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Abstract—This paper presents a discussion on the use of vari-
able structure control, i.e., sliding mode control, for improving
the dynamic control performance of a low-power wind energy
conversion system (WECS) that is connected to a DC microgrid.
The sliding mode control is applied to the wind turbine system
to extract the maximum possible power from the wind, thus
achieving the state of maximum power point tracking to reach
the maximum power generation (MPG), and also applied to the
power converter to reach the maximum power injection (MPI) to
the load. The amount of energy extractable from a dynamically
changing wind using the WECS with sliding mode control is
compared with that of the classic PI controller. Simulation results
show that for a dynamically changing wind, more energy can be
harvested with the sliding mode control as compared to the PI
control.

Index Terms—Wind energy conversion system (WECS), variable
structure control (VSC), maximum power generation (MPG),
maximum power injection (MPI), maximum power flow.

I. INTRODUCTION

For low-power wind energy conversion systems (WECS),
the injected power is small relative to the power capacity of
the entire system. All the energy harvested from the wind may
be directly injected into the grid without the need for a local
energy storage [1]-[3]. This is widely applied in microgrid
systems [4]-[6]. Many research works on low-power WECS
are focused on optimizing the energy conversion, interfacing
wind turbines to the grid, and the reduction of the fatigue load
of the mechanical structure [7]-[15]. In particular, maximum
power point tracking (MPPT) control plays a crucial role
in optimizing the efficiency of the energy conversion [16]-
[20]. MPPT control is applicable not only to wind power
system, but also to photovoltaic and water pumping systems. It
covers an entire class of extremum search algorithms including
hill-climbing search [21]-[23], tip-speed ratio control [24]—
[26], perturbed and observed [27]-[29], power signal feedback
control [6] etc. Literature review shows that applications of
MPPT control in WECS is typically focused on the wind
turbine part which is only concerned with the maximum
power generation (MPG) capability, that is, to extract the
maximum possible power from the wind. There is a lack of
research on the MPPT control of the entire system, covering
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wind turbine generation, power electronics conversion, and
microgrid current injection.

In WECS without energy storage, MPPT control of the
system is achievable only if the MPG of wind turbine matches
the maximum power injection (MPI) of the load, i.e., a max-
imum power flow taking place within the system. Moreover,
conventional research are focused on the steady-state tracking
of the MPPT. In reality, wind is a time-varying uncertain
parameter, of which to achieve real-time MPPT control of the
system, both the MPG and MPI must be matched dynamically
via the control. Maximum power flow of the system and
thus the state of MPPT, is non-achievable, otherwise. In that
situation, part of the maximum power that could be extracted
from the wind will be lost.

This paper discusses the use of variable structure control
in the form of sliding mode (SM) control in a low-power
WECS, to rapidly reach both MPG and MPI in the case of
a dynamically changing wind such that MPPT of the system
can be quickly attained to maximize the harvested energy. SM
control is a robust control strategy that guarantees stability
against parameter uncertainties, and it gives fast and consistent
transient response performance in nonlinear systems that are
operated with widely varying input and output conditions.
The WECS system is highly nonlinear. With intermittent and
dynamically varying wind power, the SM control will be more
appropriate for the WECS system as compared to a typical
proportional-integral (PI) controller. In this paper, the SM
control is used for controlling both the wind turbine system
and the voltage conversion system to respectively reach MPG
and MPI such that maximum power is extracted from the wind
and injected into the DC grid system. The energy extractable
from wind and the transient performance of the system with
the SM controller are compared to that of the PI controller.

II. OERVIEW OF THE SYSTEM AND ANALYSIS OF WIND
TURBINE CHARACTERISTICS

An overview of the proposed DC grid-tied low-power
WECS system and its control strategy is presented in Fig.
1. It comprises two subsystems, namely the wind turbine
system and the voltage conversion system. The wind turbine
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Fig. 1.

system converts the wind energy into AC electrical energy.
The function of the voltage conversion system is to convert
the AC electrical voltage to the DC grid voltage level and
to inject power to the grid. By applying MPPT scheme to
control the torque of the wind turbine, MPG can be achieved.
However, it must be emphasized that without a local storage,
all power generated must be injected into the grid. If this is not
achieved, the power generation will follow the grid-injected
power and MPG will not be attained even if MPPT control is
applied to the wind turbine system. The state of the voltage
conversion system ensuring that the power generated from the
wind turbine system with MPG are injected into the grid via
the voltage conversion system will henceforth be known as
MPI. To achieve MPI, the MPPT control must also be applied
to the voltage conversion system such that its output power is
specifically controlled such that the power generated from the
wind turbine system through MPG matches the power injected
into the grid.

