsdeq +Vst

V, =V, +V

(20) SOref SQEq SO

By applying the time derivative to expressions (8,9) and
taking into account that the sliding mode appears on the
sliding surface if (S(x) = 0), therefor we obtain the following
control equations:

Vsdeq =Lyl

L. .
q Isq]

di;
sd S 1
+—iy, -

21
=) dt L * L,

(22)

-k

di
Vsq = q[ = + RS isq +a)sﬁisd + @ ¢_f]
. dt L, . Ly,

And the switching control expressions are defined as:

(23) Vg, =Ky xS(iy) with ks >0

4) V.

s, = Kgg % S(ly) with Kyq >0

With i, and ig, are the dq axis reference current of the
stator, respectively, the d axis current of the stator is
maintained at zero to obtain maximum torque, and the q
axis stator current is controlled using the sliding mode:

25) 0. =i +i

sq ~ 'SQe ' SOy

We apply the derivative to equation (11) to obtain the
following control expression:

isq == = [deec +iQmec_thurb]
W 3pg L dt | J ]

The switching control expression is defined as follows:

(26)

@7) g =K, xS(Q) with K, >0

sq

Where Q... is the mechanical speed reference.

Bk

3.2 SMC model in grid side converter
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Fig.3. Grid side PMSG wind turbine control system

Using the sliding mode on this side, two controllers are
installed to control the d-q axis grid current (izq,igq). The
sliding surfaces are defined as follows [5]:

S(igd) = e(igd ) = i;d - igd
S(iyy) =e(ig) = i;q —lgg

(28)

(29)

Each axis control is as follows [6]:

30 Vo, =Veu, Vs,
31) Vg, :ngeq +Voq,
We apply the time derivative to expressions (12,13):
dii, R V
— gd f s i id
(B2) Vg =L [+ — oy, + ]

dt L, L

@3 V. =L [O|igq R | i Viq]
B T B e MO N I
Sq dt . qq g9 Lf

And the switching control expressions are defined as:

(34) Vg, =Kga xS(igg) with Kpq >0

35) Vg, =KgqxS(igy) with Kyq >0

With iz, and iz, are the d-q axis reference current of the
grid, respectively, the d axis grid current is controlled using
an external PI controller that controls the voltage measured
in DC-link to track its reference at a constant value and the
q axis grid current is also controlled with an external PI
controller that regulates the reactive power to its reference
that is fixed at zero to reach the unity power factor.

4. Model predictive control

MPC is considered an advanced control. It requires a
clear insight into system behaviour and accurate system
modelling. Though MPC comes with many advantages, like
handling constraints, it also comes with disadvantages, like
the requirement of robust processing power with large
memory to solve an optimization problem at each time step.
Like SMC, MPC will be implemented on both sides of the
PMSG wind system [11].
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4.1 MPC model in synchronous generator side converter
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Fig.4. Generator side of PMSG wind turbine control system

MPC control of the SGSC is designed to calculate the
optimum converter voltage vector to apply within the
following sampling period to reduce the error between the
current in the stator and its reference in the d-q framework.
The reference of the d-axis stator current i;;is kept at zero
to obtain the maximum torque, while the reference of the g-
axis stator current ig, is achieved through an external slip-
based controller. We apply the forward Euler discretization
method to equations (8,9), and we obtain the following
prediction equations [12]:

(36) igg [k +1]= @iy [k]+a, (0, [K]Lyig [K]+V 4 [K])

B7) gk +1]= ayig[k]+a, (Lyig [k]+ ¢ ) +aVy,[K]
1-RsT _ T _ 1-R,Ty __osTy

Where aq, = T a, = T a; = oy a, = Ly

as = LE and T, is the sampling period. iz [k + 1] and
sq

isq[k + 1] are the stator planned current in the dq frame at

the (k+1) sampling period, is4[k] and is4[k] are the currents

of the stator in the dq frame at the (k) sampling period A

cost function is then determined by the following [13]:

(38) O =Alg[k+1]+Aig[k+1]

With:

39)  Aig[k+1]= (i, [k +1]—ig, [k +1])°
@0) Al [k+1]= (i [K+1]—i [k +1])

