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Abstract

In this literature, a new automated control strategy has been developed to manage the power supply from the wind

power generation system to the load. The main objective of this research work is to develop a fuzzy logic–based pitch

angle control and to develop a static transfer switch to make power balance between the wind power generation system
and the loads. The power management control system is a progression of logic expressions, designed based on generat-

ing power and load power requirement. The outcome of this work targets at an improved power production, active and

reactive power compensation and ensures system load constraints. To validate the proposed control strategy, a detailed
simulation study is carried out on a 9-MW wind farm simulation simulated in MATLAB/Simulink environment.
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Introduction

Electrical power plays a vital role in day-to-day life of

human society in all aspects. The renewable energy

resources (RERs) play a major role in electrical power

production, and it is estimated that the world electricity

production through RER will be 45% by 2020.1 Among

various RERs, wind power generation system (WPGS)

has become the most popular power resource in the past

decade for its clean and low maintenance factors.2 The

use of WPGS for energy production undergoes a serious

problem in providing the ancillary services.3 The ancil-

lary services include starting capabilities, voltage and

frequency regulation, load power management, real and

reactive power control. Considering a wind farm in a

compact urban area network with several minor WPGS

of 1 MW scale or more which are linked directly to the

power network. It has been observed that the high fluc-

tuating wind speed affects the power generation capac-

ity of the WPGS. Furthermore, on one hand, as WPGS

is grid-connected, it tends to affect the loads connected

to the grid network.4 On the other hand, the WPGS is

not deployed to sense the change in loads in the grid

network.5 However, it is mandatory to develop an ancil-

lary power management system to handle the load

requirement based on the energy generation of the

WPGS.

In recent years, meticulous research work has been

carried out to improve the power production of WPGS

during high fluctuating wind speed conditions. In the

study of Ma et al.,6 synchronization of numerous wind

turbines (WTs) has the tendency to counterbalance the

power production and load demand. While performing

synchronization, the generated power is sufficient to

meet the demands. But the power generation is con-

stant and they supply almost same amount of power

even with low sensitive loads.7 In another approach,

Muyeen et al.8 and Sitharthan and Geethanjali9 have
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discussed that the load demand can be met by adding

energy storage devices with the network. By adding so,

the cost of the system increases and also requires addi-

tional control strategy to manage the energy storage

devices.10 An inverter-based controller has been imple-

mented to monitor and control the load demand.11 The

inverter uses a control strategy to turn ON/OFF the

load according to the requirement and power availabil-

ity. Furthermore, an additional supervisor is required

to control and monitor the power management control-

ler and hence increasing the maintenance cost of the

system.12 Moreover, when the power production is very

high, they do not balance effectively. Furthermore,

pitch angle control system has been proposed to protect

the turbine against mechanical failure from high wind

gust and to maximize/minimize the power production

according to the wind incident on the blades.13–17 A

pitch angle controller adjusts the turbine blades inward

or outward to extract wind power according to the flow

of wind speed. The action of adjusting the turbine

blades sequentially increases or decreases the power

production. In the study of Minh et al.,18 a power man-

agement system has been developed and the power

management communicates with innovatory pitch sys-

tem to respond to changing load demands.19 The power

management is best employed with variable pitch con-

trol or stall control. Pitch control and stall control are

employed in regulating the WPGS rotor and can

increase the power production depending on the load

requirement by adjusting the rotor speed.20 A pitch

angle control strategy is used to regulate the power

through the pitch actuator, the only control system

available in the WT, as there is no power electronic

interface between the generator and the load to allow

controlling the WT outputs. In recent times, the control

strategy for the pitch actuator is achieved by various

control techniques, such as conventional proportional–

integral (PI) control method, fuzzy logic control

method, hybrid control method, generalized predictive

control method and neural network control

method.21–29 These control methods make sure that the

generated power output of the WPGS pursues the com-

mand value determined and offers steady output

power.21 In order to satisfy the energy constraints, a

suitable control strategy must be provided to the

WPGS. Consequently, the developed controller has to

satisfy two objectives: (1) pitch angle control and (2)