In this system, the mechanical output power generated by
the wind turbine is [6]

1
Pout = 5pswv?‘cpw, A), (1)

where p is the air density; S, is the swept area of the
wind blade; v is the wind speed; C,(3,\) is the conversion
efficiency; [ is the pitch angle of the blade; A is the tip-speed
ratio, where \ = %; R is the blade radius; and w is the
angular velocity of the rotating blades. Here, the wind power
level is low at only a few kilowatts. Therefore, a constant
value of j3 is adopted [3]. According to [30], C,(53, A) can be
expressed as
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Cp(A) = 0.5176 (
where /\i = % — 0.035. Then, the mechanical equation of the
shaft can be expressed as [31]:
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Overview of a low-power WECS system.

where J and f are respectively the total moment of the inertia
and the viscous friction coefficient; Ty, is the gearbox torque;
T, is the generator torque; and € is the mechanical generator
speed. By considering the gearbox, the following equation can
be obtained Q

G=g @)
where G is the gear ratio and €2; is the rotor speed of the
turbine.

As the wind speed varies, the optimal value of A must be
maintained to ensure that the value of C),(\) is at its maximum
Cpmaz-. Since X = %, % should be constant. Thus, €; is
chosen to trace the variation of the wind speed. The wind
power coefficient curve with a constant pitch can be plotted
as shown in Fig. 2.
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Wind power coefficient curve for the wind turbine with a constant

III. SM CONTROL DESIGN FOR THE SYSTEM

The SM control is adopted in this work to control both
the wind turbine system and the voltage conversion system.
The control design is performed individually on the respective
systems before they are being merged into a single system. The
system performance will be compared with that of convention-
al PI controllers that are designed using the same approach.



Fig. 3. SM dynamics for sliding surface.

A. SM Control Design of Wind Turbine System

According to (4) and the expression of the tip-speed ratio,
the reference of the mechanical generator speed can be derived
a )\Opt’UG ( 5)

7

The goal is to control the mechanical generator speed to
run at this reference such that the tip-speed ratio is optimum,
thereby leading to the generation of the maximum electrical
output power. According to [32], the sliding surface is chosen
as

Qr@f =

S=Qes— Ut (Qrep —Q), (6)
where c is a tuning factor. From (3), (5) and (6), we have
(B s ()
. . 2 c-f ™
+Qpef+ ¢ Qpeg — <J2 + 7 > Qyef.
In order to satisfy the Lyapunov stability criteria S - 4 < 0,

(7) must be located in the shaded zones given in F1g 3. A
piecewise function form of (7) can meet such a requirement.
The expression of the generator torque can be obtained as

Te = T‘] - fQTef + O[lQTef + (J — 50[1) Q.,«Ef

+O¢2$ign(ﬂ,«ef — 9)7
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where sign(.) is the signum function. oy =
a tuning factor.
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B. SM Control Design of Voltage Conversion System
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Fig. 4. Grid-tied DC/DC converter topology.

Fig. 4 shows the topology of the grid-tied DC/DC converter
used in this system. With a widely-varying input voltage and
input power, it can be equivalently considered as a general
buck converter with widely-varying input voltage and load,
which can be well regulated by SM controller [33]. The

mathematical expression of the grid-tied DC/DC converter
with SM controller is

Uin-UZLl% +R1iL1+’Uc (9)
Viae = —Roip1 + R2Cdv" + e
The sliding surface selected is
3
= oumi(t) (10)
i=1

where «; represents sliding coefficients and z;(t) € x(t).
Control variables chosen are

X1 Uref — ﬂvc
Xx=| a9 | = d(vmﬁlt—ﬁvc) (11)
T3 [ (Vres — Buc)dt
The SM control strategy can be determined as
Vcon :KliC+K2Uc+K3 (12)
and
Uramp = BUin, (13)
where K; = —Lffl + B (RQC + R1) K, =
—efhC b (1) and Ky o= GRVe +

a3L C (MRQ + Vie ). The coefficients are selected
to satisfy the hitting, existence, and stability conditions of
sliding mode operation [33].

IV. SIMULATION RESULTS

TABLE 1
SPECIFICATIONS OF THE WIND TURBINE SYSTEM

Parameters Values
Radius of Rotor 3m
Number of blades 3
Density of air 1.225 kg/m3
Gear ratio 5
Friction coefficient 0.002 N - m/s
Turbine inertia 0.2 kg - m?

TABLE I
SPECIFICATIONS OF THE VOLTAGE CONVERTER SYSTEM

Parameters Values Parameters Values

Ry 02 Q C 20 puF
Ve _bus 100 V Lot 528 ~ 4221 A

Vin 200 ~ 700 V Lin_maz 10 A

The specifications of the wind turbine system and the
voltage conversion system used in the simulation are given in
Table I and Table II, respectively. Generally, for a low-power
wind system, the maximum wind speed is Vying = 12 m/s
and minimum wind speed iS vying = 6 m/s [6]. A full power
range of the wind speed changing from 6 m/s to 12 m/s is



applied for the optimal tuning of both the PI controller and
the SM controller to achieve the best possible performance for
this step change.