With ig,[k + 1] and i3, [k + 1] are the d-q axis reference
current of the stator at the (k+1) sampling period. The
current predictions in equations (36,37) have seven
different values for each of the seven voltage states that are
presented in Table 1, the cost function [14] is computed for
each time step, and MPC will solve the optimization
problem, and the voltage vector that gives the minimum
value of the cost function will be applied to the next
sampling period. However, the future reference current
value igqq[k+ 1] is unknown. Therefore, it must be
predicted from the present and the past. Values of the
current reference by Lagrange extrapolation are as follows:

(41) gy [K +1] = 3, [K] -3

sdq

[k —1]+ig[k-2]

4.2 MPC model in grid side converter
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Fig.5. Grid side of PMSG wind turbine control system

The main objective of MPC GSC is to control the active
and reactive power of the grid by controlling the grid current
in the d-q frame, ij, is computed via an external PI
controller that regulates the voltage measured in the DC-
link to track its reference at a constant value and ig, is also
computed via an external Pl controller that regulates the
reactive power to zero. We apply the forward Euler
discretization method to equations (12,13), and the
following prediction equations are obtained [12]:

(42) iga [K +11=byigg [k1+b,iy, [k]+ by (V [k]1-V[k])
(43) Iy [K + 1] =Dyigq [k]—D0,igs [K]+ by (V [K]= Vo [K])
Where b, = L5 p, = wyTy, by = LT—; a, = _quTs, and T, is

the sampling period. ig4[k + 1] and igq[k + 1] ;re the grid
predicted current in the dq frame at the (k+1) sampling
period and igq[k] and iz[k] are the grid current in the dq
frame at the (k) sampling period. Then a cost function in
GSC is defined as follows [13]:

(@4)  g=Aly[k+1]+Ai,[k+1]

With:

@5)  Aig[k+1]=(igg[k +1]—i [k +1])*
@6) Al [k+1]= (i [k +1]—i [k +1])°

With iz, [k + 1] and ig, [k + 1] are the d-q axis reference

stator current at the (k+1) sampling period, and they are
obtained using Lagrange extrapolation:

47)
g (K +1]=3ig4q [K]—3iggq [k —1]+igg,[k —2]

Table 1. State of switch and corresponding voltage output

o | Sp | Sc Vsa Vs Vse Vi V]sdq V]idq
o|lo0|oO 0 0 0 Vo | Vi | Vi,
110 [0 | 2Vae/3 | —Vae/3 | —Vae/3 | Vi |Viag | Viag
1T 111 0| Va/3 | Vae/3 |—2Va/3| Vs |Viag | Viug
0| 1|10 | —Va/3 | 2Vae/3 | —Vae/3 | Vs | Viag | Viag
0 | 1 [ 1 |-2Va/3| Va/3 Vac/3 Vy | Viag | Vig
010 | 1] —Vae/3 | —Vae/3 | 2Vae/3 | Vs |Viag | Viag
110 [ 1] Va/3 | —2Vae/3 | Vae/3 | Ve |Viag | Ving
1111 0 0 0 Vo | Vi | Vig
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5. Simulation results and discussion

This section presents a simulation of the proposed
model predictive control with sliding mode control using the
MATLAB/Simulink  environment for evaluating its
performance in a dynamic regime. The wind speed used in
the simulation ranges from 5 m/s to 15 m/s for 10 s, as
presented in figure 6. The SMC was then compared with
the proposed MPC. Finally, a robustness test was
performed for the MPC by varying the system parameters.
The basic simulation parameters are listed in Tables 2, 3, 4,
and 5.