power management control to improve the overall per-

formance of WPGS and grid network. As fuzzy logic

controller (FLC) can handle problems with imprecise

and incomplete data, it can model non-linear functions

of arbitrary complexity. This model is preferred since it

is cheaper to develop, covers a wider range of operating

conditions and are more readily customizable in natu-

ral language terms.18 Hence, as FLC has a higher

advantage in dealing with the non-linear function, it is

chosen as the control strategy to control the pitch

actuator. This work mainly focuses on the power man-

agement of the wind farm composed of three variable

speed WTs. The objective of the work is to fulfil the

energy constraints of the load by managing the power

production. In this work, a fuzzy logic control

strategy–based pitch angle controller has been devel-

oped to control the pitch actuator. Furthermore, a

Boolean logic–based static transfer switch has been

developed to make power balance between the wind

power generation system and the loads. The power

management control system is a progression of logic

expressions, designed based on generating power and

load power requirement. The power management con-

troller automatically turns the load ON/OFF according

to the power generation and the requirement.

Preference will be given to priority loads to go live and

other loads to be in OFF state. Whenever there is

requirement for low power production and high power

production, all the loads can be turned ON/OFF based

on the requirement. The outcome of this work achieves

improved power production, active and reactive power

compensation and ensures system load constraints. To

validate the proposed control strategy, a detailed simu-

lation study is carried out on a 9-MW wind farm simu-

lation simulated in MATLAB/Simulink environment.

This paper is organized as follows. Investigated sys-

tem modelling and description are described in section

‘Investigated system modelling and description’. The

proposed power management system for automatic

switching is detailed in section ‘Proposed automatic

power management controller’. The modified pitch

angle controller is detailed in section ‘Proposed FLC-

based pitch angle control system’, and the simulation

results are analysed in section ‘Simulation results and

analysis’.

Investigated system modelling and

description

The wind farm considered for the study is shown in

Figure 1. In the developed system, the WPGS is

coupled to the grid network to satisfy the dynamic

loads. The wind farm considered in this work consists

of three WTs, which are interconnected to form a grid

network. Each WT consists of a variable speed oper-

ated doubly fed induction generator (DFIG) and are

connected to the grid network by means of back-to-

back voltage source converter. The real power and

reactive power synchronization are taken care by the

back-to-back control strategy. The control strategy for

the operation of back-to-back converter is developed

with reference to Duong et al.23 The generated power

of WPGS is fed to the utility grid through a 470-V/20-

KV transformer. Consequently, a residential non-linear

load of 10 KW is connected at 20 KV/415V bus sys-

tems at Common Coupling Point (CCP). In this study,

the DFIG is considered as the main source of energy

supplier. The absence of DFIG could lead to grid

instability. The dynamic non-linear load is chosen as

the load shifting creates a huge impact on the
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behaviour of the power system.29 The generated power

by the DFIG generator has been fed to the grid

through the inductive filter Lf2Cf. The function of the

inductive filter is to supply quasi-sinusoidal output vol-

tage to the grid network. The developed pitch angle

controller is employed to control the blade of the

WPGS. The developed power management controller

is attached between the grid network and the dynamic

loads. The parameters considered for developing the

investigated system is given in Appendix 1.

Modelling of the WT

The wind energy is converted into mechanical energy

by means of WT.1–5 The mechanical power generated

by the WT is given as9

Pm =
1

2
rACp l,bð ÞV3 ð1Þ

where r=1.225kg/m3 is the air density, b is the pitch

angle, Cp(l, b) is the power coefficient, A is the blade’s

swept area (m2) and V is the wind speed (m/s)

Cp l,bð Þ=0:5176 1163
1

li
� 0:4b� 5

� �

e�
21
li +0:0068l

ð2Þ

Equation (2) draws out the power efficiency of the WT,

where Cp is a non-linear function of both tip-speed

ratio (l) and the blade pitch angle (b), where l is the

ratio of the turbine speed (v�
rR) to the wind speed (V)

as follows9

l=
v�
rR

V
ð3Þ

where vr is the generator rotating speed and R is the

sweep area radius of the turbine blades, respectively.5

According to Equation (3), there is a relation between

l and vr. At certain wind speed and rotor speed, the

power gets maximized and at that instant, rotor speed

is called as optimal rotational speed vopt.
6 This speed

corresponds to optimal tip-speed ratio lopt. So, in order

to extract maximum power at variable wind speed con-

dition, the WT should be operated at lopt.

