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Abstract: This study proposes a discrete-time integral terminal sliding mode controller (DITSMC) integrated with a sensorless
maximum power point tracking (MPPT) method for a permanent magnet synchronous generator (PMSG)-based wind energy
conversion system (WECS). The effects of the parameters of the proposed DITSMC on the convergence-time and the error-
bound are investigated by the simulation studies. The dynamic performance of the DITSMC has been evaluated experimentally
on a test bench for step-type wind changes. The optimum coefficient between the output voltage of the generator and the
extracted power from the WECS is determined only for a wind speed by offline studies. Then, the MPPT can be provided using
this coefficient for all wind speeds in the operating range of the WECS without any mechanical sensor. Additionally, the
experimental studies show that DITSMC has better performance than the PI controller in terms of the settling time and thus the

efficiency of the WECS.

1 Introduction

Renewable energy sources have great attention compared to the
conventional energy sources due to the increasing environmental
concerns such as global warming effect and fossil fuel pollution.
One of the renewable energy sources is the wind energy which has
the largest market share and rapidly grown for the future [1]. For
the near future, the wind energy source might be the most cost-
effective energy source according to the exploited sources with the
incentives and financial supports of the governments all over the
world [2].

Although the Wind Energy Conversion System (WECS) is
operated at the variable speed or fixed speed, the maximisation of
the power captured from the wind is only assured with the variable
speed operation. Also, the variable speed WECS is the most
preferred one, thanks to the higher power quality and lower
mechanical stresses [3, 4]. It is shown that the variable speed
WECS with the maximum power point tracking (MPPT) capability
has a higher energy output ~10-15% than the fixed speed WECS
[5].

The different generator types such as double-fed induction
generator and permanent magnet synchronous generator (PMSQ)
are used in variable speed WECS. The PMSGs can be preferred in
both low and high power applications [6]. In this study, a PMSG-
based WECS is used.

In the literature, many various kinds of methods have been
offered to provide MPPT for the WECS. The MPPT methods
provide only the knowledge of the operating points that the system
can give maximum power. These points are called as the maximum
power point (MPP). Therefore, a controller is needed to bring the
WECS to the MPP appointed by the MPPT methods. Thus, another
important issue is the controller design to obtain an efficient
WECS. Some expectations from the controller used for MPPT in
the WECS can be given as follows:

i. Considering the rapidly changing wind conditions, the
controller should bring the system to the reference value
estimated by the MPPT method with the minimum steady-state
error as soon as possible.

ii. The controller should have a satisfying performance over a
wide range of wind speed.
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In recent years, many studies have been presented to design a
controller for the WECS in the literature. Considering the wide
range of the operating points and highly non-linear behaviours of
the WECS, classical linear controllers did not have sufficient
performances [7]. Therefore, the performances of the PI/PID
controllers were supported with the intelligent control approaches
such as a fuzzy logic controller, particle swarm optimisation [8—
11].

The sliding mode control (SMC) method that is one of the non-
linear control methods was also offered for the WECS [12-16]. In
[12], the tip-to-speed ratio (TSR)-based MPPT method with the
sliding mode (SM) torque controller and the power signal feedback
(PSF)-based MPPT method with the high-order SMC were
suggested. In [13], an SM-based control method integrated with the
PSO was offered. In [14], an integral SMC was offered to track an
optimal reference value produced by the fuzzy logic controller.

The SMC is a robust control method in terms of the parametric
uncertainties, external disturbances, and parameter variations if the
system trajectories are in the SM [17-20]. Moreover, the SMC
method has an easy implementation capability for any system
compared to the other nonlinear control methods [21]. The main
drawbacks of the conventional SMC are a steady-state error in the
regulation, and high-frequency chattering resulted from the
switching action in real-time applications [22, 23]. To eliminate the
steady-state error in conventional SMC, an additional integral term
of the state variable is introduced to the sliding surface and thus the
SMC structure known as integral SMC (ISMC) is obtained. Also,
ISMC has a lower chattering for any system than SMC [24]. The
other drawback of the conventional SMC is that it has infinite
settling time due to its asymptotic structure [25]. Therefore, a new
type of SMC called terminal SMC (TSMC) was offered to provide
finite-time convergence stability [26]. Also, the TSMC can
improve transient performance of the system as compared with the
conventional SMC [27].

