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STUDY ON SLIDING MODE CONTROL OF A SMALL SIZE WIND
TURBINE PERMANENT MAGNET SYNCHRONOUS GENERATOR
SYSTEM
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In this paper, we treat a control strategy of the permanent magnet synchronous generator (PMSG) for a small size wind turbine
in isolated site. The direct drive PMSG is connected to the dc link through a PWM rectifier. The dc voltage is kept constant at its
reference value using a sliding mode control approach, under wind speed and load variations. To ensure the reaching and
sustaining of the sliding mode, the Lyapunov direct method is used. The logic control signals (S,, S;, S.) are calculated by using
the space vector modulation (SVM) technique. To alleviate chattering phenomenon, a tangent hyperbolic function is used in the

dc voltage loop instead of a conventionally used sign function.

The simulation results have been performed using

Matlab/Simulink environment, they show good tracking performances as well as robustness against external disturbances.

1. INTRODUCTION

Recently, power generation from wind turbines has
grown rapidly due to the high pollution generated in
conventional production systems and the high cost of fossil
fuels [1]. Although most previous studies in this field have
concentrated on the development of utility-scale wind
powers, small-sized wind energy conversion system (1—
100 kW) are getting a lot of attention and become to be
very promising solution in remote places or locations where

WT

the grid is unavailable [2, 3]. Two types of generators are
used in remote areas power supply; these are induction
generators (IGs) and permanent magnet synchronous
generators (PMSGs) [4-6]. PMSG is preferred to 1G
because of its multiple advantages. This machine doesn’t
require any external source and it is connected to the wind
turbine directly without gearbox. Furthermore, PMSGs
exhibit several characteristics such as large power to weight
ratio, high torque to current ratio, high efficiency, high
power factor and robustness, small size compared to
conventional geared generator based wind turbine [7, 8].
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Fig. 1 — The studied system.
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The power conversion system is necessary to feed loads
at desired values of voltage and frequency because the
output voltage and frequency of PMSG-wind turbine
system depend on wind speed and supply loads. This
system should consist converter from ac signals of the
generator to dc signals which called PWM rectifier, so that
through an inverter (dc/ac converter), the generated power
is transmitted to the load. To achieve such a goal, an
appropriate control system must be designed; its task is
mainly to keep the dc bus voltage constant at its reference
value.

Traditionally, the PMSGs control system adopted in a
synchronized rotating dq reference frame a decoupled
proportional integral (PI) current control scheme [9-13].
The main drawback of this solution is its susceptibility to
system parameters changes. In addition, PI controller is a
linear regulator, which is inappropriate for wind turbines
where the system with both parts electrical and mechanical
behavior as a nonlinear system. To overcome this problem,
different nonlinear control schemes have been developed
[14-16]. Recently, the sliding mode control (SMC) method
has been widely used successfully as a nonlinear control.
Thanks to its well-known characteristics of robustness,
high-speed response, insensitivity to the variable
parameters and easy implementation [17, 18], this control
technique has been widely used in the non-linear system
[19-21]. However, in spite of the advantages that can
provide a SMC, its implementation may be obstructed by
an undesirable harmful phenomenon, which is known as
‘chattering’. In the aim to alleviate this drawback,
numerous techniques have been proposed in the literature
[22, 23].

The present paper proposes a control design of wind
turbine-PMSG system aimed to low electrical power supply
in isolated sites. The configuration of the overall system is
illustrated in Fig. 1, where the PMSG is connected to the
wind turbine directly. The PMSG generates electrical
power and supplies the load through a PWM rectifier via a
dc link. The goal of the control system is mainly to keep the
dc voltage constant regardless of wind speed profile and
supply loads variations. For this, sliding mode control
algorithm is proposed. Three SMCs in all composed the
control system; one in the external loop to control the dc-
voltage, and two other in the internal loops to ensure the
current control and tracking. The control strategy takes a
cascaded structure; the external dc voltage-SMC generates
the reference of the quadratic current component.
Therefore, it depends on the discontinuous control of the
outer controller which implies that this reference will have
a discontinuous behavior. Hence, the waveforms of the
currents are completely distorted. To overcome this
problem, we will introduce an hyperbolic tangent function
instead of conventionally used sign function. So, the
transient of the hitting control will be smoothed without
losing the system robustness.

To ensure the reaching and sustaining of the sliding
mode, we use the Lyapunov direct method. The space
vector modulation (SVM) technique is used to calculate the
logic control signals (S,, Sy, S.). The SVM technique
improves the current-steady state performance by reducing
harmonics. This will allow the control system to operate
with a fixed switching frequency. Finally, the simulation
results, performed under Matlab / Simulink, are presented

and analyzed. They confirm that the proposed control
system provides high dynamic characteristics and very
strong robustness to external load disturbances.

