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Abstract— Finding and tracking maximum power point are
two important dynamics in the control of variable speed
wind turbines, since they determine the efficiency of wind
turbines. The conventional hill climbing possesses the
problems of wrong directionality and low performance,
since it does not take the inertial effect into account. In this
study, a novel hill climbing method is proposed by
considering the inertial effect to solve these problems.
Besides, employing the exact model knowledge of the
generator in the maximum power tracking control
deteriorates the efficiency considerably, therefore it is
required to design a parameter independent and robust
control system if possible. Thus, the third order super
twisting sliding mode and continuous integral sliding mode
controllers are designed for the control of generator and
grid side converters to track the maximum power trajectory
accurately, and they are compared to each other for the
chattering in experimental results. A comparison is also
performed between the conventional and proposed hill
climbing methods based on the captured energy from the
wind. Experimental results, with a wind turbine emulator,
demonstrate that the proposed hill climbing method relaxes
the wrong directionality and sluggish performance of the
conventional one.

Index Terms—Wind energy, Higher order sliding mode
Control, Integral sliding mode control, Hill climbing

. INTRODUCTION

wing to the intermittent characteristic of wind, maximum
power tracking is an imperative requirement to increase
the efficiency of the wind turbines. To this aim, Variable Speed
Wind Turbines (VSWTs) have been developed to increase the
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efficiency in comparison with constant speed wind turbines [1].
Maximum Power Point Tracking (MPPT) is achieved by
adapting the turbine speed optimally below rated wind speed.
Two important dynamics arise when the MPPT based control
of VSWTs is the subject, these are the instantaneous detection
and tracking of the Maximum Power Point (MPP). In the
literature, there are widely used MPPT methods based on
Generator Signal Feedback (GSF), Tip Speed Ratio (TSR),
Optimal Torque Control (OTC), Wind Turbine Power Curves
(WTPC) and Hill Climbing (HC) [47].

GSF and OTC based MPPT methods use the exact model
knowledge of the generator as a priori, especially the torque
constant. TSR based MPPT method employs, as a priori, the
exact model knowledge of the turbine, coming from the
parameters of the swept area of the blades and the air density
[47]. Furthermore, TSR and WTPC necessitate using an
anemometer on the contrary to GSF and OTC. WTPC control
also requires real test data, which it is difficult to get. All those
methods, GSF, OTC, TSR, and WTPC cause a wrong detection
of MPP at some level, thus the turbine efficiency decreases to a
lower level [2]-[4]. HC searching MPPT control is popularly
used in photovoltaics energy systems, which requires neither
turbine nor generator parameters, and it needs no wind sensor
in wind turbines, as well. However, the conventional HC
method does not consider the energy stored in the turbine
inertia, and thus the problems of wrong directionality and low
convergence speed arise. To cope with these problems, a new
HC searching MPPT control method is proposed by considering
the inertial energy in this study, which makes it possible to
detect the MPP accurately even under rapid wind variations
[471.

The conventional HC fails to follow the MPP trajectory
under rapid wind variations. Furthermore, sudden wind
variations may also lead to the unstable operation of the wind
turbine [5]-[9]. Consequently, the conventional HC method is
not effective for particularly large-inertia wind turbine systems,
since the generator output power is greatly influenced by the
change rate of the rotor inertial energy in the transient. In the
conventional HC method, small step sizes lead to slow
convergence speeds, and large step sizes lead to oscillations
around MPP, for small-inertia turbines. An additional issue
called wrong directionality appears for particularly large-inertia
turbines [2], [10]-[13]. It is required to utilize a low pass filter
for filtering the inertial power component of the generator
output power, and to properly tune the cut-off frequency of it.
All these actions result in a certain degrade in precise detection
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of MPP and lead to an efficiency decrement [14]-[15], [47].

In the literature, there is no study conducted about HC
method and its derivatives to eliminate the inertial effect.
However, there are several papers [6], [14]-[21] that studied
how the wrong directionality problem can be overcome and the
efficiency increases. It was stated in [6] that there is a need for
an online training process, which requires a large amount of
memory, and reliability problems may occur. A combination of
OTC and hill climb search was proposed in [14]. However, it
presents the problems, mentioned above, related to OTC. A
derivative of hill climb search method was presented in [15],
which needed a wind sensor. A method was implemented in
[16] by using the exact model knowledge of the turbine. As
mentioned above, using the exact model knowledge causes the
efficiency to decrease to lower levels. In [17]-[19], a DC link
voltage slope was used in MPPT control to avoid the wrong
directionality problem. These methods require a relatively low
DC link voltage control bandwidth to allow slopes to easily
occur during wind speed changes, which causes large DC link
voltage deviations under rapid wind changes. This means that
there is an unwanted reactive power interaction between wind
turbine and grid. In [20], a method requiring a priori knowledge,
was evaluated. An adaptive filter with the fuzzy logic hill
climbing control criterion without an experimental validation
was analyzed in [21]. Simulation results were satisfactory, but
a complex scheme was used. Consequently, the conventional
HC has a tradeoff between the convergence speed and the
turbine efficiency due to the inertial effect [14], [15], [17]-[19].

