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Abstract

This paper proposes an efficient modular sector variable-step perturb and observe (VSPO) maximum power point track-
ing algorithm.The proposed algorithm enhances the speed tracking and minimizes oscillations level problems associated
with traditional P&0O methods. The routine of generating the variable step sizes depends on splitting the (P-w) charac-
teristic curve of wind turbines into modular sectors, in which the perturbation step size for each sector is selected by
comparing a suggested ratio with another specified ratio designed according to the required accuracy. By continuously
observing the distance between the actual rotor speed and the optimal rotor speed, the VSPO technique applies vari-
able perturbation step sizes according to the current operating sector. Moreover, a wind speed estimation technique is
used as a replacement of distributed anemometers for tracking the optimal rotor speed at different wind speeds. The
studied system configuration includes three-phase back-to-back converter which is used to connect a 1.5 MW permanent
magnet synchronous generator into the utility grid. Furthermore, the model predictive control is used for current control
loop in the machine-side converter. To demonstrate the performance of the proposed algorithm, its simulation results
are compared with the simulation results of conventional P&O technique under step and random wind variations. In
addition, the algorithm performance is studied with real wind data (Hokkaido Island, Japan) using MATLAB/SIMULINK
environment. Simulation results show that the VSPO ensures the high tracking speed of maximum power point, while
the steady-state oscillation is significantly reduced. The proposed algorithm enhances the system efficiency by 3.5%
over the conventional one.
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WECS Wind energy conversion system DPC Direct power controller
VS-WECS Variable-speed WECS IPC Indirect power controller
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Am Flux linkage

f Vicious damping coefficient

J Moment of inertia

@, Turbine rotor angular speed
Oref Reference rotor speed

oR Electric angular rotor speed

Co Power coefficient

p Pitch angle

A Tip speed ratio

p Air density (Kg/m3)

R Turbine radius (m)

V., Wind speed (m/s)

A~ zR?> Turbine blades swept area (m?)
Vigsas d-q stator voltage components
Tds,qs d-q stator current components

1 Introduction

Driven by the increasing worldwide demand for energy
coupled with growing concerns over greenhouse gas
emissions, renewable energy sources are becoming an
efficient, clean and sustainable alternative to conventional
energy sources [1] by supporting some nanotechnology
materials and applications [2, 3]. Among these sources,
wind energy is considered the most promising source for
providing future energy needs [4]. Therefore, extensive
development in wind energy conversion system (WECS)
design, control, and implementation is carried out across
the world, where it is expected that wind energy will
account for 20% of global energy by 2030 [5, 6].

A key component in WECS is the wind turbine (WT)
which may be operated at fixed speed or variable speed,
resulting in two major configurations of WECS as the fixed-
speed and variable-speed WECS. Fixed-speed WECS is
characterized by simplicity, more reliable and has a lower
cost in comparison with variable-speed WECS. On the
other hand, employing a variable-speed WECS will realize
maximum power extraction resulting in more efficient sys-
tem with a reduced load transient at different wind speeds
[7, 8]. Electric generators such as squirrel cage induction
generator (SCIG), doubly fed induction generator or per-
manent magnet synchronous generator (PMSG) are cou-
pled with the WT for energy conversion. Commercially, the
doubly fed generator is the strongest choice for WECS [9,
10]. However, because of higher power density, efficiency,
and reliability, PMSG is increasingly employed in WECS [11,
12]. A power electronic interface is deployed to allow the
integration of wind energy into the electric grid. A back-
to-back converter, composed of a machine-side converter
(MSC) and a grid-side converter (GSC), allows the injection
of wind energy to the power grid. With an efficient MSC
controller, maximum power extraction at varying wind
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speeds can be realized. To enhance the performance of
WECS, advanced control techniques such as model pre-
dictive control (MPC) and fuzzy logic control are imple-
mented. MPC is increasingly applied in power electronics
converters control owing to the advancement in digital
microcontrollers [13]. Despite the computational burden
of MPC, its main advantage is the superiority in handing
nonlinearity and multi-variable systems [14]. A two-step
MPC for WECS has been proposed in [15]. The cost func-
tion of MSC is formulated to achieve MPPT and balance
of DC link capacitor voltage. To enhance the voltage ride-
through capability of WECS, an MPC scheme that depends
on the energy stored by generator inertia is developed in
[16].

