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Abstract— To harvest the maximum power from an offshore
wind energy-conversion-system (ECS), a robust controller is
required to run the ECS constantly at the maximum-power-
point (MPP). The maximum power point tracking schemes
are developed via PID (proportional integral derivative)
control, a model based SMC (sliding mode control) and a
model based STA (super-twisting algorithm) to achieve
supreme power from a permanent-magnet-synchronous-
generator (PMSG) based variable speed wind energy
conversion system (VSWECS). A detailed comparative
analysis is carried out among the three competitors in
MATLAB Simulink environment for a random wind energy
speed profile. Furthermore, the final simulated results are
analyzed and compared with results from standard feedback
linearization (FBL).

Keywords- ECS (energy-conversion-system); maximum-
power-point-tracking (MPPT); PID; SMC (sliding mode
control); super twisting algorithm (STA); wind turbine (WT)

L. INTRODUCTION

Throughout the ongoing many years, wind turbine is the
most solid, inexhaustible, reliable and environmentally
friendly power energy source. Therefore, it tends to be
utilized as one of the wellsprings of elective energy in
future [1]. In view of wind-speed, wind-turbines are
characterized as fixed and variable speed. The wind
turbine based on variable speed gives 10-15% further
energy output, decreased fluctuation in power, and
decreased mechanical-stress than the fixed-speed wind
turbine (FSWT) [2]. Therefore, the maximum power can
be extracted by applying a wind turbine based on variable
speed. A variable speed turbine needs a power-converter,
an MPPT scheme and must be competent in supplying a
high quality of electric power [3].

The best choices for variable speed are the (PMSG) and
doubly fed induction generator (DFIG). The PMSG is
more suitable for offshore wind turbine due to gearless
transmission capability, high reliability, ease of control
and low maintenance cost. The principle preferences of
PMSG for offshore wind and wave energy include
extremely broad speed range, greater efficiency and high
density of power. This prompts a smaller and compact
design, petty scale turbine with the capacity to work at
minimum speeds [4]. Right now, nine out of the top ten
world makers produce wind turbines with PMSG [5]. The
extraction of maximum-power from an offshore wind ECS
relies upon the speed of wind and the running point (i.e.,
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operation) of the offshore-wind ECS. MPPT is use to
increase the efficiency of offshore-wind ECS. The
essential idea of driving the MPPT in offshore wind ECS
is to adjust and manage the speed of AC generator, along
with the speed of PMSG wind-turbine and coupling shaft
[3]. Therefore, the implementation of a control scheme to
find MPPT for finding the optimal point of operation in
offshore-wind ECS is important [1]. There are four major
control scheme with MPPT such as tip speed ratio (TSP)
methodology, optimal torque (OT) methodology, power
signal feedback (PSF) and HCS (hill climb searching), The
HCS is referred to as perturb and observe (P&O) [1, 2].
For wind-turbine, a particular ratio called the optimal-TSR
is used for the extraction of power maximization. In the
TSR algorithm, the TSR is maintained at its optimum at
which the captured wind power is raised to maximum by
regulating the mechanical speed of the shaft (i.e., of the
generator). Although, this algorithm is highly efficient, the
need for anemometer makes the system costlier while on
the other hand an optimum TSR value is needed for the
system, which changes from system to system [2, 7, 8].
Generally, the OT control-scheme is simple to be executed
and also efficient and quick. In any case, its proficiency is
less than the TSR, due to the restriction of estimating the
wind speed straightforwardly [1]. However, there is no
such difference between OT and TSR schemes [6].
Unlike TSR, the PSF control technique does not need the
measurement of a particular wind speed but it requires a
prior information of the wind turbine curve, which is
obtained either through tests or simulations for single wind
turbine. This way it makes the implementation of PSF
control technique costly [8]. Unlike TSR, HCS control
technique requires no such prior knowledge of the WT-
maximum-power-curve.
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However, under rapid wind speed variations, it fails to
achieve MPPT. By selecting an suitable step size is a
difficult task, because a greater step size gives a more
faster convergence but additional oscillations around the
maximum power point, whereas a smaller step-size,
although improving efficiency, gives a slower
convergence [1].

Most of the complications concerned with these methods
can be solved by applying artificial intelligence schemes
and also some hybrid control schemes. The FLC (fuzzy
logic control) contributes to parameters insensitivity to
variation and better convergence [9].