To obtain high performance by eliminating this trade-off, in
this study, a new inertial-power based HC is proposed without
compromising the convergence speed and the turbine
efficiency. Thus, the proposed HC based MPPT control method
avoids the wrong directionality problem, existed in the
conventional HC method, under sudden wind speed changes.
The proposed HC method uses the generator speed and the
turbine input power as inputs, although the conventional one
uses the generator speed and the generator output power. This
method is especially important for the MPPT control of wind
turbines with large inertia. For high efficiency, instantaneously
tracking MPP is also essential and this requires a controller
robust against parameter and external disturbance uncertainties.
Fixed gain linear controllers do not show strong robustness
against parameters and external disturbance variations [22]-
[24]. In addition, fuzzy and artificial intelligence based MPPT
methods were also presented in the literature [25]-[28], but their
applications in the wind energy industry were seldom recorded.
Many authors have stated that the sliding mode control
approach is more robust with respect to matched uncertainties
[29]-[32]. Nevertheless, chattering is the main limitation of
sliding mode control. To address this issue, the higher order
sliding mode was developed [33]. The higher order of sliding
increases the robustness against uncertainties and reduces
chattering [34], [47].

In this paper, a third order super-twisting and continuous
integral sliding mode controllers are separately designed for the
control of generator and grid side converters, where no prior
knowledge of parameters is used. It must be noted that these
controllers are feasible and comparable, since both of their
control inputs are continuous in time. Consequently, the
conventional and proposed HC methods are separately

implemented with both the third order and integral sliding mode
control methods. Finally, the conventional and proposed HC
methods are compared in terms of the MPPT efficiency.

II. WIND TURBINE CONFIGURATION

A PMSG wind turbine was considered in this work. The wind
turbine was emulated by an induction motor using the model
described as follows:
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Fig. 1. Wind turbine response for wind speeds of 3, 6, 9 and 12 m/s: (a),
(b) Pin vs w; (¢) Tin vs w; and (d) Pinvs A
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where P;, and T, are the turbine input power and torque,
respectively; C, is the turbine power coefficient; J. is the
turbine inertia; w, is the turbine speed; A is the swept area of
the turbine rotor; A is the tip speed ratio; and £ is the pitch angle,
which is assumed to be zero in this study because the wind
turbine is emulated at below rated wind speed.. The wind
turbine parameters and coefficients used in Egs. (1)-(4) are
given in Appendix [35]. The inputs of the emulator are the wind
speed, wind rotor inertia, and generator speed. The output is the
turbine input torque. The characteristic curves of the wind
turbine considered in this work are given in Fig. 1 for wind
speeds of 3, 6, 9 and 12 m/s. From Fig. 1, the optimum value of
the tip speed ratio and the power coefficient are 8.129 and 0.48,
respectively. For the rated wind speed (12 my/s), the optimum
speed and torque of the turbine rotor are 75 rad/s and 33.39 Nm,
respectively. A virtual gear with N = 34 conversion ratio is
used to obtain, with the emulator, 100 rad/s and 25 Nm as rated
speed and torque, and thus, a rated power of 2.5 kW for the
emulated wind turbine.

Fig. 2 shows the scheme of the complete experimental setup
for the wind turbine considered in this work. The wind turbine
emulator implements the turbine model shown in Fig. 2. An
induction motor with rotor field-oriented control is used to
emulate the wind turbine. More information about the rotor
field-oriented control implemented in this work can be found in
[36]. One TMS320F28335 board is used for the control of the
power converters associated to the wind turbine emulator and
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Fig. 2. Scheme of the complete experimental setup for the wind turbine
the generator side converter, and the other board is used for the
control of the grid side converter.

Ill. PROPOSED CONTROL SYSTEM WITH THE HIGHER
ORDER SUPER-TWISTING SLIDING MODE CONTROL

The higher order super twisting sliding mode controller is
proposed for those systems having a relative degree more than
one. The main advantage of this controller is the chattering
reduction, since it produces a continuous control signal.
Perturbations must be Lipschitz continuous, that is, the first
derivatives need to exist almost everywhere and be bounded,
which is necessary condition for the asymptotic stability [37]-
[39]. With the aim of obtaining a strong robustness against
model and external disturbance uncertainties, and ensuring a
high tracking performance of MPP, the Third Order Super-
Twisting Sliding Mode Control (TOSSMC) is applied to the
control of generator and grid side inverter.