For efficient operation of WECS, several maximum
power point tracking (MPPT) algorithms are developed in
the literature [7, 17]. These algorithms can be divided into
two major groups: the indirect power controller (IPC) and
the direct power controller (DPC). IPC includes algorithms
such as tip speed ratio (TSR) [18], optimal torque (OT) [19],
and power signal feedback control-based methods [20].
The IPC strategies control the output electrical power of
WT by maximizing the mechanical power captured from
the wind, whereas the DPC methods directly maximize the
output electrical power. TSR strategy is characterized by
simplicity and fast response, but its performance highly
depends on the accuracy of wind speed estimation or
measurement techniques. Therefore, high accuracy ane-
mometer is required for measuring the wind speed which
would boost the cost of implementation [21, 22]. The OT
algorithm is efficient and simple and no prior knowledge
of the wind speed is required. However, optimal torques
curves or look-up tables based on experiments are essen-
tial for this strategy [21, 23]. The other category of MPPT
algorithms is the DPC-based strategies which include
various methods such as perturb & observe (P&O)/hill
climb search (HCS) [24, 25] and incremental conductance
(IC) [26]. Generally, DPC strategies are commonly used in
WECS due their simplicity and ease of implement [7]. The
underlying principle of P&O algorithm is to regulate the
rotor speed and observe the change in the output power
to ensure maximum power extraction when wind speed is
changed. The rotor speed is perturbed using either a large
step or a small step, and the change in the output power
is examined until the maximum power point is reached.
Traditional P&O algorithms apply a large or small fixed step
size perturbation. With a fixed large step size, the settling
time of the system is reduced; however, large power oscil-
lation will be experienced around the MPP. On the other
hand, a small fixed step will greatly reduce the steady-state
oscillation at the cost of slower response. Moreover, tradi-
tional P&0O methods fail under rapidly changing weather
conditions [23, 271.
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To alleviate the drawbacks of traditional P&O algorithms
and to enhance their tracking efficiency, researchers have
proposed several adaptive step-size algorithms [8, 28-31].
A modified P&O algorithm that uses two modes of opera-
tion, namely normal P&0O mode, and predictive mode is
proposed in [28]. Under a slow wind speed variation, the
normal P&0O mode is activated, while in case of rapidly
changing wind speed both modes are applied. Authors
in [29] have developed an adaptive sensor-less P&O
algorithm that handles the loss-tracking and the track-
ing speed efficiency trade-off problem using the optimal
power curve. A two control-stage-based modified MPPT
has been proposed in [30]. The algorithm is characterized
by high tracking speed and efficiency. However, the knowl-
edge of system parameters is needed for intermediate
variables calculation. In Ref [31], an adaptive variable-step
P&O algorithm is implemented that uses a PID controller
optimized by genetic algorithm (GA) to set the perturba-
tion step size. However, the application of GA increases
the complexity of the algorithm. In [32], MPPT controller
based on combined power signal feedback and hill climb
search algorithm has been developed. This algorithm uses
the ko, parameter to set the step size which is determined
based on the voltage and current of the DC link. To over-
come the slow speed of convergence of conventional
P&O, a modified P&O strategy that uses a large forward
step and a small reverse step is proposed in [33]. Despite
the enhancement in the tracking speed, high oscillations
are experienced around the MPP due to the application
of large forward fixed step. Moreover, anemometers are
deployed to measure the wind speed which increases the
cost of implementation. Based on the distance between
the operating point and MPP, the step size of a variable-
step P&O technique using k,,, parameter is developed in
[34, 35]. Although the algorithm provides a fast-tracking
speed, the need for wind speed measurement and the
variation of k., for different wind speeds are considered
the main drawbacks of the algorithm. Moreover, several
efficient P&O algorithms are recently proposed in [25,
36-43] to enhance the operation of variable-step-size P&O
algorithms.