The combination of two different control techniques
constitutes a hybrid technique, which utilizes the benefits
of first technique to mitigate the problems of the second
technique. For example, a hybrid technique was proposed
in [6] by merging OT with hill climb search (HCS) to
mitigate the problems rendered by HCS: wrong direction
under rapid wind speed variations and speed-efficiency
trade-off. Similarly, PSF control technique was merged
with HCS to develop a flexible and sensor-less technique
that applies to all wind types of WTs [1].

In this work, a comparative analysis will be performed
among PID, SMC, FBL and STA to extract maximum
power. The SMC implies an infinite switching frequency
and there is constant control across the sampling intervals.
The switching frequency cannot surpass that of sampling
which causes chattering in the system. We will
demonstrate the proposed STA scheme can guarantee
MPPT while reducing the problem of chattering with quick
convergence. The remaining parts of the paper is presented
as follows; section II covers the modelling of wind ECS.
The section III is based on the state equation of the system
and normal form conversion from third order to the second
order of the system (i.e., from three states variables to two
states variables). In section IV, the controller design is
carried out, while the comprehensive results and the
conclusion are presented in sections V and VI,
respectively.

IIL. WIND ENERGY CONVERSION

In this study, the offshore-wind ECS essentially represents
wind turbine based on PMSG, where GB is gearbox, RE is
a rotational encoder, wy, is shaft speed, w;.f is reference
speed and e represents the error, as shown in Fig. 1.

A. Wind Turbine Model

The power that is available at the turbine shaft is
represented by the subsequent expression [10]:

Cor(D) M
where R, is the radius of WT blade, wind speed is denoted
by v,,q, p shows the mass density of air, while C
represents the power-coefficient and it is represented as:

Cpr(A) = [2(0.0059 — 0.0013 A + 0.008142
—0.000974772%]
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From the above equation the value of 1 is:
— WshRp (3)
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where the symbol wy;, depicts the WT shaft angular-speed
while, q is the gear-transmission-ratio.

Similarly, one can represent the shaft torque of turbine as
a function of coefficient of torque as:

1
Tmec = Eanbs‘vwdzCT (l) (4)
The torque coefficient Cr(4) is expressed as:
Cr(1) =8 5)

B. Modeling of PMSG

A PMSG is modelled in dg-axis reference frame and all
the details are presented as follows [10].
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where Rstators Las Lg, and iy, igare the stator-resistance,
inductances and currents of dq axis respectively while p
expresses the pole number, w, is angular rotor speed
and w, denotes the shaft angular speed of the generator.
The Qj and @, represent the angular speed and flux of
permanent magnets. The symbol ] represents the generator
shaft inertia, Rcpopper represents the equivalent chopper-
resistance and b4, b,, b5 are constant parameters.

The state-variables can be expressed in the simplified

form by putting the constant parameters (i.e., as listed in
Table I).

x1=id
xZ:iq
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where [y, I3, my, mz, ms, Ny, Ny, Ny and n, are the constant
terms and their values are mentioned in the Table 1.

III.  STATE EQUATION OF THE SYSTEM

The model of wind ECS represented in (7) can be
written in the following form:

x =A(x) + B(x)u
y =h(x) = x5 = w, 8)
where A(x) and B(x) are the input matrixes and x describes
the state-vector, while u defines the control input.

Ay lixy — Lxox5
Alx) = |4, = —lixy; — myx;x3 + Mgxg
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—l3x;
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0

u= Rchopper
The output value, y=x, is used to specify which state
variables are available for use by the controller. Therefore,



it is convenient to transform (7) into normal form (i.e.,
input-output form conversion) by the following way [10]:

Gi=y

dh(x) 5

Gy = Lyh(x) = TA(X) = —V1—V2X3 —V3X"3
— YaX2 X

Gs = Ly2 h(x) ==
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where,
V1= nlvwdzayz = NyVya, V3 = K3, Va = ks (9)

As the order of our system is larger than the relative-
degree (i.e.,n > 1), where n =3 and r = 2, therefore the
normal form of the system can be written as below:

G, ~ G
Gy = Lpy* h(x) = LgL,h(x)u (10)
where L,? h(x) is the lie derivative of (x) in the direction
of A(x) and B(x).
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where
LAZ h(x) = —y2A2(x) — (v2 + 2y3x3)A3(x)

LgLah(x) = l3x1V4x, (12)

where the zero dynamic state (i.e., G3) has no significant
effects on the output of the system as well as on control
input. Consequently, one can neglect it as long as it is
stable. It is convenient to show the stability of the zero
dynamic term.