A. Third Order Super-Twisting Sliding Mode Controller
for PMSG

The PMSG used in this work has a very low salience effect,
so it is assumed as a surface magnet machine, thus the d-axis
desired current iy, ¢ is set to zero [22], [23], [40]. The dynamic
equations of PMSG in the synchronous reference frame are
given by [22], [23]:

Vie=Riy+L,diy, [dt—o,L i, ©)
Ve =Ry + L, di,[dt+o,L,i, +o,4, (6)
dofdt=(1/J,)(T,-T,) (7)
T, =(3P/2)4,i, (®)

The d-axis current i, is set to zero for maximum torque per
ampere. V5 and V4 are the control inputs on g- and d- axis
respectively, wy is the generator electrical speed, and Ty is the
generator electromagnetic torque. For the control of the PMSG,
the speed tracking error is firstly defined as:

X =0, -0

opt

. )
X, —lqg

2xDAC
8718 EVM

Taking derivative of Eq. (9) and using Eq. (7), it is obtained:

% ==(3P2,/27)(x, + 1) (10)

5 :—(2J/3P/Im)a')opt —(2/3P/1m)TL (11)
Using Eq. (6), it follows:

X2 = (ng +/s )/Lc/g (12)

f, =—Rx, —ngdgidg —a)gxlm (13)

where f; and f, are matched nonvanishing disturbance.
Although the system resulting from Eq. (10) and (12) has a
relative degree two concerning X4, it is not possible to apply
higher order sliding mode directly because the system is not in
chain of integrator form. To this aim, the following changes are
further required to achieve the chain of integrator form [47]:

X =z (14)

Then, the TOSSMC control law is given by Eq. (16) and (17)
[37], [38]. Detailed information about the general stability
analysis can be found in [41].

¢ =X +k, |x1|% sign(xl) (16)
Ve=h |¢|% sign(¢)+k3jsign(¢)dr a7

where k4, k,, and k3 are positive finite control gains.

Remark 1. For selecting gains above, in general, the
Lyapunov based trial-and-error method, which was taken from
[41], is used. This fact is also valid for the control of the grid
side converter explained in Section B.

Remark 2. Tt is important to note here that the information of
z, cannot be used to design the control input V,, because it
contains information of f;. Therefore, it is need for the robust
exact differentiator to calculate x;.

B. Third Order Sliding Mode Controller for the Grid Side
Converter

There are various control methods for grid side converters.
Voltage oriented control is the most important control scheme,
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since it is applicable to many industrial fields such as wind and
solar energy conversion systems, uninterruptable power
supplies and active power filters, among others. Dynamic
equations of the grid side converter are given by [42], [47]:

V:{gvc =R idv +Ld dids /dt a) quqv + V;iv (18)
Vige = Ry + L, di Jdt + @ Lyi, +V, (19)
dVdi /dt = (3de/2Ca’c )idA (1/Cd ) k. ¢ (20)

where i represents the external disturbance to the control
system, Vggqc and Vg, are the control inputs, Vy, and V¢ are
the grid voltages, iy, is the d-axis current, set to zero for zero
reactive power, and I, is the g-axis current. Eq. (20) is obtained
by neglecting the convertor losses, under the synchronism
conditions [43]. The grid synchronism angle is obtained by the
synchronous PLL, which can provide a high performance
because of balanced grid in effect. Appropriately, for the
control of grid side converter, the DC bus voltage tracking error
is ﬁrstly defined as:

Vdf‘ref I/df" x4 = lds (21)
where the output is V2,. Using Eq. (20), the derivative of Eq.
(21) takes the form of:

fy == (3 /2C, ) (3, + £5) (22)

f ( /3V ) dcref dcrzf (2/3Vd ) dz g (23)
The d-axis current tracking error and its derivative, by using

Eq. (18), are given by:
X, = (Vdgsc + /4 )/L
foi=—Ri,+olLi -V

s qs ds

24)
(25)

where f; and f, are matched nonvanishing disturbance. The
system composed of Egs. (22) and (24) has a relative degree
two case. However, as in the previous case, to design TOSSMC,
the following changes are made:

X, (26)

(3W o1, V=t i V1T e, ) @D

Then, the TOSSMC control law is given by Egs. (28) and
(29) [37]-[38].

@, =X, +k; |x3|% sign(xs) (28)
Ve =k |¢|/ szgn +kéj-sign(¢)dr (29)

where k,, ks, and kg are positive control gains. For the general
stability analysis, one can refer to the reference in [41].

Remark 3. It is important to note here that the information of
z3 cannot be used to design control input, V4, because it
contains the information of f;. Therefore, there is need for the
robust exact differentiator to calculate x5.

Conventional Super-Twisting Controller (STC) is employed
in the d axis current control of generator and in the q axis
current control of grid side converter [44]. To reveal the real
time implementation of TOSSMC and STC, detailed schemes
are given in Fig. 3 and Fig. 4 respectively.

C. Continuous Integral Sliding Mode Control for PMSG

First, the sliding manifold is described below for the relative
degree two system given in Egs. (14) and (15) as:

< v, =l sign(9)+ k[ sign(8)r s = 5+ 1, 8 sen(i) 7
H % = o [s[ sign(s,)+ v | S

¥, =0.58sign(s,)
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Fig. 3. Control loops of the wind turbine: (a) TOSSMC and STC for the
generator; (b) TOSSMC and STC for the grid side converter.
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Fig. 4. Control loops of the wind turbine: (a) CISMC and STC for the
generator; (b) CISMC and STC for the grid side converter.