Modelling of the shaft system

A two lumped mass system is used as the shaft system

of the WPGS. The coupled shaft is modelled as a spring

and a damper. The equation for the shaft system is

given as17

dTtg

dt
=Ktg vt � vrð Þ ð4Þ

Figure 1. Schematic diagram of the grid-connected DFIG-WPGS.
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2Ht

dvt

dt
=

Pm

vt

�Dtvt �Dtg vt � vrð Þ � Ttg ð5Þ

2Hg

dvr

dt
=Ttg +Dtg vt � vrð Þ �Dgvr �

Pe

vr

ð6Þ

where vt and vr are the turbine and generator revolving

speed, respectively; Pm and Pe are the power obtained

from the turbine and generator, respectively; Dt and Dg

are the damping coefficients of the turbine and the gen-

erator, respectively; Ht and Hg are the inaction con-

stants of the turbine and the generator, respectively; Ttg

is an interior torque model; Dtg is the damping coeffi-

cient of the shaft; and Ktg is the shaft stiffness.
17

Modelling and control of DFIG

The electric equations of the DFIG are written in the

d2q oriented system according to the rotor reference

frame9

Vds= rsids +
dfds

dt
� vsfqs ð7Þ

Vqs= rsiqs +
dfqs

dt
+vsfds ð8Þ

Vdr= rsidr +
dfdr

dt
� vrfqr ð9Þ

Vqr= rsiqr +
dfqr

dt
+vrfdr ð10Þ

where rs and rr are the stator and rotor resistance,

respectively; vs is the revolving speed in the synchro-

nous reference frame; and svs =vs � vr is the slip fre-

quency.23 The flux linkages of the generator are given

as

fds =Lsids +Lmidr ð11Þ

fqs =Lsiqs +Lmiqr ð12Þ

fdr =Lmids+Lridr ð13Þ

fqr =Lmiqs+Lriqr ð14Þ

where Ls, Lr and Lm are the stator leakage inductance,

rotor leakage inductance and mutual inductance,

respectively.9 The per-unit electrical torque equation of

the DFIG is given by

Te =Lm iqsidr � idsiqr
� �

s ð15Þ

The active and reactive stator powers after neglecting

the power loss is given as

Ps =
3

2
Vdsids+Vqsiqs
� �

ð16Þ

Qs =
3

2
Vqsids � Vdsiqs
� �

ð17Þ

A DFIG-WPGS has been coupled to the grid

through back-to-back voltage source converter. The

voltage source converter has been classified into rotor

side converter (RSC) and grid side converter (GSC).21

The RSC aims to maximize the output stator power by

optimal control of rotor speed, thereby torque of the

system is controlled and optimal power is extracted

from the WPGS. Besides, the vector voltage command

in d–q reference frame is obtained as the output signal

from two PI-type controllers. These d–q axis voltage

vectors are transformed into stationary reference frame

and are used by the space vector pulse width modula-

tion (SVPWM) to generate switching signals for the

RSC. However, the aim of the GSC is to attain active

and reactive power by controlling d-axis and q-axis cur-

rent component, respectively.22 Subsequently, Vdc vol-

tage is injected along the d-axis component to control

the active power of the WPGS. The reference voltage

vector obtained from PI-type current control loop is

transformed into stationary form and they are used by

SVPWM to generate switching pulses for the GSC.

Proposed automatic power management

controller

The schematic diagram of the proposed automated

power management control strategy is shown in

Figure 2. The power management system consists of

four dynamic non-linear loads connected to the grid

network by means of Boolean transfer static switch.

The static switch utilizes 0/1 as the input, where 0

means OFF and 1 represents ON. The static transfer

switch in the automatic power management system is

used to manage the power to the loads.18 This is oper-

ated based on the power measured from the WPGS

and the load power measured from the dynamic non-

linear load. The developed automatic power manage-

ment system will decide itself by switching ON/OFF

the load based on the load power requirement and the

generated power of the WPGS. The automatic power

management system employs a logical switch to man-

age the loads, and this logical switch is designed on the

following condition:

� Number of loads turned ON and their power

requirement will be communicated to the

WPGS.
� If the bank is with poor power quality and major

disturbances, then the load connected to the net-

work will be isolated.
� Automatic power management switch will be

turned ON/OFF based on the load priority (load

1, load 2, ..., load 4). However, load priority

depends on the power required by the load.
� In general, the power obtained from WPGS will

be regulated to follow the power reference by

controlling the blade pitch by means of pitch

angle controller.