A. Stability of Zero Dynamic term

One can find the internal-dynamic stability by finding the
location of zeros [11]. So, by putting G4, G, and u equal
to zero in (11), one can get:

Gz = =G3(ny — 1) (13)
where as long as n,>l;, the internal dynamics are stable.

IV. PROPOSED CONTROL SCHEMES

In the preceding sections, the control-structure (i.e.
normal form) and nonlinear terms i.e., Ly* h(x) and
LpL¢h(x) are assessed. The primary target is to extract the
maximum power from the system, which can be
accomplished by planning an appropriate MPPT control
technique. This is done via PID, Pl-based SMC, super-
twisting control law which will be introduced individually
in an exhaustive manner.

A. Sliding Mode Control Scheme

The design model is followed by characterizing surface
which called as switching surface. This switching surface
is in terms of errors such as the mismatches between two
states. The following states are actual and desired. There is
a designed control law in the switching-manifold which
execute sliding mode alongside with the characterized
surfaces. Subsequently, the framework directions are
coordinated towards their individual sliding manifolds. The
enchantment lies in the manner, when the system dynamics
impact the switching surface, the structure of the feedback-

loop is adaptively adjusted and the system dynamics slide
along the switching manifold. Now the control design, for
the reference tracking, can be carried out by defining the
tracking error, e(t), as follows:

er(t) = Gl - Gref (14)

where Gior = wyer(t). Taking the derivative of (14) we
have

e.(t) =G, ~ Glref (15)
In the above equation, the value of L= G,. So equation
(15) can be written as

e-(t) = G, — Girer (16)

Differentiating (16) along (10) and (11), it becomes

e (t) —LZh(x) + LgLyh(x)u (17)
A proportional integrated (PI) based sliding surface or
manifold can then be designed as:

t
Sm = G2 = Gyppp T K1G1 = Girer + k2 Jo (G, -
Glref) dt (18)

where k; and k, are gains. Furthermore, the derivative of
manifold along (10) and (11) can be expressed as:

Sm = GzGlref + kG — kiGirep + k,Gy —
szlref (19)

In this way, a reachability law of the following form is
adopted.

Sm = Ugis = —K3Sm — kysign(sy) (20)
Now, the overall control law by comparing (19) and (20)
can be expressed:

Gy~ Glref + leZ - lelref + kzal - kZGlref =
—ksspm — kysign(sy,) 1)
By replacing ¢, from (10), we have

1 " .
LpLah() (Glref ~ Gy —kaGy 4 KaGy oy +
kZGl‘ref + Lih(x) — k3sp — k45ign(5m)> (22)

where k terms are the gain parameters displayed in Table IT
from equation (22). In order to get rid of chattering, a
super-twisting based algorithm is subsequently proposed:

B. Super Twisting based Algorithm

As the sliding mode design can produce vibrations
around the switching-surface which are not desirable in a
practical scenario. Consequently, such vibrations or
chattering can be mitigated by adopting the following
reachability law:

Sm = —P1lsm|*sign(sm) — pa [ sign(sy) dt  (23)
where p; and p, are constants. The reachability law in
(23) has two terms; the first term indicates about the
chattering reduction while the second term indicates a low
pass filter which eliminates the vibrations (i.e., high
frequency oscillations). By comparing (19) and (23), the
following control algorithm can be formed.
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where the gain parameters are listed in Table II.
TABLE1
CONSTANT TERMS SPECIFICATIONS [12]
Constant | Value | Constant | Value | Constant | Value
L =m; | 27.147 l, 0.94866 | 13 =m, 8.2264
m, 3 my 1.3146 n, 9.945
ms 0.1332 ng 0.00506 ny 23.806
TABLE II
DETAIL OF PARAMETERS
Type Name of Parameters Magnitude
Turbine Air-density, p 1.25 kg/m?®
Blade-radius, R, 2.5m
Gear-Transmission ratio, q 7
PMSG Stator-resistance, Rgiqror 33Q
Inductance of stator along d-axis L, 0.0416 H
Inductance of stator along g-axis, L, | 0.0416 H
Equivalent load inductance, Lcpopper 0.08 H
Flux, ¢ 0.04382 Wb
Pole number, p 3
Shaft inertia, J 0.0552 kg/m?
Controller Constant,K; 60
Constant, K, 20000
Constant, K5 0.8
Constant, K, 200
Constant, p; 150
Constant, p, 0.08