5 =% = %(0) - [ (~k,x, — ki, ) d7 (30)
0

where x;(0) is the initial value, its value is considered zero
here. Differentiating Eq. (30) yields:

Sl:_(yD%Jngj( ) (3P/1/ij+kxl+kxl G1)

Control law of Continuous Integral Sliding Mode Control
(CISMC) is designed below to ensure that $; = 0 as:

2JL : L
V. :( %Pﬂ, j(kﬁﬁ + kgx, +771‘s1‘1 ’ +772Jszgn(s1)er (32)
" 0

The resulting dynamics of the sliding manifold is obtained
below by inserting Eq. (32) in Eq. (31):

§ == |5|1/2 _ﬂzj.Sign(S)dT + é:(fzsfl)

where £(fy, f1) = —(3PAm/2]Lgg)fo — (3P /2))f. Since
Eq. (33) stands for the STC algorithm, 7, > 1.41(n, +
V2 n, > & and hence (s4,$;) = (0,0) as t — oo. Therefore,
from the initial point onwards, it can be concluded that
1, fotsign(s)dr = —£(fy, f1)- Substituting the control law of
Eq. (32) into the closed loop system in Egs. (14) and (15)
produces the following differential equation.
X =2z

=—k,x, — kX,
(34)
where it is possible to prove that x; - 0 and z; - 0 ast - o
from the eigenvalues analysis of the closed loop linear

(33)
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homogeneous system given by Eq. (34), which means the
closed loop system is globally asymptotically stable [46].

D. Continuous Integral Sliding Mode Control for the Grid
Side Converter

Sliding manifold is defined below for the relative degree two
system given in Egs. (26) and (27).

5y = %, = 3,(0) = [ (~kyx, — ki, ) dr (35)
0

where x3(0) is the initial value, which equals to zero. Control

law based on CISMC is designed below to ensure that $3 = 0

as:

2C, L. . 2 .o
Vdgxc':( e A3[/ds)(k9xl+k10"1‘”73Szl +ﬂ4js1gn(s2)dr} (36)

0

Substituting the control law of Eq. (36) into the closed loop
system produces the following differential equation, which
governs the closed loop systems as:
X, =z, | 37)
Zy = —koxy —kyo X,

It is obvious that the closed loop system is globally
asymptotically stable, exactly as in the previous case [46].

E. Robust Differentiator for the Sliding Mode Controllers
and the Proposed HC Method

A robust differentiator is designed to take the time derivative
of x; and x5 [44], [45]. Without loss of generality, it is assumed
that the input signal is measurable, and it consists of a base
signal having a derivative with Lipschitz’s constant, C > 0. An
auxiliary function is described to differentiate x; and x5 as:

The following sliding surface can be defined as:
s=x-x,(t)..k=13 (39)
Differentiating s leads to the following relationship:

S=u-—x, (40)

The super-twisting control law below can be thus described as
[44], [45].
u=x, =a |s|%si (

L =Q, gn(s)+v
V= O.Sﬂksign(s)
where @, > C and By > 4C (a, + C)/(ay — C) or ay, > 1.1C

and B > V/C, all of them are positive finite control gains, and
u gives the xj,. Detailed information can be found in [45].

(41)

IV. CONVENTIONAL AND PROPOSED INERTIAL POWER
BASED HC METHODS

In the proposed HC, AP;,/Aw & AP,/Aw are evaluated
under the certain conditions, as seen from Fig. 6. However, only
AF,/Aw is evaluated in the conventional HC, as seen from Fig.
5. This implies that the energy stored in inertia is neglected in
the conventional one, which makes the conventional HC blind
to wind speed changes [14], [15].

A. Proposed HC Method for the MPPT Control

The proposed HC method is presented in Fig. 6. In this
method, only the total inertia of the turbine at the generator side,
Jmr =Jm +1g +J-N? is used as a priori knowledge.

First Order
LPFto
extract P;,
from P,

fou=12.5Hz

Fig. 6. The proposed inertial power-based HC for the MPPT control

Fortunately, the inertia does not have a significant variation
depending on the operating conditions [47]. As seen in the
scheme, the inertial power is calculated by the robust
differentiator. Furthermore, the inertial power, P;, is added to
the generator power, F, and P;, along with AP, are calculated
from Egs. (42) and (43), as shown in Fig. 6. Noises in P;, are
filtered by a Low Pass Filter (LPF) to obtain the filtered power,
Py _fite- Consequently, the power equation is expressed as:

J w00 =l —oT, (42)

where B = Ty = 1.5(Vdg1dg + V('Zglqg) is the generator
output power; Py, = wTy, is the turbine input power, and P; =
Jmrw® is the inertial power. The small-signal linearized
equation, in the transient for a sampling time, can be defined as:
APM:APg+A13,(Au=u(k)—u(k4)),(uzp P.P) (43)

in>% gt j

where k and k — 1 are sample numbers. From Eq. (42), for

large wind turbines, P;, = F; is valid in the steady state, since

the generator speed is nearly constant. However, Py, ~ P; is
valid in the transient, since @ > 0. From P, = P; in the
transient, AP, ~ AP; is also valid in the transient. Since

AP, /Aw = 0 is the real MPP, the inertial effect must be

considered in the HC based MPPT control, as in the proposed

HC. There are four situations for a fixed wind speed in the

proposed HC based MPPT control. For fixed wind speed, by the

control law given in Eq. (44), situations repeat the following
order, Il - I = III = IV [47]. These situations according to
the proposed HC MPPT control rules are given as:

. Aw>0&AP;,, >0;s0 AP,,/Aw > 0. This case means
that P;, increases as w increases. Thus, wgy,, is further
increased to keep Aw > 0 & AP;;, > 0.