This paper introduces a fast and efficient VSPO-
based MPPT algorithm to overcome the shortcomings
of conventional P&0O MPPT techniques such as oscilla-
tions around the peak power point and speed conver-
gence. The proposed algorithm applies a perturbation
step size according to the operating sectors which are
defined by comparing two specified ratios. It observes
the distance between the optimal rotor speed and the
actual rotor speed and perturbs the rotor speed to track
the optimal value in which the MPP is located. This algo-
rithm employs the wind speed estimation to calculate
the optimal rotor speed at each wind speed. It offers a

balance for the trade-off between the rapid speed track-
ing and the low oscillation levels compared to other P&O
algorithms. A WECS consisting of a 1.5 MW PMSG con-
nected to the grid via a BTBC is employed to test the
developed algorithm. Furthermore, the MPC is used for
the current control loop in the MSC. The performance of
the proposed control schemes is validated by real wind
data (Hokkaido Island, Japan) using MATLAB/SIMULINK
environment. This paper is organized as follows: Sect. 2
provides the mathematical modeling of WT and PMSG.
In Sect. 3 and Sect. 4, MSC and GSC control schemes
are presented, respectively. The wind speed estimation
algorithm is presented in Sect. 5. Section 6 explains the
conventional P&O and the proposed variable-step P&O.
Calculation of the WECS efficiency is provided in Sect. 7.
In Sect. 8, the simulation results are presented and dis-
cussed. Finally, conclusions are drawn in Sect. 9.

2 System description

The system scheme of the three-phase WECS studied in
this paper is depicted in Fig. 1. The implemented WECS
consists of a 1.5 MW three-phase PMSG directly coupled
to a wind turbine. The captured wind power is injected
into the grid using a fully controlled BTBC interface with a
common DC link. BTBC consists of an MSC used to realize
the extraction of maximum power from the wind turbine.
Moreover, a GSC is implemented to control the DC link
voltage and ensures unity power factor operation [7, 44].

2.1 Wind turbine model

In WECS, the wind kinetic power is converted to mechani-
cal power using WT. Input wind power P,, to the WT can
be expressed as [45-47]:

_1

PW2

prRV) (1)
where p is the air density (kg/m3), R is the turbine radius
(m), and Vy is the wind speed (m/s). The extracted mechan-
ical power from the wind depends on the power coeffi-
cient G, of the turbine, usually provided by the WT manu-
facturer. The output mechanical power is given by

1
P = 5p7R*Cy(4 AV, 2)
where G, (4, ) is the power coefficient function, A is the
tip speed ratio,  is the blade pitch angle. For a fixed bitch
angle B=0, the power coefficient and tip speed ratio are
expressed as:
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where the approximated coefficient values ¢, — ¢, are
given in“Appendix 1", Table 3.

From Eq. (2), the output power of WT is maximum
when the power coefficient is adjusted at the maxi-
mum value C, max. For wind speeds equal to or below
the rated value, the WT pitch angle control is deacti-
vated and the pitch angle § is fixed. Hence, according
to Eq. (3), the power coefficient Cp can be controlled by
varying the tip speed ratio. The variation of the power
coefficient with the TSR is depicted in Fig. 3. It can be
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observed that for maximizing the power coefficient,
there is an optimum value of the tip speed ratio at which
the extracted mechanical power is maximum. At a par-
ticular wind speed, Eq. (5) reveals that the optimum tip
speed ratio 4,, can be obtained only by varying the
rotor speed. With the instantaneous change of wind
speed, the rotor speed must be controlled to ensure the
operation at the MPP. Therefore, intelligent controllers
must be implemented to regulate rotor speed to attain
maximum power with the variation of wind speed. The
power-speed (P-w) characteristic curve of the wind
turbine at different wind speeds is shown in Fig. 2 [48].
To obtain maximum power, the value %‘ must equal to
zero. Applying this condition to Eq. (2) yields

dP

dC,(4, p)
—M = 05pR2V3 "7

6
dw W dw (6)

When the pitch angle § is fixed, the power coefficient
is a function only of TSR and the value of% becomes
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dcC dc, di.
_P__"P % —01 (7)
do d4, do
Then,

dpP 2 vV, *R
—™ = 0.5p7R?V3 1220 - —”439 e wx—w*h >
deo A; 4] (V,, — 0.035R)

(8)
From Eq. (8), for maximum power extraction the val-
ues of Ay, and C,_max are 8.1 and 0.48, respectively.

