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Abstract
In this study, the maximum power point tracking (MPPT) performance is investigated based on variable-speed wind 
energy conversion system below the rated wind speed. The proposed modified perturb and observe (MPO) MPPT 
enhances the initial speed-tracking accuracy and eliminates the oscillations level. The MPO employs four sectors opera-
tion using a variable-speed step sizes by comparing the new suggesting curve with the P–ω curve. The system is described 
as a large-scale five-phase permanent magnet synchronous generator (PMSG) which is grid connected through a back-
to-back converter (BTBC) and Dc-link capacitor. The field-oriented control (FOC) is applied in the machine-side converter 
(MSC) to extract the optimal generated power using the proposed MPPT algorithm. Moreover, the voltage-oriented 
control (VOC) is applied in the grid-side converter (GSC) to regulate the Dc-link voltage and inject active power with 
unity power factor. The simulation results depict the superior performance of the MPO over the conventional P&O. The 
performance of the proposed control scheme is validated using MATLAB/SIMULINK program.

Keywords Modified P&O · WECS · MPPT · Five-phase PMSG · PI controller

List of symbols 
Te  Electromagnetic torque
Tm  Mechanical torque
p  Number of pair poles
�  Flux linkage
f   Viscous damping coefficient
J  Moment of inertia
�m  Turbine rotor angular speed
�ref  Reference rotor speed
�e  Electric angular rotor speed
Cp  Power coefficient
�  Pitch angle
�  Tip speed ratio
�  Air density (Kg/m3)
R  Turbine radius (m)
Vwind  Wind speed (m/s)
A ≈ �R2  Turbine blades swept area  (m2)
Vd1,q1,d3,q3  d–q stator voltage components
id1,q1,d3,q3  d–q stator current components

�d1,q1,d3,q3  d–q flux linkage components
Ld1,q1,d3,q3  d–q stator inductance components
PF  Power factor
Via, Vib, Vic  GSC inverter voltages
iia, iib, iic  Currents through filters
Vga, Vgb, Vgc  GSC voltages
Vgd , Vgq  d–q axis grid components
Ic  Dc-link capacitor current
Pe  Output MSC power
Pg  Delivering grid power
Qg  Reactive grid power

List of abbreviations
PLL  Phase-locked loop
WECS  Wind energy conversion system
PMSG  Permanent magnet synchronous 

generators
MSC  Machine-side converter
GSC  Grid-side converter
BTBC  Back-to-back converters

Received: 6 April 2019 / Accepted: 2 July 2019 / Published online: 8 July 2019

 * Hossam H. H. Mousa, H.Herzallah@eng.svu.edu.eg; Abdel-Raheem Youssef, A.yousaf@eng.svu.edu.eg; Essam E. M. Mohamed, Essam.
mohamed@eng.svu.edu.eg | 1Department of Electrical Engineering, South Valley University, Qena, Egypt.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-0878-5&domain=pdf
http://orcid.org/0000-0003-4753-2998
http://orcid.org/0000-0002-8882-7867
http://orcid.org/0000-0003-0328-4865


Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:838 | https://doi.org/10.1007/s42452-019-0878-5

FSWT  Fixed-speed wind turbine
VSWT  Variable-speed wind turbine
SCIG  Squirrel-cage induction generator
DFIG  Doubly fed induction generator
FTC  Fault-tolerant capability
LVRT  Low-voltage ride through
FOC  Field-oriented control
VOC  Voltage-oriented control
MPPT  Maximum power point tracking
SVPWM  Space vector pulse width modulation
TSR  Tip speed ratio
IPC  Indirect power controller
DPC  Direct power controller
PSF  Power signal feedback
OT  Optimal torque
HCS  Hill climbing search
P&O  Perturb and observe
INC  Incremental conductance
ORB  Optimum relation based
CPO  Conventional P&O
MPO  Modified P&O

1 Introduction

Increasing global demand of electrical energy and the 
need for the fossil fuels substitution, which causes green-
house effect, carbon emission and environmental pollu-
tion problems are the main stimuli for clean energy growth 
[1]. Renewable energy sources (RESs), such as wind, solar, 
hydropower and geothermal, are the accessible way to 
eliminate these drawbacks [2]. Among them, wind energy 
is considered one of the most important RESs that will sup-
ply, as expected, 20% of the global energy by 2030 [3].