The logical switch has been developed on the basis

of actual power generated from WPGS and power

required by the load. The expression of the logical sta-

tic logic switch is given as19
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Load 1=A W½ � ð18Þ

Load 2=B X Að Þ+W �A
� �� �

ð19Þ

Load 3=C Y ABð Þ+X A�B+ �ABÞ+W AB
� �

�
��

ð20Þ

Load 4=D½Z ABCð Þ+Y �ABC+A�BC+AB�C
� �

+

X ABC+ �ABC+ABC
� �

+W ABC
� �

�

ð21Þ

Here, all the quantities are expressed as logical vari-

ables in the condition ON=1 and OFF=0. There are

four loads connected to the WPGS. The priority of the

load is represented as n, that is, Loadn (n=1:4). Based

on the priority, the loads can be turned ON/OFF.

There are four logical switches in the bank expressed as

A, B, C, D and �A, �B, �C,D for NOT condition. W, X,

Y, Z is the condition considered for the generated out-

put power of the WPGS. The condition for load power

depends on load priority and balance between power

generated and power requirement by the load. The con-

dition is given as W5 2 MW, X5 2.5 MW, Y5 6.5

MW and Z5 8.5 MW. Based on these conditions, the

power management controller automatically switches

the load.

Error tolerance of the power in the investigated

system

The pitch angle controller adjusts itself to extract maxi-

mum power from the wind during huge fluctuation.

Because of this instant variation of pitch, the measured

power fluctuates around the power reference. Power

reference obtained from the WPGS is used to build the

automatic logical switch.19 Therefore, the switching is

based on the error difference between the measured

power and reference power. The automatic switching

state is based on the power error stated in the following

condition:

If e=‘positive’ then switch ‘ON’

If e=‘negative’ then switch ‘OFF’

e=Pg � Pref ð22Þ

De=
de

dt
ð23Þ

where e is the error; and Pg and Pref are the generated

electrical power and reference power, respectively.

From the condition, the automatic switch will turn ON

when the generated power is larger than the reference

power. However, the switch will turn OFF when the

generated power is smaller than the reference power.

Proposed FLC-based pitch angle control

system

Pitch angle controller is one of the effective methods to

regulate the power of WPGS.10 A fuzzy logic–based

pitch angle controller is proposed to regulate the elec-

trical power of WGS as shown in Figure 3. The pitch

angle continuously changes according to the power

measured from the WPGS. When high winds flow,

rotor speed vr gets increased, thereby producing high

torque and improves the electrical output power. If the

power exceeds the rated power or exceeds the load

power requirement, the pitch controller feds the blade

outward. Therefore, the wind striking the blade gets

reduced and lowers the power production.

Consequently, when there is low wind flow. The

electrical output from the turbine gradually decreases,

but the power requirement of the load may be high. In

order to satisfy the load requirement, the pitch control-

ler commands the blade to fed inward of wind flow. So

that maximum power from the wind can be extracted

to satisfy the load requirement. Furthermore, the

blades are feathered during emergency shutdowns to

stop the power generation. Due to the continuous var-

iation of wind, the pitch angle continuously changes,

Figure 2. Control scheme of power management controller.
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which could harm the pitch actuator, as it is often

active. The pitch actuator restraints the performance of

the WPGS based on the wind speeds.12–15 In this work,

a suitable pitch control strategy is proposed to sustain

the pitch angle at an optimal level all through the

steady-state operation in order to decrease the action of

the pitch actuator. To attain the command signal bc

from the FLC, the variant e obtained from the differ-

ence between actual power and reference power and

their change in time difference (De) obtained are fed as

inputs to the fuzzy pitch controller.22 The controller

supplies control signal bc to the actuator which changes

the pitch angle b.

Modelling of fuzzy logic control strategy

The fuzzy controller is a logical reasoning controller.

The developed fuzzy logic–based pitch angle controller

is shown in Figure 4. In order to obtain the command

signal bc from the fuzzy controller, the variants e (i.e.