2.2 The PMSG model

PMSGs are increasingly used in WECSs due to their
higher power density, reasonable price, and the ability
of coupling to the WT without the need for gearbox at
low variation of turbine speed. The d-axis and g-axis volt-
ages (Vy, and V) of a surface-mounted PMSG in the dq
reference frame are described as follows [49]:

Mechanical Power

Retor Speed
) diy, .
Vds = Rslds + LdT - a)SLquS (9)
. quS .
VC|S = Rs’qs + LqW + wSLdIdS + wsﬂ,m (10)

where iy, and iy are the direct and quadrature axes stator
current, R is the stator resistance in ohms, L;and L, are
the inductances in the d-g-axis, 4,,is the rotor flux linkage
in weber, and w; is the electrical speed. The torque of the
PMSM can be formulated by the following equation

3 P

T=Tem+T,=E-E~iqs[/1m+(Ld—Lq)-ids] (11)
where T, and T, are the reluctance and electromagnetic
torque, respectively, and P is the poles number.

For surface-mounted PMSG L, = L,. Consequently,

T, = 0and the machine torque is expressed as:

T=T,=2.F

em — E : 5 : iqs/lm (12)

3 Control of the machine-side converter

For efficient operation of WECS, the WT should operate
at MPP. The objective of MSC is to achieve maximum out-
put power from the WT. Therefore, intelligent control is
applied to the MSC to ensure the operation at the MPP.
The output power of WT is a function of power coefficient
C, Moreover, the C, depends on tip speed ratio A, which
varies with the rotor speed. To achieve optimal A that
gives maximum power coefficient, the MSC is controlled
so that rotor speed tracks a calculated reference speed.
The control system of MSC is composed of two control
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loops. A speed controller implemented by the outer loop
and current control (inner loop) is provided using model
predictive control (MPC). The speed controller based on
the error between actual and optimal rotor speeds gener-
ates a reference value for the g-axis current as depicted in
Fig. 3. Referring to Egs. (13), (14), and solving for (di/dt),
expressions for MPC can be obtained as follows:

diy, R, . L

q . 1
= —Lig + — @iy + —V,
dt L[, %, e (13)

di R L w 1

as s . d .
— =g — — Wy — —w, + —V, (14)
dt Ly® Ly 7% Ly L ®

Using a sampler of T, sampling time, Egs. (13) and (14)
are discretized and using Euler approximation a model in
the discrete time is obtained. Replacing (di /dt) by the for-

ward Euler approximation yields

di _itk+1)—ik)
dt T

s

(15)

Hence, the PMSG is modeled as:

T
Vd(k)
(16)

T.R, T.L,
id(k+1)=<1— >>k/d(k)+—a) >x</(k)+
Ly Ly

T.Ly T, W

) iq(k) — —w # iy(k) + —Vq(k) — @,
q q

(17)

i(k+1) 1 T:R;
I = -
q Lq

The MPC cost function, F, is described by:

F= |idref(k + 1) —igk + 1)| +

iares(k + 1) = ig(k + 1)
(18)

where iy s and i are the stator currents reference values
in the d-qg axes.

Seven distinct values corresponding to the seven pos-
sible output vectors described in [50] are used to provide
a current prediction. The cost function in Eq. (18) is mini-
mized to estimate the converter output vector that should
be applied for the next sampling instant.

4 Grid-tie inverter

The connection of the WECS to the utility grid is realized
using a grid-tie inverter (GTI). Moreover, the GTI allows
the adjustment of the system output voltage with varying
atmospheric conditions using the DC link voltage regula-
tion control loop. The GTI controller performs two main
tasks: regulating the voltage of the DC link capacitor to its
set point which is realized using Pl outer control loop. The
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other task is to regulate both the direct and quadrature
currents (/; and lq) using an inner Pl-based control loop.
To operate the GTI at unity power factor, the quadrature
current reference /¢ is set to zero, as illustrated in Fig. 2.