A. PI Control Versus SM Control of Wind Turbine System for
Achieving MPG
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Fig. 5. Comparison of turbine-generated output power using PI control and

SM control for full range condition.
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Fig. 6. Comparison of turbine-generated output power using PI control and
SM control for various conditions of wind-speed step change.
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Fig. 7. Power conversion coefficient with PI control and SM control.

For the wind turbine system, the values of K, = 21.524
and K; = 0.178 are adopted in the PI control, where K, is
the proportional coefficient and K; is the integral coefficient,
and the value of a; = 0.01 and as = 100 are chosen as
the coefficients of the SM controller. Both these controllers
are designed to give the same optimal performance in power
extraction for a step change from vy;pg = 6 M/S 10 Vyying =
12 m/s, and the simulated results are given in Fig. 5. However,
with a change in the dynamic operating condition of the wind
speed from its original condition, the results are different. The
SM controller performs better in generating more power during
the transient period in all situations than the PI controller,
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0.1 0. 3 0.4 0.5

=

2 0
t(s)

Fig. 8. Difference of energy acquired from the wind between the SM control
(Esm) and PI (Epy) control, where AE(J) = Egy — Epr.

as shown in Fig. 6. This demonstrates the strength of SM
control in handling dynamically varying operating conditions
in nonlinear systems, which in this case, is to respond quickly
to tracking the MPPT point for maximum power generation
when wind speed varies. With the SM control always reaching
the desired maximum power conversion coefficient faster than
the PI control when wind speed changes (see in Fig. 7), the
energy acquisition with the SM controller (i.e. Fgyp) is larger
than that with the PI controller (i.e. E'p1), as shown in Fig. 8.

B. PI Control Versus SM Control of the Voltage Conversion
System for Achieving MPI

The same procedure is adopted for the design of the voltage
conversion system. Full power range of the output current
changing from 5.28 A to 42.21 A is applied for the optimal
tuning of both the PI and SM controller. Here, for PI control,
K, = 0.5 and K; = 120, and for SM control, K; = 0.0153,
Ky = 7.2, and § = 0.025 . As shown in Fig. 9, both
controllers have a similar transient performance. Then, a
step change of the injected current of the grid-tied DC/DC
converter from 12.51 A to 5.28 A to 24.43 A to 42.21 A to
8.38 A is performed to compare the performance of the two
controllers, which is given in Fig. 10. For all these conditions,
faster transient performance with less overshoot is achievable
with the SM control.
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Fig. 9. Output power response of buck converter with PI control and SM

control for full injected current range.

C. Overall System Controlled by PI Controller and SM Con-
troller

With the PI controllers and SM controllers optimally tuned
for the respective wind turbine and voltage conversion system,
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Fig. 10. Output power response of buck converter with PI control and SM
control for varying injected current step changes.

both these systems are then connected together for operation.
It is found that the optimally tuned system with PI control
is no longer optimal when operated as a whole system for
wind speed changing from 6 m/s to 12 m/s as compared to
the system with SM control, which still performs optimally,
as illustrated in Fig. 11. Also, wind speed changing from
8 m/s to 6 m/s to 10 m/s to 12 m/s to 7 m/s at every
0.1 s are applied. The waveforms provided in Fig. 12 show
that the so-called optimally-tuned PI controllers are incapable
of tracking the desired parameters of such a non-linearly
cascaded system with widely varied operating conditions. Its
transient performance is poor as compared to that achievable
with SM control, which gives a robust performance for all
changes. With a wind speed that changes repeatedly from 8
m/s to 6 m/s to 10 m/s to 12 m/s to 7 m/s over a period of
five minutes, the energy acquisition for the overall system by
both SM and PI controllers and the difference in their energy
acquisition are simulated and are respectively shown in Figs.
13 and 14. The results show that more energy can be harvested
from the system with the SM controller.
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Fig. 11.  Overall system performances for PI control and SM control for full

range operating condition.

V. CONCLUSIONS

In this paper, a low-power wind energy conversion system
with variable structure control is proposed for DC grids.
To illustrate the capability of this non-linear controller, a
comparison of the system in harvesting wind power with the
linear PI controller is performed. Results show that the SM
controller has a better transient tracking ability than a PI
controller in terms of extracting power in a varying wind
speed operating condition. The SM controller also show its
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Fig. 12. Overall system performances of the PI control and the SM control

for varying wind-speed step change conditions.
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Fig. 13. Energy acquisition by SM controller and PI controller for the overall
system.

robustness in maximizing power transfer from wind energy to
the micro-grid current injection. Overall, the SM controller
allows more power to be extracted from the wind in the
dynamical scenario than the PI controller.
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Fig. 14. Difference of energy acquired from the wind between the SM control
(Esm) and PI (E'py) control, where AE(J) = Egy — Epr.
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