In most of the ISMC and the TSMC applications, the controller
designs were on the continuous-time basis [28-30]. However, in
real-time applications, controllers are generally realised by a digital
processor with finite sampling rate. Hence, the discrete-time design
of the existing continuous-time ITSMC (ITSMC) for the wind
energy systems is worth considering.

The main aim of this study is to develop a discrete-time ITSMC
(DITSMC)-based MPPT structure in order to increase the energy
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efficiency of a WECS by decreasing the convergence-time and the
error-bound. The proposed DITSMC-based approach is newly
introduced to the literature [31] and its performance is not yet
investigated on a WECS. Therefore, the proposed study will
contribute to the literature as the first study in which DITSMC is
applied to WECSs. Also, the effects of the design parameters of the
proposed DITSMC on the convergence-time and the error-bounds
are investigated by the simulation studies. The dynamic
performance of the proposed DITSMC is shown by the
experiments on a test bench for various wind conditions.
Additionally, experimental studies show that the proposed
DITSMC has better performance than the proportional—integral
(PI) controller in terms of the settling time and thus the efficiency
of the WECS. However, only the results of some experiments are
given, taking into account the length of the paper.

In this study, the optimum coefficient between the output
voltage of the PMSG and the extracted power from the WECS is
obtained for only one wind speed by the offline studies. After that,
the obtained coefficient can be used to get the MPPT reference
value without any mechanical sensor. The elimination of the
mechanical sensor requirement is particularly important for small
WECS due to the system cost.

This paper is presented as follows. The WECS configurations
are explained in Section 2. The controller design, experimental
results, and conclusion are presented in Section 35, respectively.

2 WECS configurations

The block diagram of the WECS used in this paper is given in
Fig. 1. The PMSG coupled directly to the wind turbine (WT) is
widely used for the WECS. The output of the PMSG is connected
to the load by a three-phase uncontrolled rectifier and a boost
converter (BC). The MPPT is assured by changing the duty ratio of
the BC via a controller.

2.1 WT characteristics

Mechanical power extracted from the wind can be given as
P, =0.5paR’c,Vy, ey

where p is the air density (kg/m3), c¢p is the performance
coefficient, Vy, is the wind speed (m/s), R is the rotor radius (m).
The output power of the turbine can be maximised when the
performance coefficient (c,), depending on the blade pitch angle
(#) and TSR () of the turbine, is maximised. In other words, the
value of the ¢, indicates how much the system comes close to the
MPP. In this study, the model which is widely preferred in the
literature and introduced in detail in [32] is used

1 _ 0035} 16
-04p-5 ()

e((0.735/(/i3 F)-QUA+ o.oxﬂ>>) 1 0.0068.
The TSR (4) is described as follows [33]:

,,R
h= 3)

where w,, is the rotational speed of the blades (rad/s). The c,~4
curve of the WT generated by using the MATLAB is shown in
Fig. 2a for #=0. From Fig. 2a, it can be concluded that the WT has
only one optimal TSR value to get maximum performance
coefficient and thus the maximum power. The optimal value of the
TSR can be determined by the experiment or the theoretical
studies. The ¢, curve of the established test bench, which will be
explained in detail in Section 4, is also given in Fig. 2b. The upper
value of the rotational speed (w,,) of the system is limited to avoid
any failure. Fig. 2b shows the real-time ¢, curve of the test bench
for wy, =500, 550 and 600 rpm.

2.2 Electrical characteristics

In order to extract the maximum power from the WECS, the
rotational speed of the PMSG can be controlled easily by changing
the duty ratio of the BC as shown in Fig. 1.