The phase voltages of the grid as a function of converter
voltages and currents are formulated in Eq. (19):

Via i fa )' Vga
= [Re]| in, |+ Ap |+ Voo (19)
ic i fc /lc Vgc

where R,and Ly are diagonal matrices, 4, = Lf m Ab L= d""
and i, = L; d’" The direct and quadrature voltages of the
GTl are formulated in Eq. (20).

Vid] [lfd] [’ifd_w‘//f] [Vd]

r +15 9va 4| 9 20
[ Viq [ f] Ifq /lfq + WDgW¥tq ng 20
where Cog = 2xfy, wig =iy, Wi =l Ag = lfdt’fdl
/lfq = lf i BY settlng Vyq = 0, the GTl exchanges no reac-
tive power with the ut|I|ty grid; hence, unity power factor
operation is realized. The voltage of the DC link capacitor
is regulated by deploying an outer Pl control loop which
provides the reference value of the capacitor current
expressed in Eq. (21).

Pe—Pg dVye

I = =C
¢ Vyc dt (1)

where P, is the MSC active power and P is the GTI power.
C and V_are the capacitance and voltage of the DC link
capacitor, respectively.Then,

P

ir, =l —1*and |, = V—e (22)
dc

where i, is the capacitor reference current in the d-axis.

Finally, instantaneous power components injected into the
utility grid are expressed as follows:

3, .

Pg = Evgd’fd (23)
3, .

Qg = Evgd’fq (24)

5 Wind speed estimation algorithm

The developed algorithm requires knowledge of wind
speed. Therefore, accurate anemometer should be used for
wind speed measurement. However, the use of anemom-
eter boosts system implementation and maintenance cost
and reduces system reliability. To overcome the aforemen-
tioned issues with the use of anemometers, wind speed
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Table 1 Proposed algorithm parameters

Sector Ry

Sector (A) 0.6 Aw, =0.2
Sector (B) 0.4 Aw, = 0.1
Sector (C) 0.12 Aw; = 0.05
Sector (D) 0<e<0.12 Aw, =0.01

estimation (WSE) techniques are proposed to calculate
wind speed without the need for speed sensors. Power
coefficient can be formulated as a polynomial equation
as follows [51, 521

C, =dy+ a4+ ayA* + a3 4® (25)

Equation (25) constants are provided in Table 1. Sub-
stituting the value of Cp and Zin Eq. (2), the WT power is
given in Eq. (26) as follows:

2\/3 2 3
e o) ()
(26)
V,, is estimated as a function of P, w,,. Simplifying
Eg. (26), a polynomial equation for the wind speed which

can be solved using numerical methods is derived as
follows:

a a 2 a 3
V3 + ZRw, V2 + 2 (Rw,,) V., + = (R -—" _ =0
W ag @m ao< a)m) W ao< a)m) 0.5p7R2

(27)
The output torque or power can be calculated accord-
ing to the following equation:

dow 3 .
P, =T,0, =00, (Jd—;ﬂ +fw, + 3 "qs’lm> (28)

6 MPPT control
6.1 Conventional P&O MPPT algorithm

To operate at the MPP, the conventional P&O MPPT algo-
rithm varies the generated power according to rotor speed
variations until the P-w curve slope is zero. The CPO algo-
rithm is not requiring prior WT knowledge and installed
anemometer for measuring wind speed. The CPO algo-
rithm perturbs the control variables with specific step size
and observes the objective function variation until obtain-
ing the MPP local. This strategy depends on the location of
operating point if it is on the left side of the MPP AP > 0;
the CPO algorithm varies the generator speed with an

increment value to the right near the MPP. Else if the oper-
ating point is on the right side AP, < 0, the CPO algorithm
inverses the perturbing direction as depicted in Fig. 4a.
Selecting the step size is considered as the main drawback
in this technique. The perturb step size is directly related
to the WT performance, such as the settling time and oscil-
lation level of the extracted power. If a large step size is
applied, the settling time will be enhanced. However, the
oscillation level around the MPP is increased which has
a worse effect on the large-scale machines. In contrast,
the application of a small step size will result in decreased
steady-state oscillations. However, it reduces the speed
convergence and increases power loss. To eradicate these
drawbacks, modified P&O techniques are utilized which
combine features of both types. The CPO MPPT algorithm
performance under fixed step size, small or large step sizes,
is presented in Fig. 4b, ¢, respectively.