To cope with the increasing development of the wind 
energy conversion system (WECS) and meet the energy 
requirements, two main categories of wind turbines have 
been equipped in the WECS [3, 4]. The WECS consists of 
the fixed-speed wind turbine (FSWT), which is simple and 
less costly but also needs multistage gearboxes. The var-
iable-speed wind turbine (VSWT) has the ability to oper-
ate at maximum power at various wind speeds [5]. Many 
generator types have been applied in the WECS through 
the global marketing such as the squirrel-cage induction 
generators (SCIGs), the doubly fed induction generators 
(DFIGs) and the permanent magnet synchronous genera-
tors (PMSGs) [6, 7]. Although DFIGs, among various gen-
erators types, have strong commercial solutions in the 
WECS [5]; researchers, recently, turned to implement the 
PMSG in the WECS according to its features such as good 
performance with high efficiency, high power density and 
high accuracy [4]. Furthermore, the wide-ranging con-
trollability of extreme power extracting at different wind 

speeds as well as the absence of gearboxes and the DC 
exciting system increase the WECS efficiency by 10% [8]. At 
a recent time, many researchers study the applications of 
multi-phase machines to minimize the switching current 
for each phase and torque pulsation, and fault-tolerant 
capability (FTC) enhancement [9, 10]. Several topologies 
are utilized in the WECS such as the dual three-phase 
machines [11, 12] and the six-phase machines [13, 14]; 
however, they suffer from many drawbacks such as the 
control systems complexity and using costly converters. 
Now, the five-phase PMSG expands to several trends such 
as marine turbines [15], small-scale WECS [16] and large-
scale WECS [17].

To attain all available wind power, the optimal rotor 
speed is compared to the actual rotor speed in the speed 
closed control loop, according to the wind speed varia-
tions. At different wind speeds, the rotational speed of 
the generator must be regulated to obtain the maximum 
generated power at the VSWT using the maximum power 
point tracking (MPPT) algorithms. In order to increase the 
attainable power from the VSWT, MPPT techniques are, 
generally, assorted into indirect power controller (IPC) and 
direct power controller (DPC) [5, 18]. The IPC depends on 
the pre-calculated power from wind speed curves that 
increases the mechanical power (Pwind), whereas the DPC 
examines directly the output electrical power (Pele) to 
operate at the MPP. The relationship of Pwind and Pele is 
illustrated in Eq. (1) where ηg and ηc are the efficiencies 
of the generator and the converter, respectively, accord-
ing to rotor speed variation [18, 19]. The IPC control has 
applied three several types of MPPT algorithm such as the 
tip speed ratio (TSR) [20], the power signal feedback (PSF) 
and the optimal torque (OT). The TSR algorithm is simple 
and efficient to regulate the rotor speed. Although, it has 
a quick response, it is inexact due to the wind turbine (WT) 
blades turbulence. The PSF and OT need specific param-
eters of the WT although they do not require an anemom-
eter [19, 21].