II. Aw <0&AP;,, <0;s0 AP, /Aw > 0. In this case, P
decreases as w decreases. Thus, @y, is increased to ensure
Aw > 0 & AP, > 0.

III. Aw > 0 & AP;,, < 0; so, AP, /Aw < 0. P, decreases as w
increases, and thus, w,p, is decreased to provide Aw <
0 & AP;, > 0.

IV.Aw < 0 & AP;;, > 0; so, AP, /Aw < 0. Py, increases as w
decreases, and thus, wg,, is further decreased to ensure
Aw < 0 & AP, > 0.
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For a step variation of wind speed, only situations I and IV
are triggered by the control law. For a positive slope ramp
variation of the wind speed, AP, > —i Pinratea and Aw >
—H1 Wrqteq- Consequently, w,y,, is correctly increased by the
control law of Eq. (44).

For a wind speed variation with a negative slope, if AP, <
—U1Pinratea and Aw < —UyWygeq. In this case, AF;/Aw is
evaluated instead of AP, /Aw, and thus w,, is correctly
decreased by the control law of Eq. (44). These four rules and
the conclusions above gives the proposed HC control law as:

e sign (AP, - A) o DBy <=t E e
dr+ @) if
+sat(Af; -Aa)) A0 < -0,

opt(k) X
i ’wv]y»w Slgn(APm ~Aa)) dr+o if AP, > =i b,
mppt +sat(APM 3 Aa)) opi(k-1) AC() > —/lza)

rated

mppt
0

1) Avoiding Wrong Directionality in the Proposed HC
When situation I occurs, the wind speed increases suddenly, and
hence T;,, and P;, increases suddenly, and w starts to increase
in a ramp manner. The proposed HC can evaluate this increase
in P;,. At a sampling interval (At), w increases by Aw, and thus,
the inertia stores much bigger amount of P, during At due to
increasing rotor speed. This leads to AP, ~ 0 and AP;;,, = AP,
as explained before. The proposed HC considers the rate of
change of the energy stored in the turbine inertia, P;, and then
calculates P, by measuring F;. P; is calculated based on the
robust differentiator given in the Section III. Consequently, P;
is added to F;, and then APy, > —p;Pprgreq and Aw >
—U Wyqteq are concluded. This causes the control law to start
to increase Wy, as according to situation I. In other words, the
control law does not trigger the other rules as in the
conventional HC. This situation is verified by the experimental
results in Figs. 10 and 11, as well.

Remark 4. Since the proposed HC processes and evaluates
APy, /Aw & AF;/Aw while finding the MPP, it is not blind to
wind speed changes. So, the problem of wrong directionality is
eliminated.

2) Improved Performance of the Convergence Speed

Py, has two components, B, and P;. In the proposed HC, these
components are separately measured and calculated, and then
P;,, is obtained by summing them. So, P;, has a smooth shape
as expected. This enables to select a higher cut-off frequency
feut values for the LPF, which filters the high frequency noises
of P;,. Besides, it is possible select higher step sizes without
causing the wrong directionality and oscillations around the
MPP, since P; is considered in the MPPT control. Therefore,
the proposed inertial power-based HC solves the problems
existed in the conventional HC. This performance is confirmed
by the experimental results as shown in Figs. 10 and 11.

B. Conventional HC Method for the MPPT Control

The conventional HC, given in Fig. 5, is one of the simplest
MPPT control algorithms that does not need a wind sensor and
a priori knowledge of wind turbine. It evaluates the gradient of
B, with respect to w, without considering the inertial effect, and
the results are observed by continuously introducing a small
perturbation to the control variable until the slope becomes
zero. However, large perturbation step sizes increase the
convergence speed but cause high amplitude oscillations

around the MPP, which deteriorates the MPPT efficiency [47].
Small perturbation step sizes increase the MPPT efficiency, but
slow the convergence speed, then a sluggish dynamical
performance emerges. On selecting a step size, proven
approaches are expert knowledge and trial and error methods
[14], [15], [17], [18]. Besides, under rapid wind changes, there
is a phenomenon called the wrong directionality [14], [47].
Remark 5. The conventional HC always evaluates AF,/Aw
in finding the MPP. So, it is blind to wind speed change since
the inertial effect is neglected, and then the wrong directionality
problem appears under rapid wind speed variations, which is
caused by the non-minimum phase property in the generator
output power [3]. This also leads to lower MPPT efficiency
values, and unstable operation may happen [18]. These
situations are explained and covered in many sources [14], [15].
The conventional HC control law is given in Eq. (45).