2. WIND ENERGY CONVERSION SYSTEM
DESCRIPTION

2.1. WIND TURBINE MODEL
The aerodynamic power is given as [24]:

Pr=0.54pC,(M)v;, . )

where A is the blade swept area, p is the air density, v, is
the wind speed.

The turbine power coefficient C,(A) is expressed by the
following equation (2).

C, (1) =-0.21212 +0.08592 + 0.2539 . ()

The tip-speed ratio A is a relation of shaft speed (®,,) and
the wind speed, as follow:

p=Rom 3)

v

w

where R is the radius of the wind turbine.
The mechanical torque is given by:

c,(
Ty =0.5pA£vW3 . 4)

Wy

The motion equation can be expressed by equation (5):
dow,,
TTZJT'FF(Dm-FTe, (5)

where 77 is the turbine torque, J is the total equivalent
inertia of turbine and PMSG, F is the damping coefficient,
and T, is the electromagnetic torque of the generator.

2.2. PMSG MATHEMATIC MODEL
PMSG model is given compared to its equivalent circuit,

expressed in the synchronous dg coordinates, as follow
[25]:

. di, )
v, =—Rii, —LSE—‘DLSM +oy , 6)

4
v, =—Ri, —L, ﬁ+ oL, , 7

where R; is the resistance of stator winding, vy, v,, iy and i,
are the dg components of stator voltage and current,
respectively, L, the stator winding inductance, y is the
magnetic flux and © is he generator electrical angular
speed. The generator electromagnetic torque is given by the
following expression:

3 .
Tezgpwlq: (8)

where p is the pole pair number.

2.3. PWM RECTIFIER MODEL
The dynamic model of PWM rectifier in synchronous
rotating dg reference frame is expressed by equations (9—
11) [26]:
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] diq .
vq = R.lq +LE+L.0)Zd +qu . (9)
. di, .
v, = Riy +LE_L'O)I‘1 + Vs (10)
dr 3 V
C—% =i, —iy ==(Syi, +S,i,)——2% 11
ds dc L 2( d'd qq) RL ( )

3. DESIGN CONTROLLER

The control goal is to keep the dc-voltage constant at its
reference value. For this purpose, the sliding mode control
technique is used. SMC is a robust nonlinear algorithm, it
uses a discontinuous control in the goal is to force the
system trajectories to join a specified slip surface. The
transient dynamic response of the system is dependent on
the choice of the sliding surface, which is not unique [27].

In the case of this paper, three sliding surfaces related to
control objectives are defined, as follow:

s, )=i," i, » (12)
Sig)=is =iy . (13)
S(Vdc): Va’cﬂ< - Vdc . (14)

The sufficiency conditions for the existence and
sustaining of the sliding mode is given as follow [27]:

S(x)S(x) < —n|S| .
A commonly used form of the control law is:

U= —szign(S(x))a

(15)

(16)
where K, is the gain of the SMC, and:
+1 if S(x)>0
sign(S(x))=1 0 if S(x)=0.
-1 if S(x)<0

a7

In the following, we will design the corresponding
control law for each sliding surface.

3.1. CURRENT CONTROL DESIGN (dq axes)
The ¢ and d axes current state variables are given as
follow:

di, 1 1

ey i —wi,——V,, 18
d L7 7 4o (18)
—L=—y, -, 4+, ——V, ;. 19
dr I d L d q I rd ( )

Differentiating (12) with respect to time and substituting
corresponding relation from (18) yields:

- di,” 1 R 1
Sli )=——| —v, ——=i —w.i, [+—vV,,.
(‘I) dr (L q L q dj L rq

(20)

Substituting (20) into (15) and using (16) the sliding
mode control law of the g axis current component is
obtained as:

. di,
Vg =—quign(S(iq))+{vq ~Ri,-oLi, —Ld—"t} 21

By repeating exactly the same procedure for the d-axis
current component, we obtain the following control law:

v,y =—K sign(S(i,))+ [vd ~Rij+oLi, - d;—i} (22)

As it can be seen in (21) and (22), there are two terms in
the control law, continuous and discontinuous. The
continuous term reflects knowledge of the system
dynamics. The discontinuous one ensures the sliding to
occur. However, this controller leads to limited
performance due to the high control activity resulting in
chattering. To reduce the latter, a boundary layer method
substitutes the discontinuity of a SMC by a saturation
function, which results in a smooth control signal [28].

Then, the control laws (21) and (22) become:

* Sq . . diq*
v, =—K,sat 6 + vq_Rl"_led_LT’ (23)

v,,d* =-K, sat(%’}+[vd —Ri;+oLi,~L d;dt } (24)

where
= if [S]<0
sat(%)z (25)
sign(S) if |S|>@
And () represent the bandwidth of the saturation
function.