V. SIMULATION RESULTS

The wind turbine ECS alongside the planned proposed
control techniques are simulated in MATLAB Simulink.
In the simulations, the wind-speed (i.e., average speed) is
assumed as 7m/s. In Fig. 1. The optimum TPR A, = 7 and
a maximum coefficient of power Cyrpmax= 47.6. To affirm
the viability of the control schemes, the designed
simulations are performed for a time-frame of 100 sec.
Initially, the simulations are carried out for conventional
based PID and SMC, and then the superiority of proposed
STA control-scheme is showed to empower the maximum
extraction of the output power. The comparison is made
among the designed schemes and standard FBL technique
[10]. To ensure the maximum power-extraction, the ECS
should be operated at optimal tip speed radio (i.e. Aqpe) in
all the designed controller cases by controlling the shaft
speed wy, . By comparing the reference-tracking of
PMSG shaft speed, the PID and FBL display oscillatory
behavior (i.e. chattering) with significant steady-state

errors. The SMC additionally goes through oscillatory
tracking around the reference, with a moderately lower
amplitude (lower chattering) as compared to the other
two techniques. On the other hand, the STA notices an
absolute minimum steady state error as compared to the
PID, SMC and FBL schemes as depicted in Fig. 2. To
obtain the maximum wind power, and operate the wind
turbine ECS at the MPPT, the speed of shaft should
be controlled in such a manner to ensure the TPR at
its optimum value A, =7, and power-coefficient Cp;
closed to 47.6.
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One can see that in the case of STA, the tip speed ratio is
very close to its optimum value and smoothly retains its
behaviour for the whole simulation period while other
techniques show statistic errors and disturbances which
can lower the power extractionas depicted in the zoomed
portion of Fig.2 . Due to the stochastic nature of wind,
there are abrupt variations in the convergence of power
coefficients in the cases of PID, FBL and SMC while
no such changes can be observed in the STA case which
ensures the maximum extraction of wind power. This
can be demonstarted by the tracking of Cpr in the zoom
sections of Fig. 3. To tackle the maximum power from
wind and decrease chattering, it is important that turbine
should be run around ORC (i.e., optimal regime
characteristics) of the torque and power. Therefore, it can
be seen in the zoomed parts of Fig. 4 and Fig. 5, the
STA guarantees the smooth ORC tracking which in
turn ensures the reduction of chattering. In Fig. 5 the
STA shows better results than PID, FBL and SMC. Fig. 6
shows lots of variations that depict the presence of
chattering. In Fig. 6, there are black lines represent FBL
due to chattering and the most smooth output is STA that
is represented by straight green line.
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Variations in TPR’s Vs torque and the power are given
in Fig. 5 and 8, the TPR keeps its optimum value in the
STA case. The Fig. 7 shows the shaft speed Vs torque in
which STA ensures the MPP, while the other schemes
show variations in their tip speed ratios (one can say
that MPP is not guaranteed). Also as can be seen from
the errors in Fig. 9 in term of shaft speed versus
reference speed for the four competitors, STA is more
appealing than the other three methods.
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VI. CONCLUSIONS

In this paper, a PMSG based offshore wind turbine ECS is
modelled with three state variables which are then
transformed into two states or normal form model to
simplify the system. The normal form states are then
equipped with PID and SMC for the tracking of wind
speed in a nominal wind speed profile for evaluation of the
controllers. During the simulations, it is demonstarted
that PID and SMC are showing oscillatory behaviors
(chattering) with some steady state errors that are
improved by the discontinuous control component of STA.
It is noted that this research is the initial phase of hybrid
offshore wind and wave energy. The further work will be
based on artificial bee colony algorithm to improve the
maximum power acquisition.
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