The DPC is extensively used to detect the MPP through 
the wind speed variations by evaluating any power 
change; also, it provides the simplicity and the flexibil-
ity for the WECS [18, 19]. Therefore, DPC algorithms are 
assorted into the hill climbing search (HCS) or the per-
turb and observe (P&O), incremental conductance (INC) 
and optimum relation-based (ORB) MPPT algorithms [5, 
9, 22]. The conventional or modified INC algorithms are 
efficient optimal power extraction techniques as regards 
the power efficiency [23, 24]. However, the ORB is fast and 
accurate method, it needs lookup table, which is obtained 
from optimum relationships information under several sys-
tem parameters [25, 26]. Among these, the P&O is simple 
method at any below-rated wind speed which it adjusts 
the step magnitude relative to the rotor speed variation 
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through the direction perturb. Additionally, it needs no 
specific parameters of the WT. The P&O algorithm depends 
upon varying the rotor speed in steps, observing and 
analysing the harvest power magnitude and searching 
the MPP that makes the power-speed curve slope equals 
zero. The step size in P&O is classified into fixed step and 
variable step. The conventional P&O (CPO) method is 
applied the fixed step size, otherwise using the variable 
step size that lessens the CPO algorithm drawbacks. In 
the CPO, choosing the step size is earnest problem that 
affects the WT performance. Therefore, if the small step is 
selected, the controller response is very slow that causes 
power losing in transient period. Furthermore, high output 
power oscillations and reducing system efficiency are the 
main drawbacks of implementing the large step [5, 18, 19]. 
Those problems’ solutions are represented by using adap-
tive step size [27–29]. However, many assumptions and 
implementation arrangements are still required. Moreover, 
they require calculating kopt at each wind speed; hence, 
they may utilize incorrect MPP. In [30, 31], the mechanical 
stress and high WT inertia are reduced via an enhanced 
techniques over the CPO. However, a constant and exact 
slope ramp signal with the accurate design is required. 
Moreover, they involve a low-pass filter which requires 
accurate design. Researchers implement the anemometer 
in their proposed algorithms to solve the speed-tracking 
problems. An efficient variable-step P&O technique is 
proposed using two stages to obtain the accurate MPP 
[32]. However, the prior knowledge requirement of WT 
parameters is the main drawback. On the other hand, the 
loss-tracking problem in the CPO is solved using an adap-
tive P&O algorithm that depends upon the optimal power 
curve in [28, 33, 34].The modified P&O algorithm solves 
the slow speed-tracking problem by using large step in 
forward direction and small step in reverse direction [8]. 
However, this algorithm applies a constant large forward 
step size which causes steady-state oscillations around 
the MPP. Another adaptive P&O MPPT algorithm is pro-
posed in [35–37]. An adaptive P&O algorithm is investi-
gated to avoid the drawbacks of other P&O algorithms by 
using anemometers. The step size is calculated using wind 
speed data and rate of change in output power. However, 
the proposed algorithm requires many calculations that 
increase system complexity [38]. A novel inertial power-
based P&O algorithm is proposed for high inertia WT, 
which a priori knowledge of WT inertia is required [39].

This paper analyse the performance of a proposed 
modified P&O (MPO) MPPT algorithm that depends 
upon an adaptive variable step size for grid-tied five-
phase PMSG-based WECS. In addition, the FOC is applied 
in the MSC with adding the MPPT algorithm in order to 
obtain a maximum available power at any wind speed. 
On the GSC, the VOC is applied to regulate the voltage 

of the Dc-link and achieve unity power factor. The main 
contribution can be summarized as follows:

• This article proposes a modified P&O MPPT algorithm 
that eradicates limitations of conventional and exist-
ing P&O MPPT techniques such as large oscillations 
and slow tracking speed.

• The strategy depends on the idea of dividing the 
power-speed curve into four sectors by comparing 
the power-speed curve and a newly synthesized 
curve.

• Each sector has a specific step size. For the sectors 
close to the MPP, small step size is applied. Otherwise, 
a large step size is applied.

• The proposed MPO algorithm offers high efficiency 
and fast response at different wind speeds.

• As a result of the proposed MPO algorithm, not only 
the loss of tracking and wrong directionally problems 
are evaded, but also the dynamic tracking perfor-
mance is improved by accurately attainting the MPP 
with high performance, either in the transient or in 
the steady-state conditions.