2

(i) = K ot I sign(APg -Aa))dt+a)op[(k71)
0
The conventional scheme considers AF, /Aw = 0 as seen
from Eq. (45). AF;/Aw = 0 is the only MPP in the steady state,
so the conventional HC cannot find the MPP in the transient
with a high performance for small or large wind turbines.
1) Wrong Directionality Problem in the Conventional HC
Assuming that the wind speed increases, then P, increases,
and w starts to increase, as well. This causes an increase in P;,
according to situation I, but the conventional HC cannot
evaluate this increase according the control law given in Eq.
(45). After At, AF; decreases, since the inertia absorbs Py,

(45)
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Fig. 7. Photo of the real experimental setup implemented in this work
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Fig. 8. Response of the proposed HC method to step changes in the
wind speed from 10 m/s to 5 m/s and from 5 m/s to 10 m/s, and zooms

partly or completely. This leads to a sudden change in the sign
of AF,. Thus, AR, < 0 and w > 0 cause the algorithm jumps
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to situation III, and therefore, w,y, and w begin to decrease.
Decrement in w causes the inertia to release the stored energy
over the grid side converter to the grid. Thus, AP, > 0 and w <
0. This makes the algorithm jumps to situation IV. As w,,, and
w decrease more and more, the power stored in the inertia is
transferred to the grid more and more. Decrement in w,,, and
w may continue up to zero, where the stored energy is totally
depleted. Thus, this issue is called “wrong directionality under
rapid wind change” [14], [47] since wy, is decreased instead
of the fact that it is increased [15], [17].
2) Avoiding the Wrong Directionality in Conventional HC
If the step size is sufficiently smaller, the slope of the
increasing and decreasing rotor speed becomes closer to zero.
This avoids the wrong directionality but results in a sluggish
dynamical performance of the convergence speed. For the
conventional HC, there is a trade-off between the MPPT
efficiency and the convergence speed. For these reasons, the
conventional scheme is not feasible for wind turbines [17], [18],
[47].
3) Low Performance Problem in the Conventional HC
B, has two components, P;, and P;. In the conventional HC,
only F; is measured. An LPF is needed to remove P; from F; to
obtain P;,. So, this filter is not for noises but for extracting P;,
from F; [21]. Since P; is a non-periodic time-varying signal
under wind speed changes, an extremely low f_,; values for
LPF should be selected. Such low f,,; values add a large phase
shift to the control system, and consequently high amplitude
oscillations around the MPP happens. Besides, large step sizes
are another cause of the oscillations [21]. However, the LPF
used in the proposed HC is for noises and relatively high f,;
values can be sufficient, and a trivial phase shift occurs [47].

V. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental set-up is shown in Figs. 2 (scheme) and 7
(photo), and all the parameters are given in Appendix. The
dynamic performance of the proposed HC method is presented
in Fig. 8 and compared with the TSR method for a wind speed
profile with step-changes from 5 to 10 m/s and from 10 to 5

40 rad/s t 500 W

Wind speed is increased from 8 m/s to 10 m/s in a step manner at t
= 60 s. Resulting generator speed values are 68 and 90 rad/s
respectively.

The proposed PO uses the turbine input power as input For situation I,
. S { # positive AP;, and positive Aw causes the algortihm to stay in situation I. This
b\ ‘means that the wrong directionality is avoided.
1
- W, The conventional PO uses the generator output power as input, and this

decrement in P, changes positive sign of AP, to negative sign. Consequently,
the conventional PO starts to decrease w,; to increase Py. That is, negatif AP,
and positive Aw causes the algortihm to jump to situation I from situation 1L,
and the wrong directionality occurs.
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situation, power signals are investigated.
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Fig. 9. (a) Speed and powers (P, P;,, Pin—yii¢) for a change in the wind
speed from 8 m/s to 10 m/s; (b) from 10 m/s to 8 m/s
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Fig. 10. Optimal and actual speeds, and turbine input power for a
variable wind speed profile: (a) conventional HC method; and (b)
proposed HC with the third order super-twisting sliding mode
controllers
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Fig. 11. Optimal and actual speeds, and turbine input power for a
variable wind speed profile: (a) conventional HC method; and (b)
proposed HC with the continuous integral sliding mode control

m/s. As seen in the figure, the convergence time is about 9.6 s
and there is no wrong directionality. Furthermore, it is possible
to see the high steady state performance. Fig. 9 shows the
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response of the wind turbine for a wind speed of 8 m/s at t = 60
s, which increases to 10 m/s in (a) in a step manner. Later, it
falls to 8 m/s at t = 60 s in (b) in a step manner. Fig. 9 reveals
that F, suddenly decreases from about 700 W to 100 W in 2 s,
with an increment in the mechanical speed from 68 rad/s to 90
rad/s. It is because the inertia absorbs much amount of the
turbine input power in the transient. Then it begins to increase
and reaches 1375 W in about 38 s. As explained previously, the
conventional HC algorithm causes the wrong directionality in
this case. However, the proposed inertial power-based HC
evaluates AP, /Aw, and P;,_g;;, does not decrease at all with
an increasing the rotor speed. Therefore, the wrong
directionality is avoided by the proposed HC method. This
implies that the trade-off existed in the conventional HC
method is removed. Figs. 10 and 11 show wyp; rsg and Pype sk