6.2 Proposed P&O MPPT technique

To get rid of the operating problems of conventional
P&O techniques, the proposed P&O algorithm creates a
proper equilibrium between MPP tracking and the opti-
mal rotor speed. The proposed algorithm specifies the
MPP location by determining the optimal rotor speed.
The selection of step sizes and the perturbation direction
depends on the distance between the current rotational

g

g

2

=]
[

Rotor speed (Rad/sec.)
(a) Conventional P&O MPPT controller operation.
Oscillations
around the MPP

S T

5

2

o

[

s Rotor speed (Rad/sec.)
(b) small fixed speed step-size P&O.
Oscillations
MPP ar(iund the MPP

g

3

=]
[+

A ae # Rotor speed (Rad/sec.)
(c) large fixed speed step-size P&O.

Fig.4 Conventional P&0O MPPT algorithm
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speed and the optimal rotational speed during varying
optimum curves. This strategy aims to work at the opti-
mal rotor speed in which the MPP is situated. Therefore,
this strategy is fast and efficient for MPP tracking that
depends on observing only the rotor speed perturba-
tion. It divides the P-w curve into several operating sec-

tors by applying a proposing ratio (‘i—’) that is associ-

opt
ated with a definite ratio (R,). The k denotes the total
number of sectors in forward perturbing direction as
well as reverse perturbing direction. R is a ratio where
€ < R < 1. gis the necessary power precision alterations
around the MPP. The operation of the proposed P&O
algorithm concept is portrayed in Fig. 5. The operation
of the proposed algorithm is described as follows. By
using the optimal values of the power coefficient and tip
speed ratio, the optimal rotor speed is formulated as

V..
Dpr = 8.1 %”“ 29)

so the optimal mechanical power at the MPP is

3

P.=15x107pRw opt@apt (30)

3 _
opt —
and the actual power from Eq. (30) becomes

Pn= optw?n 31
From previous equations, the rotor speed is a well-
defined objective variable for detecting the MPP by
working at the optimal rotor speed condition. The rotor
speed is continually perturbed until reaching the MPP.

MmpPP

Power (w)

Step
DR
<« b
Aws
>
3
£

.......

Oscillations
Around the

Power (w)

w(rad/sec]

Fig.5 Variable-step P&O MPPT algorithm operation
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To find the optimal rotor speed at wind speed fluctua-
tions, Eq. (29) can be formulated as

Vi d2
Wopt2 = WDopt1 (Vwm > (32)

wind1

By referring previous equation to rated wind speed, opti-
mal rotor speed can be found with respect to the rated wind
speed as follows:

Ve
Woptc = Doptm V_ (33)
m

where @, is the optimal rotor speed at the current wind
speed (V). @,y and V,, are the optimum rated rotor
speed and the rated wind speed, respectively.

Now, the proposed ratio is designed as follows; the opti-
mal rotor speed is calculated from Eq. (34), and knowing the
actual rotor speed, the special synthesized ratio is designed
as

ACUC Woptc — Om

(34)

WDopic Woptc

To specify the ratio of each operating sector, the rotor
speed at the MPP is compared to the sector border. While
the rotor speed is located remote from the MPP, a large step
size is considered and continuously decreased closer to the
MPP. The proposed P&O algorithm scheme is outlined as:

e MeasureP (n)and w,,(n); also estimate the wind speed.
Aw,

Doptc

Calculate AP, (n), wypc- and ‘

o Select the operating region direction.
Ao ‘with R,.

e Compare

optc
o Disturb the rotor speed with the stated step size of the
operating sector.
e Change variables of the proposed P&O algorithm con-
troller.