• The proposed MPO algorithm is compared with the 
conventional P&O MPPT technique to verify the supe-
riority of the proposed technique.

• The proposed MPO algorithm enhances the WECS 
efficiency by 3.0% over the conventional one.

This paper is arranged as the description of the WECS 
modelling containing the WT model and the five-phase 
PMSG in Sect.  2. Section  3 contains the MSC control 
explanation. In Sect. 4, the CPO and the proposed MPO 
MPPT are evaluated in detail. In addition, the GSC control 
and the simulation results with discussion are present 
in Sects. 5 and 6, respectively. Finally, the conclusion is 
debated in Sect. 7.

2  Modelling of wind energy conversion 
system

The variable-speed WECS configuration based on large-
scale five-phase PMSG is illustrated in Fig. 1. It consists of 
WT directly attached to the prime mover, which is tied to 
generator rotor shaft. The BTBC ties the five-phase PMSG 
with the utility grid. The machine-side converter (MSC) 
is employed to extract the optimal power at wind speed 
variations. Otherwise, the grid-side converter (GSC) is 
applied to ensure grid power injection at unit power 
factor [16, 18, 37].

(1)Pele = �g�cPwind
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2.1  Wind turbine model

The different WT characteristics such as mechanical power, 
tip speed ratio, power coefficient and mechanical torque 
equations of the VSWT are expressed as surveys in [4, 8, 40]:

where � is the air density, � is the pitch angle, A is the swept 
area of WT blades and Vwind is the wind speed.

where �m is the rotor speed and R is the radius of WT.

The WT coefficients C1–C6 is represented in “Appendix 1”

From previous equations, it is cleared that the TSR 
depends on the rotor speed and the operating wind speed. 
In addition, the mechanical power is expressed as a function 
of the power coefficient and the wind speed at optimum 
pitch angle. It is also obvious that the optimum value of Pm is 
only acquired when the rate change of dPm

d�
 is zero. To achieve 

the optimum power, the condition is applied to Eq. (2) as 
follows:

(2)Pm = Cp(�, �)
�A

2
V3
wind

(3)� =
�mR

Vwind

(4)Cp(�, �) = C1

(
C2

�i
− C3� − C4

)
e

−C5
�i + C6�

(5)�−1
i

= (� + 0.08�)−1 − 0.035
(
1 + �3

)−1

(6)Tm =
Pm

�m

(7)
dPm

d�m

= 0.5�AV3
wind

dCp(�, �)

d�m

when � is optimum (equals zero), then the value of Cp is a 
function of λ only.

The value of dCP
d�m

 is given as:

Then,

To obtain the maximum power condition when 
(Vwind − 0.035R�m) ≠ 0 , �opt and Cp_opt values are 8.1 and 
0.48, respectively, as shown in Fig. 4.

The captured power from the VSWT is controlled to work 
within a specific wind speed range limited by Vcut in and 
Vcut out. Otherwise, the WT must be stop for safety require-
ments. Figure 2 is illustrated four regions according the 
rated power and wind speed range. In Region 1 and Region 
4, below Vcut in and above Vcut out, respectively, the WT is not 

(8)
dCp

d�m

=
dCp

d�i
∗

d�i

d�m

(9)
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d�m

= 0.5�AV3
wind

(
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Fig. 1  Grid-connected WECS configuration of PMSG

Fig. 2  Turbine operating regions
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tied with the utility grid. In Region 2, the MPPT is operat-
ing to obtain optimal output power with wind speed range 
between Vcut in and Vrated . The mechanical power is restricted 
to the rated power in order to keep the WT safe in Region 
3 [18, 19].

To harvest maximum captured power from wind, the 
rotor speed should be regulated at different wind speeds. 
The efficient WECS control tracks the MPP at any wind veloc-
ity change to maximize the output power as shown in Fig. 3. 
The optimal power condition is attained, while � , Cp and � 
are optimal values as shown in Fig. 4 [5, 18].