obtained by the TSR method, and P;,, is plotted for the proposed
and conventional HC methods. A wind speed profile in a ramp
manner is applied to the MPPT control system. In Figs. 10 and
11, the wrong directionality problem of the conventional HC
method is highlighted for AP;, > 0 and Aw > 0. It must be
noted that there is no wrong directionality in the conventional
HC for AP;,, > 0 and Aw > 0. For this reason, the proposed HC
evaluates AP, /Aw and AP,/Aw in the cases of AP, >
_Mlpinrated & Aw > —H1Wrated and APin < _.ulpinrated &
& Aw < =l Wyqteq, Tespectively, as observed from Figs. 10
and 11. As mentioned previously, the conventional HC cannot
realize a precise MPP detection in the transient. This low
performance is also indicated in Figs. 10 and 11 either in the
transient or in the steady state. However, the proposed inertial
power-based HC yields a more precise MPP detection than the
conventional one. The total energy captured from the wind,
with TOSSMC, is 265,3 kWs by the proposed HC, while it is
232.8 kWs by the conventional HC. The total energy harvested
from the wind is, with CISMC, 258,7 kWs by the proposed HC,
while it is 234.1 kWs by the conventional HC. Consequently,
there is an increase in the captured energy, thanks to the
proposed HC, by 13.96 % with TOSSMC, and by 10.51 % with
CISMC. The MPPT efficiency of the proposed HC method is
95.08 % for TOSSMC and 92.71 % for CISMC. The MPPT
efficiency of the conventional one is 83.43 % for TOSSMC and
83.9 % for CISMC. It must be noted that CISMC causes more
chattering in the control input than TOSSMC as seen from Figs.
10 and 11.

Finally, it is worth noting that experiments performed with
the rated wind speed showed that the total harmonic distortions
of generator and grid currents are below 4.0 %, within the level
recommended by grid codes. Furthermore, the power factor of
the grid side converter is 0.99, remarkably close to 1.0.

VI. CONCLUSION

The aim of this study was to avoid that the energy stored in
the inertia of the wind rotor affects the MPPT performance, and
in this context, a new HC MPPT method was proposed. So, this
means that the inertial effect is compensated by the proposed
HC method. Besides, to track the MPP generated by the
proposed HC, third order super-twisting and continuous
integral sliding mode controllers are designed and applied to the
control of the generator and grid side converters. Thanks to the
proposed HC method, the wrong directionality problem of the

conventional HC was overcome by considering the inertial
energy. Furthermore, the use of low f,,; values in the
conventional HC were avoided in the proposed HC. For these
reasons, the proposed HC yielded higher convergence speed
than the conventional one. That is, the MPPT efficiency was
improved by accurately finding the MPP with a high
performance either in the transient or in the steady state. The
proposed inertial power-based HC provided an increase in the
captured power from the wind about 13.96 % and an increase
in the MPPT efficiency about 11.65 % for TOSSMC. For
CISMC, the increases in the captured power and in the MPPT
efficiency are 10.51 % and 8.81 %, respectively. The proposed
MPPT control system employed only one parameter as a priori,
the total turbine inertia at the generator side. As in the
conventional one, the proposed HC did not need a wind sensor,
as well. The sliding mode controllers made it possible that the
MPP can be precisely tracked by the generator. The control of
generator as well as grid side converter for a high-performance
tracking of the MPP were performed using third order super-
twisting and continuous sliding mode controllers. It is
concluded that the TOSSMC possesses less chattering than the
CISMC. In this regard, by TOSSMC, more energy is harvested
from the wind. In the following table, the comparison results
are presented for the proposed and conventional HC searching
MPPT control methods.

TABLE 1. PERFORMANCE COMPARISON
Proposed HC MPPT

Performance Criterion Conventional HC

Control MPPT Control
Wrong directionality Not appear It occurs for a wind
speed variation with
positive slope
Tracking of MPP for a | With high Not possible because
positive slope wind | performance of the wrong
speed variation directionality
Tracking of MPP for a | With high Unacceptable
negative slope wind | performance performance because

speed variation

of neglected inertial
effect

Steady state MPP speed
error

Below 2.88 %

11.2 % speed error

MPPT efficiency (%) | 95.08 % with | 83.43 % with
= Win/Wopt sk TOSSMC TOSSMC
92.71 % with CISMC | 83.9 % with CISMC
Captured energy from | 2653 kWs  with | 232.8 kWs  with
the wind, Wy, TOSSMC TOSSMC
258.7 kWs with | 234.1 kWs  with
CISMS CISMS
APPENDIX
A. Parameters and Rated Values
TABLE 2. WIND TURBINE PARAMETERS
Parameter Notation Value
Rated turbine input power Pinyated 2.5 kW
Air density, Turbine radius p R 1.14 kg/m’, 1.3 m
C, coefficients Cyi, Cy, Cs, 0.5176, 116, 0.4, 5,
Cy, Cs, Cs 21, 0.0068
Rated wind speed Viatea 12 m/s
Optimal power coefficient Comax 0.48
Wind rotor inertia Jr 10 kg/m?
Gear ratio - 3/4
Rated wind rotor speed Wrrated 75 rad/s