The following expressions can be presented for the WECS
given in Fig. 1. The phase-back electromotive force (£) is
proportional to the generator speed w,, as

E = k.o, “)

where £, is the electromotive force coefficient of the PMSG.
The rectified DC voltage Vj, at the input of the BC can be given
as [34]
_3Wo(p o, _3V6(, _ 6
Vin - T(E - ?kmwm) = T(ke - ?km)wm (5)
where k, denotes the electrical constant of the three-phase
uncontrolled bridge rectifier.

2.3 Used MPPT method

As stated in Section 1, there are various types of MPPT methods in
the literature. The MPPT methods have not been given here since
they are reviewed in detail in the literature. Only the used MPPT
method is summarised briefly as below.

: Wind
Wind Turbine
Uncontrolled Boost
_/\/ Rectifier Converter
& Generator L L I, R
T ’VW:|—[>‘ VI'C " E ® E
4 s
u
j\/ !
T
Measured MPPT :

Fig. 1 Block diagram of the WECS
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The PSF method is one of the MPPT methods and uses the
relationship between the rotational speed and the extracted
maximum mechanical power from the WECS as given below [35]:

Pm—max = Oplwsn (6)
where

0.5 persc _ max
= @

kopt =
opt

The kop is the optimal speed coefficient provided only when the
TSR is at its own optimal value. As can be seen from (5), the
rectified dc voltage of the PMSG is directly proportional to the
rotational speed. Therefore, Vj, can be replaced by the w,, in (6).

The relationship between Vj, and w,, obtained for the test bench

used in this paper is shown in Fig. 3.
Neglecting the efficiencies of the generator, rectifier and
converter, the maximum-electrical power delivered to the load (P;.

max) can be expressed as follows:

Pr_mn = kvfoplvfn —opt (8)

where k,_qp; is the optimum voltage coefficient to get MPPT. The
maximum power can be obtained by tracking the Vjy_op; due to the
fact that the V;, directly affects the load power [14]. The schematic
block diagram of the used MPPT method is given in Fig. 4. For
more detail about the used method [14, 36] can be examined. It is
enough to find the k,_q; for only one wind speed because its value
is approximately constant for every wind speed. It can be
concluded that the MPPT can be assured approximately by using
this coefficient.

3 Controller design

The behavioural model of the BC used in the WECS shown in
Fig. 1 can be defined by the following equations:

dr; 1 _

v 1, . V,

T f(lm“ - 7) (Ob)
Vin = aV, (9¢)

where L is the boost inductance, C is the output capacitor,
u = [0, 1] logic switching control signal, i = 1 — u: inverse logic
of u, R is the output resistance and « denotes the converter ratio.
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Fig. 3 Relationship between Vj, and w,,

Vins Iin and V,, denote the input-side voltage, input-side current and
output voltage of the converter, respectively.

Since the proposed controller is designed in discrete time, the
system model given by (9) should be discretised. Then, the
discrete-time equivalent of (9) can be obtained by using the Euler's
discretisation as given below:

Ln(k+ 1) = %(Vin(k) — Vo(kyu) + Lin(k) (10a)
Volk + 1) = %(Iin(k)ﬁ - —Vf}gk)) + Vo(k) (10b)
Vin(k) = aVy(k) (10c)

where T'is the constant sampling period.
In this study, the input-voltage tracking error of the BC is
defined as follows:

e(k) = Vin(k) — Viy_i(k) (1)

where Vi,(k) and V;, (k) denote the instant and reference value of
the input-side rectified voltage of the BC, respectively. By using

the relations given in (10c) and (11), the input-voltage tracking
error can also be written in terms of the output voltage as follows:
e(k) = aVo(k) = Vi, (k) 12)

Based on the error in (12), the sliding function for the DITSMC is
defined as below [31]:

s(k) = spe(k) + s;E(k — 1) (13)
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where s, > 0 and s; > 0 are constant sliding-function coefficients
and the integral term, E(k), is defined as below:

k

E(k) = Z e(i) = Etk = 1) + e(ky

i=0

(14

where p and ¢ are chosen as odd integers providing that
0<y=(p/q) <1 to ensure the sign of the error remains intact.
The 0 <y <1 term provides a faster convergence-rate than a
conventional discrete-time ISMC in which y = 1 [31].