2.2  Multi‑phase PMSG dynamic model

To investigate the dynamic model of the multi-phase PMSG 
and the d–q components of stator voltages in the synchro-
nous reference frame, the extended Park’s transformation 
are used [36, 41]:

where �̇�d1 = Ld1
did1

dt
 ,  �̇�q1 = Lq1

diq1

dt
 ,  �̇�d3 = Ld3

did3

dt
 and 

�̇�q3 = Lq3
diq3

dt
 . Rs is the stator resistance matrix, �e is the 

electric angular of rotor speed, id1, iq1, id3 and iq3 are d–q 
stator current components and Ld1, Lq1, Ld3 and Lq3 are d–q 
stator inductance components.

The stator flux linkage components can be written as:

(10)

⎡⎢⎢⎢⎣

Vd1
Vq1
Vd3
Vq3

⎤
⎥⎥⎥⎦
=
�
Rs
�⎡⎢⎢⎢⎣

id1
iq1
id3
iq3

⎤
⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎣

�̇�d1 − 𝜔e𝜓q1

�̇�q1 + 𝜔e𝜓d1

�̇�d3 − 3𝜔e𝜓q3

�̇�q3 + 3𝜔e𝜓d3

⎤⎥⎥⎥⎦

(11)�q1 = Lq1iq1

(12)�d1 = Ld1id1 + �1

where �1 and �3 are the amplitude of odd harmonics 
components of the permanent magnet flux linkages, 
respectively.

The electromagnetic torque of five-phase PMSG is given 
by:

By eradicating the effect of third harmonic current com-
ponents and joules losses, the electromagnetic torque 
becomes:

The mechanical equation of the WT system is expressed 
as:

that f  is the friction coefficient and J is the moment of 
inertia.

3  Machine‑side converter

The MSC is applied to obtain the available optimal power 
from different wind conditions. At MPPT region, the rotor 
speed should be regulated in order to attain �opt = 8.1 and 
Cp_opt = 0.48 at different wind speed. Figure 5 shows the 
complete control scheme of the WECS-based large-scale 
five-phase PMSG that includes the WT connected to the 
five-phase PMSG, the MSC, the GSC and overall system 
control. Field-oriented control (FOC) is employed to the 
MSC by using two control loops, speed control and cur-
rent control loops. The speed control uses widely PI con-
troller to reduce the error between reference and actual 
speeds. The reference speed depends on the MPPT that 
gives the exact value for WT working condition. On the 
other hand, the current control forces current components 
(id1, id3 and iq3) to zero and regulates the q-axis current 

(13)�q3 = Lq3iq3

(14)�d3 = Ld3id3 + �3

(15)Te =
5

2
p
(
�d1iq1 − �q1id1 + 3�d3iq3 − 3�q3id3

)

(16)Te =
5

2
p�1iq1

(17)Tm = Te + f𝜔m + J�̇�m

Fig. 3  Turbine power characteristics

Fig. 4  Power coefficient (Cp) versus the tip speed ratio (λ)
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component ( iq1 ) according to the speed control loop. Hys-
teresis controller is used to vary switching ratios and pro-
duce gate pulses as a response of wind condition variation 
[5, 16, 42].

4  MPPT control

4.1  Conventional P&O MPPT algorithm

In order to chase the location of the MPP, the CPO MPPT 
algorithm applies a mathematical optimization technique 
to achieve the slope of the P–ω characteristic curve that 
equals zero. It is simple control method that the prior 
WT information and an anemometer are not required. In 
addition, it depends on perturbing the control variables 
in steps and observing the change in objective function 
until the MPP is reached at zero slope. In this algorithm, 
if the operating point is on the left side of the MPP, the 
CPO controller changes the rotor speed with an increment 
value to the right. Otherwise, if it locates on the right side, 

the controller reverses the direction as illustrated in Fig. 6. 
The WT performance is directly influenced by choosing 
the perturb step of the CPO. The large step size causes 
fast tracking of the MPP with small settling time, but it 
has large oscillations around the MPP, whereas applying 
the small step size reduces oscillations and improves the 
MPP reliability; however, it minimizes the speed conver-
gence. The high wind speed fluctuations cause perturbing 
in the wrong search direction of the MPP. Thus, the CPO 
control has two serious problems that are related with the 
rotor speed adjustment efficiency and the wrong direction 