To validate the proposed algorithm, sector number
k equals four in each perturbation direction with sev-
eral step sizes as demonstrated in Table 1. The step size
choice and the number of operating sectors depend on
the required power accuracy, settling time and oscillation
level around the MPP. The complete proposed algorithm
flowchart is described in Fig. 6.

7 WECS efficiency

The overall efficiency of the WECS is used as a perfor-
mance index to compare the developed algorithm
with the conventional P&O technique. The efficiency is
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Initialization

1

Measure :

o), k,(n)
Set : Wrer = w(n)

Estimate: V.
Calculate : wopec

AP, =P, () — P,(n— 1)

Perturb:
w(n)—Aw;

Perturb:
o+ 1) = w(n)+Aw|

Perturb:
wn+ 1) = wh)—Awg

Perturb:
(n+1) = wn)-Aw,

l

Perturb: Perturb:
wn +1) = wm)+Awg wn+ 1) = wh)+Aw

l |

Update :
oh) =wh-1)
P,(n) = Po(n—1

Fig.6 Flowchart of variable-step P&O MPPT algorithm

estimated as the ratio of the actual output power of the
WECS to the theoretical power [53]. This is formulated as

sip
Moys = f—g -100[%] (35)

t

0

o Pen

where Py, and P, are the theoretical and actual power of

the WECS, respectively, and n, is the overall efficiency of
the system.

8 Simulation results and discussion

To validate the effectiveness of the developed MPPT
algorithm, simulation results of grid-connected WECS
with application of the proposed algorithm P&O are
assessed and compared. Different wind speed profiles
are employed step change, random, and real wind speed
profiles. Parameters of the overall WECS are given in
“Appendix 1% Table 3. Pl controllers gains of both the
MSC and GSC are provided in “Appendix 2" Table 4 as
designed in [54].

8.1 Step wind speed

Figure 7 depicts the MSC performance of the proposed
and conventional P&O algorithms under a step wind
speed change. The wind speed estimation is used to
acquire the operating wind speed from the given pro-
file in Fig. 7a. Figure 7b shows that the power coeffi-
cient sustains its optimum value, C,=0.48, which gives
an indication that the maximum mechanical power is
extracted as portrayed in Fig. 7c. Large step size PO
(LS-PO) and small step PO (SS-PO) of conventional P&O
algorithm are applied and compared to the proposed
P&O algorithm. From Fig. 7b, the speed tracking of
LS-PO is faster than both, the SS-PO and the variable-
step PO (VSPO), with a settling time of (80 ms). But oscil-
lation levels are large, peak-to-peak rotor speed oscilla-
tions =4 rad/s. The SS-PO has small oscillation level at
steady-state condition. On the other hand, speed track-
ing is slow with settling time (1000 ms.). In contrast, the
VSPO has rapid response with and lower settling time of
80 ms and low peak-to-peak oscillation level of 2 rad/s.
It is obvious that the C, average value of the VSPO algo-
rithm is maximum in comparison with both SS-PO and
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LS-PO. Figure 7d shows the optimal tip speed ratio for
both conventional and proposed P&O algorithms that
are optimally obtained using the VSPO compared to
other algorithms. Moreover, the rotor speed follows
the optimal rotor speed during wind speed variations as
depicted in Fig. 7e. The VSPO shows an effective speed
tracking response, and efficiency is increased from 87
to0 90.5%. The brief simulation results of all algorithms
are listed in Table 2.