Table 2. Parameters of PMSG

Symbol Value
Rated power P, 2 MW
Nominal voltage 5000 v
Stator resistance R 0.00625 Q
Stator direct inductance Ly, 0.004229 H
Stator quadrature inductance L, 0.004229 H
The moment of inertia J 10000 Kg.m?
The friction coefficient f 0.0142 N.m
Pole pairs P 75
Table 3. Parameters of wind turbine
Symbol Value
Blade length R 55m
Air density p 1.225 Kg/m?
Gain multiplier G 1
Table 4. Parameters of the grid
Symbol Value
Filter resistance Ry 0.002 Q
Filter inductance Ly 0.004 H
Fixed-step size T 1e-5
Table 5. Parameters of SMC
Symbol Value
Gain Ko 7000
Gain K4 20
Gain K, 30
Gain K4 100
Gain K, 300
al [——wind speed]| M\
12 1
g Ve
B 10
%
£ 8
i3
0 1 2 3 4 5 6 7 8 9 10
Time (s)
Fig.6. Wind speed profile.
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We can notice from figure 7 that the mechanical speed
is the image of the wind profile when speed is below 9 m/s,
but if the wind accedes this speed, then pitch control will
limit the output power of the wind turbine to 2MW hence
limiting all the variables including mechanical speed, turbine
torque for security reasons. Fig.8 shows that the
electromagnetic torque follows its reference imposed by the
MPPT technique, extracting the maximum wind energy
available.

700
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isd (MPC)| |
isd-ral

600

500

400

300

Current (A)

Time(s)
Fig.9. D-axis stator current.
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Fig.11. Grid active power.
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figure 9 and figure 10 present the stator d axis current
and grid q axis current that is maintained at the value of
zero, we can notice from both figures that the SMC
technique has the disadvantage of chattering, which is
noise in our signal, but our proposed technique controls
both current in an optimal way fixing the chattering problem.

From figure 11, we note a fast response in the grid
active power of the two controls used, but MPC offers a
better control because of its accuracy. Fig.12 shows the
reactive power controlled by both techniques to maintain
the value zero to achieve a unit power factor. SMC again
offers a fast response yet fails against MPC regarding
chattering.

5010 . . ; . . ; : 3
Vdc (SMC)
Vde (MPC) |
Vile-ral

5008

5003

DC-link voltage (V)
[4,] o
2
.

Time(s)

Fig.13. DC bus voltage.

Fig.13 Shows the DC bus voltage with both controls, as
we notice both controls work fine with no issues, but MPC
offers lower errors.

Sliding mode control
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Fig.14. Grid current of SMC

As can be seen in figures 14 and 15, the amplitude of
the injected current changes according to the wind profile,
and both controls offer a suitable sinusoidal waveform with
a fixed frequency of 50 Hz; we performed a harmonic
analysis to study the current quality fed to the grid, we
notice a lower THD with the MPC than with the SMC.

The MPC's robustness [15] was tested by varying the

system resistance and inductance, doubling the stator

resistance, increasing the stator d-q inductance by 25%,

doubling the filter resistance, and decreasing the filter

inductance by 25%. figure 12 presents the effect of varying

the parameters on the grid current waveform and its quality.
i Made_l pred'n_:tiveccfntral )

w0 TN ’ LN AT

Y L%

courant (A}

in
=
(=]

T

1000 [~ N
>

/

THD=1.35%

T=20ms , F=50hz

26 2605 261 2615 262 2625 263 2635 264 2645 265

Time (s)
Fig.15. Grid current with MPC.
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Fig.16. Grid current with robustness test.

Figure 16 shows the robustness test shows an
increased THD compared to the first test, which is expected
considering the variations, therefor we can say MPC can
handle parameter variations and unexpected variations to
the system.

6. Conclusion

In this paper, we have controlled a PMSG based on
wind energy using Model Predictive Control and compared
the obtained results in the same wind condition using
Sliding Mode Control , both of them are advanced controls,
but although SMC is considered one of the best controls
because of its efficiency and its robustness but one of the
challenges it's the phenomenal of chattering, There for we
proposed the predictive control based on the model of the
system which correct this disturbing outstanding, The
mathematical model of the system including the wind
turbine has been established at first, then both controls
have been synthesized. The results show that MPC offers
better current control with a better sinusoidal waveform of
the grid injected current and a lower THD compared to SMC
with the chattering phenomenal.

Table 6. Performance comparison between SMC and MPC

Performance SMC MPC
Cosphi 99.99%  99.98%
Overshoot V. 0.0528 0.0430

Variation band of Q,(KVAR) 118.5 33.3
THD of injected current 2.15% 1.35%
THD with robustness test 3.04% 4.75%

Robustness High High
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