Fig. 5  Control scheme

Fig. 6  CPO MPPT controller operation
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tracking. These problems reduce the WECS performance, 
especially at rapid variation, and increase the power losses. 
To overcome these drawbacks, using the MPO with vari-
able step size, according to variation in environmental 
conations, is the best control strategy solution. The CPO 
MPPT controller performance under fixed step size, small 
step or large step, is depicted in Fig. 7a and b, respectively. 
Also, Fig. 8 shows the flow chart of the fixed step size algo-
rithm [5, 8, 18, 19].

4.2  Proposed four‑sector P&O MPPT technique

The operation of the proposed four-sector algorithm 
(MPO) depends on the operating power point location on 
the Pm–ωm characteristic curve. In order to obtain four sec-
tors, sector 1, sector 2A, sector 2B and sector 3, from the 
Pm–ωm characteristic curve, a new proposed curve (Vwind · 
∆Pm/∆ωm) is contrasted with the main Pm–ωm characteristic 
curve as illustrated in Fig. 9a. Variable-speed step sizes are 
constructed according to the sector range of the operating 
point. If the operating point is located in as shown in Fig. 9b:

• Sectors (1 and 3) which are existing far away from the 
MPP location, the large speed step size is applied.

• Sectors (2A and 2B) which are lying near the MPP loca-
tion, the small step size is utilized.

The proposed algorithm eliminates drawbacks of the 
CPO and enhances the WECS performance. The MPO 
controller maximizes the captured power, improves the 

settling time and reduces the oscillation level. Figure 10 
depicts the proposed algorithm flowchart.

4.3  GSC control system

The GSC injects the generated power from the MSC 
into the utility grid at unity PF, besides regulating the 
constant voltage of the Dc-link by utilizing a voltage-
oriented control (VOC). The VOC includes dual control 
loops, the outer control loop for adjusting the Dc-link 
capacitor voltage at constant value and the inner one 

(a)

(b)

Fig. 7  CPO MPPT algorithm

Fig. 8  Flow chart of the CPO MPPT algorithm

(a)

(b)

Fig. 9  Modified four-sector P&O MPPT technique
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is the responsible of supplying the utility grid with 
smoothing active power. Voltages at the grid terminals 
come across the following equations [5, 16, 42, 43]:

where Rf  and Lf  are diagonal matrices, �̇�a = Lf
difa

dt
,�̇�b = Lf

difb

dt
 

and �̇�c = Lf
difc

dt
 . The d–q axis voltage components of the 

GSC are as follows:

where �g = 2�fg ,  �fq = lf ifq ,  �fd = lf ifd  ,  �̇�fd = lf
d

dt
ifd  , 

�̇�fq = lf
d

dt
ifq and Vgq = 0 to ensure only active power 

injection.