3.2. DC-VOLTAGE CONTROL DESIGN

The dc-voltage state equation is given as follow:

e _ i e __ Ve | lae

. 26
R,C C (26)

dt c C

In similar manner as in previous section, the sliding
mode control law of the dc voltage is described as follow:
V

iy =Kgsign(S(V,.))+ Rdc .
L

27)
Multiplying (27) by V., then the reference output power

is obtained:

* Lox
Pdc :VdC'ldC . (28)

By neglecting the converter losses and assuming that
iz=0, we can write:
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Fig. 2 — Simulation results for a step change in V. a) Vg, b) v, and i,, ¢) i;and i, d)Trand T, e) Q and C,, f) Prand P;.

Times (s)
(e)
Pdc = Vdc ‘idc = Vq .iq . (29)
Therefore, the ¢- current reference is given by:
« V. . ,
i, =—%| K, sign(S(V,.)) + Ve |, (30)
vy R,

Note that, because the reference of the ¢ axis current
component is generated by a SMC which have a
discontinuous control action, causes ripples to the ac side
currents (chattering phenomenon), this reference switch
from a given maximal value to a minimal value. Hence, the
waveforms of the ac side currents are affected and are much
distorted. To alleviate the chattering phenomenon, we will
introduce an hyperbolic tangent function instead of sign
function. So, the transient of the hitting control will be
smoothed. Therefore, the equation (31) becomes:

« Vv S vV
i =—de chtanh[—( d”)j+i ,
vy € R,

G

where ¢ defines the thickness of the boundary layer.

4. SIMULATION RESULTS

The model of the PMSG based WECS of Fig. 1 is built
using Matlab/Simulink. The parameters of the overall
system are given in Table I. The switching frequency used
for the simulation is 10" Hz.

To evaluate the dynamic performance of the control
scheme, a step change in dc link voltage (100 to 200 V at ¢
= 1.5 s) is applied under resistive load (R, = 100 Q) and
constant wind speed (v,,= 12.5 m/s). The simulation results
are shown in Fig.2.a—f. It can be seen from Fig. 2.a, that the
system exhibits high dynamic characteristics. Waves of
phase voltage and phase current are shown in Fig.2.b. We
can see that input current is close to sine wave and has the
same phase in respect with phase voltage. Figure 2.c
displays the d and ¢ components of stator current, which
shows that the d component is set to zero and the ¢
component takes a non-null value to produce generator
torque. Figure 2.d represents generator and wind turbine
torque. Figure 2.e illustrates the evolution of generator
speed and power coefficient while in Fig. 2.f is displayed
the plots of load and turbine power. As can be observed,
when the dc link voltage steps up from 100 to 200 V, the
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load demand increase from 100 to 400 W, what causes
increasing of power coefficient and decreasing of generator
speed. It is significant to note that the power generated by
wind turbine is greater than the load demand power to
compensate losses by frictions (F.m,°) and losses in the
generator stator windings (1.5 Rs..lqz).

The effect of load variations on the operation of the
system is illustrated by Fig. 3.a—d. In this test, the wind

velocity considered is v,= 12.5 m/s and the dc voltage value
is fixed to 200 V. Initially unloaded, the system operates
from t= 2.5 s with 100 Q resistive load and at t = 3 s, the
load value is changed to 200 Q. As it is shown in Fig.3.a,
load variations has very limited effects on the dc voltage
which remains almost constant. Figure 3.b shows that
phase current value initially near to zero takes at time
instant (¢ = 2.5 s) where load is applied a nonnull value to
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satisfy load power demand expressed by the plot shown in
Fig. 3.c. Figure 3.d shows the evolution of generator speed
and power coefficient.

Figures 4.a—d show simulation results obtained with
variable wind speed profile (Fig.4.a). As can be observed in
Fig. 4.b, the dc link voltage is clearly no sensitive to wind
variations. Fig.4.c and d show plots of generator speed,
power coefficient and phase voltage.

5. CONCLUSION

In this study, a sliding mode control of a PMSG driven
wind energy conversion system is presented. Regarding the
simulation results, we can obtain the following conclusions:

— The control algorithm studied in this work exhibits high
dynamic characteristics.

— The proposed control scheme is robust against load
changes and is no sensitive to wind speed variations.

— In addition, the sliding mode control system has some
advantages in terms of few tuned parameters, Simple
structure and easy implementation comparatively with
classical PI controller.

APPENDIX
The parameters of the whole system are given in the
Table 1.

Table 1
System parameters
PMSG AND WIND TURBINE PARAMETERS RECTIFIER
PARAMETERS
Parameter | Value |Parameter Value Parameter | Value
V, 90 V Dy 0.15 Wb R 0.1 Q
1, 48 A A 3.75m’ L 0.01 H
P, | 600W p 1.2 kg/m’ C 1000 mF
1.137 2
R, Q J 0.1 kg.m
Ly 2.7 mH B 0.06 N.m.s/rad
Received October 31, 2018
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