In this study, the DITSMC control law is designed based on the
equivalent control strategy [37] as follows:

As=sk+1)—s(k)=0 (15)

Considering (10), (12), (13) and (15), the equations given in (16)
can be generated. Then, the equivalent control u(k) given in (17)
can be solved from (16d)

stk + 1) = s(k) (16a)
= spe(k + 1) + s;E(k) = s(k) (16b)
= sp(@Vok + 1) = Vi (k + 1)) + s;E(k) = s(k) (16¢)

spa(%lm(k)ﬁ - Vo(k)(R—TC - 1)) = $pVin_k + 1) + s;E(k)

(16d)
= s(k)
_ C I\Vo(k) 1 CVin—r(k+ 1)

ul) =1+ (T R0 " aT L

. (17)
51C 1 i
sy aT In(k)°

e+ 1) =aVyk+1)=Vy (k+ 1) =a

(18)

Ehnt®i = V@ g = 1)) = Vit + 1)

Electrical

“Sensorless
MPPT
Method

In practice, the reference value of the input voltage will be defined
by the used MPPT algorithm and thus V;,_,(k + 1) in given in (17)
is known in prior.

3.1 Error bound and stability analysis

Considering (10b) and given in (12), the error dynamics of the
closed-loop control system can be expressed as in (18).
Substituting the control-law (17) into (18), it yields that

etk +1) =" Z g (19)
P p
and finally
e(k + 1) = e(k) — spe(k)’ (20)

where s, = si/s,. The (20) has the same form as in (8) [38, 39].
And then, by proposition 2 given in [39], it can be proven that the
error dynamics (20) will converge to a stable period-2 orbit
bounded by A, regardless of the initial value of the error e(0).
Where

U -y

S s (%) @1

2

The coefficients s, and y do not only determine the error-bound
but also determine the convergence-rate of the error. Therefore, a
trial-and-error tuning process can be used to determine the sliding-
function coefficients, s;, and y. The effect of s;, and y on the error
dynamic is examined by simulation studies and the results are
given in Fig. 5.

The rigorous theoretical analysis and proofs of the discrete-time
terminal sliding mode controller design were given in detail in [38—
40].

Energy =
<| Power Unit

PL

Fig. 4 Schematic block diagram of used MPPT method

T T

€ }

Fig. 5 Simulation results of the sliding-function coefficients
(@) 0<y1<p2<p3=1,(B) 0<sjp1 <sip2 <Sip3 <Sip4 =1
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Controller Card

Fig. 7 Picture of the established test setup of the WECS in the laboratory

4 Experimental results

The block diagram and the real-time picture of the test setup
established for the experimental studies are given in Figs. 6 and 7,
respectively.

The performance of the proposed DITSMC-based MPPT
structure is evaluated experimentally by using this test setup. As
shown in Fig. 7, a WT emulator consists of a microcontroller, an
induction motor (IM) and an IM driver. The reference torque signal
(Ty) required for the IM driver is calculated and generated by the
microcontroller (ADUC 841 in Fig. 7) depending on the wind
speed and the rotational speed of the PMSG, by using the
following equations:

Wpy = /3784 (22)
8. 1wy,
A= Vo (23)
125.08 — 7.2394 _ 8.915)x 3
T = A (Ve _pw) (24)

e (@07 1 0,014172

The output voltage of the generator is rectified by the full-bridge
rectifier and then delivered to the load through the BC. The
proposed method is applied to the controller card (LM4F120 an
ARM-based microcontroller), and so the MPPT can be achieved by
changing the duty ratio of the converter. The parameters of the
experimental setup are given in Table 1.
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Table 1 Parameters of the experimental setup
Description Parameter Nominal value
input-side capacitance Cin 4400 pF
inductance L 4 mH
output capacitance C 750 uF
load resistance R 150 Q
nominal power of PMSG Pq 1.8 kW
nominal power of IM Pm 4 kW
switching frequency fs 5 kHz

The sliding function coefficients are set as s;, = 0.5 and y = 7/9
considering the results given in Section 3.1.