(18)
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+
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(19)

[
Vid
Viq

]
=
[
rf
][ ifd

ifq

]
+

[
�̇�fd − 𝜔g𝜓fq

�̇�fq + 𝜔g𝜓fd

]
+

[
Vgd
Vgq

]

The MSC transfers all generated power to the GSC, the 
Dc-link voltage is controlled to a constant value as:

that Ic is the capacitor current of the Dc-link, Pe and Pg are 
output the MSC power and the GSC power, respectively.

where i∗
fd

 and I∗
c
 are the d-axis current component and the 

reference current of the capacitor, respectively. Finally, the 
active power and the reactive power expressions, respec-
tively, are:

(20)Ic =
Pe − Pg

Vdc
= C

dVdc

dt

(21)i∗
fd
= Is − I∗

c
and Is =

Pe

Vdc

(22)Pg =
3Vgdifd

2

Fig. 10  Flow chart of the modi-
fied four-sector P&O MPPT 
technique
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5  Simulation results and discussion

The effectiveness of proposed MPO algorithm is investi-
gated using step change profile of wind speed change 
with average speed (10 m/s) as shown in Fig. 11a. The 

(23)Qg =
3Vgdifq

2

results of the proposed four-sector technique are com-
pared with the conventional P&O, using the small and 
large fixed step size under climate conditions to reveal 
the effectiveness of the proposed algorithm. To validate 
the performance of the proposed MPO algorithm, the 
theoretical average output power ( Pth ) overall time is 
compared with the actual grid power integration ( Pg ) 
expressed as [41]:
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Fig. 11  WT characteristics
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The overall WECS parameters are given in “Appendix 
1”. The influence of the inertia in the dynamic system 
model is considered in “Appendix 2”. The MSC gains and 
the DC-link and GSC gains are detailed in [17, 20] to 
obtain the best performance as given in “Appendix 3”.

(24)�system =
∫ t
0
Pgdt

∫ t
0
Pthdt

× 100%
5.1  MSC performance

The proposed MPO algorithm is validated using step 
wind speed change. The optimal values of the power 
coefficient and the TSR, 0.48 and 8.1, respectively, are 
illustrated in Fig. 11b, c. In Fig. 11b, the system response 
with large step size PO (LS-PO) is the fastest compared 
to the small step PO (SS-PO), and the MPO, with a set-
tling time of (77 ms). However, LS-PO has high oscilla-
tion levels which badly affect the extracted mechanical 
power and the machine vibration. The SS-PO reduces 
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the large oscillations with small steady-state oscilla-
tions. However, the system response is too slow with 
large settling time (1300 ms). In contrast, the proposed 
MPO has smallest steady-state oscillations as well as 
SS-PO and lower settling time of 600 ms. Moreover, the 
average value of Cp of the proposed MPO algorithm 
is highest compared with LS-PO and SS-PO. The tip 
speed ratio is detected at the optimal value (8.1) for 
conventional, and proposed MPO in Fig. 11c. Moreover, 
Fig. 12a illustrates that the rotor speed is well-regulated 
at different wind speeds. The LS-PO has large oscilla-
tions (peak-to-peak speed ripples = 1.2 rad/s) and the 
SS-PO has small steady-state oscillations (peak-to-peak 
speed ripples = 0.05 rad/s). Moreover, the MPO steady-
state oscillations are 0.05 rad/s peak-to-peak speed rip-
ples. The mechanical torque for different algorithms is 
shown in Fig. 12b. The proposed MPO shows an efficient 
tracking algorithm compared to the conventional MPPT 
algorithms. In addition, the proposed MPO extracts the 
maximum mechanical power more efficient compared 
to other conventional algorithms as shown in Fig. 12c. 
To assure the MPO operation, the different step sizes are 
depicted in Fig. 13.

5.2  GSC performance

On the other hand, the simulation results of the utility 
grid are shown in Fig. 14. The Dc-link voltage is regu-
lated at constant value (1150 V) as depicted in Fig. 14a. 
The active power depends upon the d-axis current and 
varies with any change in wind speed as presented in 
Fig. 14b, c, respectively. Otherwise, the q-axis current 
is forced to zero which makes the reactive power zero, 
and it is observed that the power factor is unity as clari-
fied in Fig. 14d–f, respectively . The simulation results 

show the superior performance of the MPO compared 
with the CPO. The MPO enhances the system efficiency 
from 87% in the SS-PO to 90%. It is clear that the MPO 
enhances the overall efficiency and eradicates the limita-
tions of the conventional PO techniques as summarized 
in Table 1.

