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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-w 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 (VOCQ) 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.
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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&0O

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, 71. 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
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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 (P,;4), whereas the DPC
examines directly the output electrical power (P,,) to
operate at the MPP. The relationship of P4 and P, is
illustrated in Eq. (1) where ng and n_ 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 s 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&0O (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 k,, 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&0O 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:

e This article proposes a modified P&0O MPPT algorithm
that eradicates limitations of conventional and exist-
ing P&O MPPT techniques such as large oscillations
and slow tracking speed.

e 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.

e 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.

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

e Asaresult 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.

e The proposed MPO algorithm is compared with the
conventional P&0O MPPT technique to verify the supe-
riority of the proposed technique.

e 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.

Peie = ng”’cpwind (m

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, 371].
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Fig. 1 Grid-connected WECS configuration of PMSG

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]:

PA 3
Pm = Cp(j’l ‘B)7vwind (2)

where pis the air density, f is the pitch angle, Ais the swept

area of WT blades and V.4 is the wind speed.

o,R

V,

wind

A=

3)
where w,, is the rotor speed and R is the radius of WT.

C =
Co(A P =c1<f —C3ﬁ—C4>e W+ Coh (4)

I

The WT coefficients C,—C; is represented in “Appendix 1”

A7 = (A+0.08p)" - 0035(1 + %) (5)
7, = fm
- ©)

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 P, is
only acquired when the rate change of % is zero.To achieve
the optimum power, the condition is abplied to Eq. (2) as
follows:

dP,, 0.5 543 dCo(4, B) ;
dm_‘p wind da)m 7)
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when fis optimum (equals zero), then the value of C is a

function of A only.

dGy .
The value of =% is given as:

do,,

de de di;

do,.  di,  dew,

Then,

:ﬁ _ °~5PAVv3vmd<12?0 ~ 114539>e-;’1 . Viging * R 2
©m 4 A (Viing — 0.035Ra,, )
)
To obtain the maximum power condition when
(Vwing — 0.035Rwy,) # 0, A, and C; ,, 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 V_,;, and
Vit 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 V;, and above V..., respectively, the WT is not

rated [resseeecccccepeccccccccccccccccncocccon
:

Region 1 Region 3 Region 4

Region 2

Mechanical Power [watt]

'
Vrazed
Wind Speed [m/sec]

|4

cut—in cut-out

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 V_;, and V,,..q - 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 4, C, 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, 411]:

Var I )fd1 — WV
Var | = [R] i | 4| Ao T @eWan (10)
Vas las /.Id3 - 3wqu3
Vs lg3 Az + 30eW g3
. f . di . .
where g, =Ld1d<;_dr1’ Ag :Ltﬂ%' Aa3 =Ld3d(;_dr3 and

/'lq3 = Lq3%. R, is the stator resistance matrix, w, is the
electric angular of rotor speed, iy, igy, ig3 and igs are d-q
stator current components and Ly, Ly, Lz and Lz are d-q
stator inductance components.

The stator flux linkage components can be written as:

lVq] = Lq1iq1 (11)

Va1 = Larlar + v, (12)

Vw4

mechanical power [pu]
=
I ]

e
n

Rotor Speed [pu]

Fig. 3 Turbine power characteristics
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024
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Fig.4 Power coefficient (C,) versus the tip speed ratio (A)

Ygzs = Lq3iq3 (13)

Va3 = Lazigs + w3 (14)
where y; and y; are the amplitude of odd harmonics
components of the permanent magnet flux linkages,
respectively.

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

5 . . . .
I, = zp(‘l/m’m —YWarlar + 3Waslgs — 3Wq3’d3) (15)

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

5 .
T, = Epw1lq1 (16)

The mechanical equation of the WT system is expressed
as:

To=T.+fo, +Joy, (17)
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 A, = 8.1and
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 Pl 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
(ig1,i43 and ig3) to zero and regulates the g-axis current

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

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

Wind Turbine

GSC

Five-phase

oo oo

o B B

G

Filter

Grid

e I

Hystersis Controller

4 abcede
dq

A A A A
*

SR LN
u

*
1d3

Conventional P&O :

Modified P&O

MPPT algorism

Fig.5 Control scheme

component (iy;) 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&0O 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-w 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,
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Current Control
Loop

Dc-link Voltage
Control Loop

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

Power (w)

[rad/sec]w

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&0 MPPT technique

The operation of the proposed four-sector algorithm
(MPO) depends on the operating power point location on
the P—w,, characteristic curve. In order to obtain four sec-
tors, sector 1, sector 2A, sector 2B and sector 3, from the
P..-w,, characteristic curve, a new proposed curve (V, ;4
AP /Aw,,) is contrasted with the main P,-w,,, 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:

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

e 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

MPP Oscillations
N around the MPP

g S
~ ';::"

§

2

Q
9

Z
= ?
e [rad/sec]w
(a) CPO with small fixed speed step-size
Oscillations

~ MPP around the MPP

3 |

e

~

Q

2

Qo

R

[rad/sec]@
(b) CPO with large fixed speed step-size

Fig.7 CPO MPPT algorithm

Start

Wt = w(n—1)

'
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Wt = o (n)

( AP = Pofn) n(n—l))

i~

a)ref(n+1) @rer () — Aa),] [comf(n-#l) a)mf(n)+Aa)
v ¥

[ Measure @(n —1), Po(n — 1)]

Update
®(n)=W(n-1)

P(n)=P(n-1)

Fig. 8 Flow chart of the CPO MPPT algorithm

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

MPP ap

)

3 ——— Sector(l)

~ Sector (24)

w

S

2

3

[

|
© [rad/sec]
(a) Four sectors of the P-( operation region
= l Oscillations

§ around the MPP
'

~

s

o
_

[rad/sec]w
(b) Variable step-sizes P&O MPPT technique

Fig. 9 Modified four-sector P&0O MPPT technique
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Fig. 10 Flow chart of the modi-
fied four-sector P&O MPPT
technique

e R
Measure @(n —1),Po(n—1)
WDref = a)(n - 1)

!