In the first experiment, the controller is activated with delay to
show its effect. At the beginning, the controller is off, and in this
case, the WT emulator naturally accelerates and c, has moved
away from its maximum value as shown in Fig. 8a. As stated
before, ¢, indicates how close the WECS to its MPP. Therefore, it
can be said that the MPPT cannot be provided if ¢, deviates from
its maximum value. Figs. 8¢ and b show the performance of the
DITSMC for the constant wind speed at V,, =9 m/s in case of the
controller on/off states.

As it can be seen from Fig. 8, when the controller is activated,
the ¢, reaches its maximum value. This means that the MPPT is
achieved and the efficiency of the WECS is increased.

Fig. 9 shows the performance of the DITSMC at the step-type
change of the wind speed from 9 to 10 m/s. Because the controller
is ‘off” state, Vi, is equal to the V, and ¢, is away from its
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maximum value in Fig. 9a. Fig. 95 indicates the variations of the from Fig. 9 that Vj, assured its optimum value and thus ¢, is
Vo, Vin, and ¢, when the DITSMC is set to ‘on’ state. It can be seen maximised for both the wind speed 9 and 10 m/s. Additionally, 7,
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Table 2 Effect of the controller to the WECS in terms of the efficiency

Vi, M/s Controller-off Controller-on

Vin, V P, W WECS efficiency, % Vin, V P, W WECS efficiency, %
9 318 674 81.62 240 779 ~94.40
10 368 902 84.64 289 1061 ~99.50

and w, are analysed in Fig. 9¢. The controller brings the WECS to
the MPPT ~550 ms when the wind speed changes from 9 to 10
m/s.

Fig. 10 shows the performance of the DITSMC controller when
the wind speed changes from 10 to 9 m/s. It is clear from Figs. 10
and ¢ that the MPPT is achieved when the controller is activated.
Moreover, the MPPT is achieved again ~500 ms even if the wind
speed is suddenly down from 10 to 9 m/s.

The effect of the proposed MPPT structure to the WECS in
terms of the efficiency is tabulated and given in Table 2.

The last experimental study is the comparison of the
performances of the PI and DITSMC controllers given in Fig. 11.
The PI controller parameters were set as k, = 0.155 and &; = 0.065,

3694

considering the overshoot and settling time. In Fig. 10qa, the
performance of the PI controller is presented.

The settling-time of the PI controller is ~1.25s while the
settling time of the proposed controller is ~550 ms. On the other
hand, both controllers perform approximately the same
performance in terms of the overshoot criteria. Therefore, it is
proved from the experimental study that the performance of the
proposed DITSMC is better than the PI controller in terms of the
settling time and thus, the efficiency of the WECS.

5 Conclusion

In this study, the DITSMC-based MPPT structure was proposed to
increase the energy efficiency of a WECS by decreasing the
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Fig. 11 Experimental results of the Vo, Vin, ¢p, and duty at Vy, =9 m/s
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convergence-time and the error-bound around the MPP determined
by the PSF-based algorithm. The effects of the design parameters
of the DITSMC on the convergence-time and the error-bounds
were investigated by the simulation studies. The dynamic
performance of the proposed DITSMC was proved with the
experiments on a test setup for various wind conditions. Through
the proposed method, the maximum power value obtained from
WECS was increased by up to 15%. In addition, the performance
of the proposed DITSMC is compared with the PI controller under
the same conditions. It is proved from the experimental studies that
the DITSMC has better performance than the PI controller in terms
of settling time and thus the efficiency of the WECS.
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