TABLE 3. POWER CONVERTER PARAMETERS

Parameter

| Notation

Value
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Line filter for grid side converter Ra, La 0.25Q, 2.3 mH
Common mode filter L. 15 mH
DC bus capacitor Cac 3400uF
Grid phase voltages Vas, Vis, Ves 110 Vrms, 50 Hz
DC bus voltage Vie 400V
IGBT driver SEMIKRON Skyper 32 PROR
IGBT module SEMIKRON SKM150GB12T4
Current and voltage sensors LEM LAS55-P and LV25-P
Diode module SEMIKRON SKKD100/12
Heatsink SEMIKRON 0.12K/W

TABLE 4. INDUCTION MOTOR PARAMETERS

Parameter Notation Value
Rotor phase resistance R- 3Q
Stator phase resistance R, 2355Q
Stator phase leakage inductance Lys 0.0162 H
Rotor phase leakage inductance L 0.0162 H
Magnetizing inductance Ln 0.4286 H
Rated values IM 5.5 kW, 2 poles, 400 V,
11 A, 1455 rpm, 36 Nm
Rotor reference flux Adr_ref 1.0715 Wb
Motor inertia I 0.026 kgm?
Torque constant ki 3.09 Nm/A
TABLE 5. GENERATOR PARAMETERS
Parameter Notation Value
Stator phase resistance R 025Q
Stator phase inductance Ls Lge=3.2 mH, Lge=1.7 mH
Rotor magnetizing flux Am 0.21 Wb
Rated values PMSG 5 kW, 4 poles, 400 V, 15
A, 2000 rpm, 24 Nm
Generator inertia J, 0.00657 kgm?
Torque constant ki 1.26 Nm/A
TABLE 6. CONTROL PARAMETERS
Parameter Notation and Value
Third order sliding mode k=110, k2=0.0012, k5=1045, k=104,
controller ks=0.0013, ks=1055
Second order sliding mode a=78, p=787
controller

Rob. Diff. for third order sliding
mode controllers

ar=03=76, f1=p3=183

Rob. Diff. for proposed HC a=43, p=132
Parameters for proposed HC Fkemppi=4,0, 1/=0.0036, 12=0.0001
sat=+2.2

Parameters of continuous integral k=1.5, ks=0.8, ko=1.3, k10=0.65,

sliding mode controller n1=91, 12=970, n;=88, 14=890

B. Proof of the Inertial Effect Compensation in the
Proposed HC MPPT Method

Fig. 12 shows two different situations for a wind speed
variation (wind speed variation with positive and negative
slope) used to explain how the proposed HC MPPT control is
not affected by the inertial response. It was obtained by TSR
based MPPT control with the exact model knowledge.

1) Wind Speed Variation with Positive Slope

Conventional HC: With an increase in the wind speed,
Transient 1 occurs. Then, the turbine inertia stores some portion
of the input power according to the largeness of the inertia and
slope of the turbine speed variation, which causes a decrease in
the generator output power. According to the control law given
in Eq. (45), the conventional HC starts to decrease the turbine
speed. This is the wrong directionality, since the turbine speed
needs to be increased towards the MPPT point b. Decreasing
the turbine speed results in that the stored energy is released to
the grid, which causes an increase in the generator output power
due to the inertial response. So, the conventional HC continues
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Fig. 12. (a) MPPT trajectory; and (b) power vs. time for a wind speed
variation between 9 and 12 m/s

decreasing the turbine speed until the rate of change of stored
energy does not supply a power higher than the wind does. The
MPPT performance of the conventional HC is low because of
the wrong directionality or the inertial response.

Proposed HC: The proposed HC also calculates the turbine
input power. As in the previous situation, during Transient 1,
the proposed HC correctly starts to increase the turbine speed
towards the MPPT point b according to the control law given in
Eq. (44), since it uses the turbine input power as input. There is
no wrong directionality, and the inertial response does not
affect the proposed HC based MPPT control.

2) Wind Speed Variation with Negative Slope

Conventional HC: With a decrease in the wind speed,
Transient 2 occurs. During Transient 2, the turbine inertia
releases some portion of the input power, and this causes an
increase in the generator output power. According to the control
law given in Eq. (45), the conventional HC correctly starts to
decrease the turbine speed towards the MPPT point a, this
means that no wrong directionality happens.

Proposed HC: According to the control law given in Eq. (44),
the wind speed variation with negative slope enables the
proposed HC to employ the generator output power instead of
the turbine input power as input. Thus, the turbine speed is
driven to the MPPT point a correctly, just as in the conventional
HC, without a wrong directionality.
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