N
@ (n), Po(n)
Wref = @ (n)

v

( AP = Po(n) — Po(n - 1) ]

-

-
Measure

- J/

v

[Wref = ref - Aa)J [a)ref = @ref + Aa)zj

[a)ref = @ref - szj

v

[Cl)ref = Wref + A a)J

A A 4 ¢

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]:

Via ifa ):”a Vga
= [Re]| i |+ 4o [+ Vo (18)
Vic It ’1c Vgc

di di
where Ry and L, are diagonal matrices, 4, = L =2, = L2

and i, = L; c;fc The d-q axis voltage components of the
GSC are as follows:

Via ] [ifd ] [ ’ifd — Wg¥iq ] [ ng ]
=[r] ||+ + 19
[ Vig [ f] Iq Atg + Oy Vg 19)

. . : d .
Where C()g = 271'f l[/fq = Iflfq, Y = Iflfd, Afd = lf& Itq s

= /fd and V =0 to ensure only active power
|nject|on
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Update
®(n)=M(n-1)
P(n)=P(n-1)

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

Pe - Pg dVd
I.= =C—*%
¢ Ve dt (20

that /_is the capacitor current of the Dc-link, P, and Pj are
output the MSC power and the GSC power, respectively.
P

== (1)

it =1 -1 and
fd S [« Vdc

where if, and [} 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:

_ 3Vyditg

g 2 (22)
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3V, i
gd'fq
Qg = — (23)

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

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 (P,) overall time is
compared with the actual grid power integration (Pg)
expressed as [41]:

T T T
o 12 i
~
=
A
=
3 10— —
=9
)
=
6 [ [ [
(1} 5 10 15 20
Time (sec)
(a) Wind Speed
0.72 . L :
-
=
D
'S 0.48 .
g f
%]
=]
Q
g 0.4
E LS-PO
A SS-PO
2 : : VS-PO
0
10 15 20
(b) Power Coefficient
12.15 3 [ -

2
-
]
=4
=
-]
-]
2
7
=y
=

— SS-PO

0 -
o 0 05 ;1 15 2 . . VS§-PO
0 5 10 15 20
Time (sec)
(¢) Tip Speed Ratio
Fig. 11 WT characteristics
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A P,dt

X 100%
[y Pendt ’ (24

Hsystem =

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"

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 C, 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. 12aillustrates that the rotor speed is well-reqgulated
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, ¢, respectively. Otherwise, the g-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&0O 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 t0 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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Table 1 Comparison . MPPT algorithm Speedripple (P.P) Aw (rad/s) Settling time 7,
between the conventional (rad/s) (ms) ’
and proposed P&O MPPT
technique for WECS Conventional large fixed step P&O 1.2 Aw; = 0.1 77 -
Conventional small fixed step P&O 0.05 Aw, =0.01 1300 87%
Proposed four-sector P&O 0.05 Aw, =0.1 600 90%
Aw, = 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 C;-Cg C, =05176 G, =116 G =04
C,=5 Cs =21 C,=0.0068

Blade radius R=3525m

Air density p = 1.225 kg/m®

Optimal tip speed ratio  Ag = 8.1

Maximum power coef-  C,_max = 048

ficient

Five-phase PMSG parameters

Rated power P=15MW

Pole pairs number n, =40

Stator resistance R, =317 mQ

Stator inductance L, =3.07 mH

Moment of inertia J =10,000 kg m?

Flux linkage v =7.0172 wb

DC bus and gird parameters

Dc-link voltage Vg =1150V

Capacitor of the dc-link C=0.023F

Grid voltage Vg =575V

Grid frequency F =60 Hz

Grid resistance Ry =0.003 pu

Grid inductance Ly=03pu
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Appendix 2
Influence of inertia on electromagnetic torque [45]:

To £ T, =fo, +Jo, (25)
(=) sign and (+) sign for acceleration mode and decelera-
tion mode, respectively.

Acceleration mode (A@/ At > 0>

T.—T,= fa)m +Jo, (26)
In step change At — 0 very small value, so
do Aw
T, J T J—
e MxJ 1 gt S0 AT (27)

Deceleration mode(A@/ At < 0)

To+ T, =fo,+Jog, (28)
and
dw Aw,
T J m —_—m
e W J 1 ar il N (29)

where Aw = W, — @gg-

Appendix 3

Pl controller gains.

Speed controller at the MSC [46]

K, 5
K; 15
The GSC gains [47]
Dc-link control oV, 8
iV, 400
D-axis current control Ky ia 0.83
Ki ia 5
Q-axis current control Ky iq 0.83
K; 5
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