8.2 Random wind speed

To test the effectiveness and performance of the proposed
VSPO under rapidly changing wind speed, a random wind
speed variation is applied as presented in Fig. 8a. The
studied profile has average speed and turbulence inten-
sity ratio of (10 m/s) and 20%, respectively. As shown in
Fig. 8b, the power coefficient is fairly kept at its optimal
value of 0.48 with minimal fluctuation. Hence, the algo-
rithm is able to obtain the MPP. Generally, the SS-PO expe-
riences slow response to the wind speed, while the LS-PO

Table 2 Performance of the

. MPPT algorithm
conventional and proposed

Speed ripple (P. Aw (rad/s) Settling time 7, (%)

P) (rad/s m/s
P&O MPPT algorithm A ) (m/s)
Conventional small fixed-step P&O 0.02 Aw, =0.01 1200 87
Conventional Large fixed-step P&O 4 Aw, =0.2 80 -
Four-sector P&O [34] 0.02 Aw; =0.01 300 90
Aw, =0.1
Proposed technique 0.02 Shown in Table 2 80 90.5
11.5
1
g
E 105
=
3
&
< 10
=
® 9.5
9 1 1 1
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Time (sec)
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Fig.8 simulation results under random wind speed
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is characterized by a fast response; however, the system
suffers large oscillations level [46]. As compared to the CPO
techniques, the proposed algorithm shows fast response
with small steady-state oscillation. Figure 8c illustrates the
performance of the proposed algorithm in extracting the
maximum mechanical power.

8.3 Real wind speed

To cope with wind speed nature and investigate the pro-
posed VSPO performance, a one day of real wind speed
data is used at a one-hour interval over one day as depicts
in Fig. 9a. The real wind speed profile for 24 h is attained
from Hokkaido Island, Japan. Below rated wind speed, the
proposed VSPO MPPT maintains the optimal value of the
power coefficient and tip speed ratio as shown in Fig. 9b,
¢, respectively. Moreover, they are reduced to minimize
the mechanical stress on the WT blades and safety neces-
sity above rated wind speed, while the mechanical power

14
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Fig. 9 Simulation results under real wind speed
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tracks the reference below rated wind speed and is lim-
ited to the rated power above rated wind speed as shown
in Fig. 9d. The proposed algorithm is considered a vital
solution to handle the drawbacks of conventional P&0O
algorithms and to enhance operation of modified P&O
algorithms.

9 Conclusion

Motivated by the limitations of conventional fixed-step-
size P&O techniques, this paper proposed a variable-
step-size modular sector P&O algorithm. The developed
algorithm splits the P-w characteristic curve of WT into
modular sectors and determines the perturbation step size
by comparing a suggested ratio, which depends on the
optimal rotor speed with a specified ratio which is speci-
fied according to the required power accuracy. The algo-
rithm monitors the position of the operating sector with
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the MPP sector. A large step size is applied for sectors far
away from the MPP to the settling time, while a small step
size is employed when approaching the MPP to mitigate
the power oscillation. The developed algorithm is tested
under various wind speed profiles, and its superior perfor-
mance compared to the conventional P&O techniques is
verified. The VSPO algorithms offer faster tracking speed
with lower steady-state oscillation around the MPP, result-
ing in enhancement of the overall system efficiency. The
system efficiency is improved from 87 (with conventional
P&O) to 90.5%. The algorithm is tested on a developed
MATLAB/SIMULINK model of a 1.5 MW WECS based on
three-phase PMSG.
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Appendix 1

SeeTable 3.

Table 3 System parameters

Specification of wind turbine

The coefficients C1 to C6 C, =0.5176 G =116
C, =04 C,=5
Cs =21 C, = 0.0068

Blade radius R=3525m

Air density p = 1.225 kg/m*

Optimal tip speed ratio Aopti = 8.1

Maximum power Coefficient Cp-max = 048

PMSG parameters

Rated power P=15MW

Pole pairs number n, =40

Stator resistance Ry =317 mQ

Stator inductance L, =3.07 mH

Moment of inertia J = 10000 kg m?

Flux linkage w =7.0172 wb

DC bus and gird parameters

Dc link voltage Vg =1150V

Capacitor of the DC link C=0.023F

Grid voltage Vy =575V

Grid frequency F =60 Hz

Grid resistance Ry =0.003 pu

Grid inductance L,=03pu

Appendix 2

See Table 4.

Table 4 Pl-controller parameters

MSC PI Controller
K, 50
K; 10
GSC PI- controller
DC link control Kp 8
_Vdc
K 400
D-axis current control Kp u 0.83
K; 5
Q-axis current control Kp . 0.83
K, 5
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