6  Conclusion

The proposed MPO MPPT algorithm is investigated as an 
efficient MPPT method that eliminates the speed oscilla-
tions and improves the tracking speed. It is simple and 
less complexity than other CPO methods. The strategy 
depends on the idea of dividing the power-speed curve 
into four sectors by comparing the power-speed curve 
and a newly synthesized curve. The variety of the operat-
ing step size is related to the position of the operating 
point in which sector. For the sectors close to the MPP, 
small step size is applied. Otherwise, a large step size is 
applied. The proposed MPO algorithm exhibits high effi-
ciency and fast response at different environmental con-
ditions. By utilizing the proposed MPO algorithm, the loss 
of tracking and wrong directionally problems are avoided. 
Moreover, the dynamic tracking performance is enhanced 
by accurately attainting the MPP with high performance, 
either in the transient or in the steady-state conditions. 
To confirm the superiority of the proposed algorithm, the 
proposed MPO algorithm is compared with the conven-
tional P&O MPPT algorithm. The proposed MPO MPPT 
hunts the MPP more efficient with low steady-state oscil-
lations which increases the overall WECS efficiency from 
87 to 90%. The study is based on a large-scale five-phase 
PMSG with grid tied for WECS. The MSC is implemented to 
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(d) Reactive Power

(e) d-axis current

(f) Power Factor 
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Table 1  Comparison 
between the conventional 
and proposed P&O MPPT 
technique for WECS

MPPT algorithm Speed ripple (P. P) 
(rad/s)

Δ� (rad/s) Settling time 
(ms)

�sys

Conventional large fixed step P&O 1.2 Δ�1 = 0.1 77 –
Conventional small fixed step P&O 0.05 Δ�1 = 0.01 1300 87%
Proposed four-sector P&O 0.05 Δ�1 = 0.1 600 90%

Δ�2 = 0.01
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extract the optimal power also the GSC is used as Dc-link 
voltage regulator and for unity power factor injection at 
any wind speed. Simulation results of the proposed algo-
rithm are confirmed using MATLAB/SIMULINK program.
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Appendix 1

WECS parameters [40, 44].

Specification of wind turbine

The coefficients C1–C6 C1 = 0.5176 C2 = 116 C3 = 0.4

C4 = 5 C5 = 21 C6 = 0.0068

Blade radius R = 35.25 m

Air density � = 1.225 kg/m3

Optimal tip speed ratio �opti = 8.1

Maximum power coef-
ficient

Cp−max = 0.48

Five‑phase PMSG parameters

Rated power P = 1.5 MW

Pole pairs number np = 40

Stator resistance Rs = 3.17 m�

Stator inductance Ls = 3.07 mH

Moment of inertia J = 10, 000 kg m2

Flux linkage � = 7.0172 wb

DC bus and gird parameters

Dc-link voltage Vdc = 1150 V

Capacitor of the dc-link C = 0.023 F

Grid voltage Vg = 575 V

Grid frequency F = 60 Hz

Grid resistance Rg = 0.003 pu

Grid inductance Lg = 0.3 pu

Appendix 2
Influence of inertia on electromagnetic torque [45]:

(−) sign and (+) sign for acceleration mode and decelera-
tion mode, respectively.

Acceleration mode 
(
1!∕1t > 0

)

In step change Δt → 0 very small value, so

Deceleration mode 
(
1!∕1t < 0

)

and

where Δ� = �new − �old.

Appendix 3

PI controller gains.

Speed controller at the MSC [46]

Kp 5
Ki 15

The GSC gains [47]

Dc-link control Kp_Vdc 8
Ki_Vdc 400

D-axis current control Kp_id 0.83
Ki_id 5

Q-axis current control Kp_iq 0.83
Ki_iq 5
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