Pg) and De (i.e. DPg) obtained from the power Pg and

its corresponding reference power DP�
g estimated are

fed as the input to the FLC. The controller provides a

signal to the actuator which makes a change in the con-

trol process. The fuzzy logic control process is com-

posed of fuzzification process, fuzzy rule formation and

defuzzification.22–25

Fuzzification process. The fuzzy-based pitch controller is

designed by triangular membership function with 50%

overlapping. Figure 5 shows the input membership

functions for both the cases of e and De. The triangular

membership is selected for its faster process and smart

implementation. The overlapping of the triangular

membership function is more responsive when the vari-

able approaches near zero. The linguistic variables of

the fuzzy controller are represented by NXL (negative

extra large), NL (negative large), NM (negative

medium), NS (negative small), ZE (zero), PS (positive

small), PM (positive medium), PL (positive large), PXL

(positive extra large), ZEP (zero plus), XXS (double

extra small), XS (extra small), S (small), M (medium),

L (large), XL (extra large) and XXL (double extra

large). The position of the input membership functions

is obtained using Equation (24)

u(z)=1�
z�mj j

0:5w
ð24Þ

where z represents the value of the input variables, w is

the width and m represents the coordinate point at

which the grade of the membership function is 1.

Fuzzy logic rule formation. Designing standard logic rule

is the key for obtaining a satisfactory control signal

from the fuzzy pitch controller. The rules for the con-

troller are framed by applying simple IF-THEN rules.

The fuzzy control system has 45 rules, formulated and

shown in Table 1.

Defuzzification process. The defuzzification process is a

logic that reverses the fuzzification process. It converts

all the fuzzy terms created by the rule base of the con-

troller to the crisp terms and then sends them to the

actuator of the WPGS. The defuzzification of the

developed controller is shown in Figure 6. The output

obtained is bc, which is fed to the pitch actuator. The

response signal obtained from the fuzzy controller is

very stable and the actuator system responses and var-

ies the blade pitch angle depending on the bc obtained

from the FLC. Furthermore, the weighing factor of the

rule for the minimum operation is represented as23

Wi = min mDPg(DPg),mdDPg(d(DPg))
� 	

ð25Þ

Figure 3. Block diagram of fuzzy logic–based pitch angle

controller.

Figure 4. Pitch angle control strategy using FLC.
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where mDPg (DPg) and mdDPg (d(DPg)) are the triangu-

lar membership functions of the DPg and d(DPg),

respectively. The average weighted Wi of every rule

output, which expresses the variation of the pitch angle

reference bc, is calculated as23

bc, ref =

P

N

i=1

NiDi

P

N

i=1

Wi

ð26Þ

where Ni is the total number of rules and Di is the coor-

dinate corresponding to the respective output or conse-

quent membership function. The stability of the fuzzy

pitch angle control system is guaranteed if the deriva-

tive of Lyapunov’s function is negative semi-definite in

the active region of each fuzzy rule.21 However, the sta-

bility issue is not investigated in detail since it is beyond

the scope of this research.

Power management using the proposed strategy

The control of the WPGS is done rather by mechanical

controller devices or automatic power manageable con-

trol devices. Though, by analysing the alteration princi-

ple of the wind power, it is found that combined pitch

and power management controller can regulate the

produced wind power by regulating the angular rota-

tional speed of the WT to optimum value.14–20 The

equilibrium between the power production and power

consumption of the load is achieved when the total

power generated by WPGS is equal to the total load

demand in addition to the power losses. The prediction

of the wind speed all around year in particular site area

could be easier to estimate the obtainable wind power

from the wind farm and that could satisfy the load

power constraints. By forecasting the demand and pre-

dicting the available power will be the proper way of

planning the load constraints. The studied WPGS sys-

tem consists of two control strategies, a mechanical

pitch angle control for each WT and a power manage-

ment control to manage total power demand and the

available wind power.27 Furthermore, combining both

controllers has been discriminated as three functioning

modes as shown in Figure 7.

If Pref,i \ Pg,i then Db,i". In this case, the generated pow-

ers Pg,1,Pg,2 and Pg,3 are different. Here, the power

delivered by the WPGS,i is higher than the power refer-

ence. In this condition, it is necessary to increase the

pitch angle b,i in order to balance the production and

consumption.

If Pref,i . Pg,i then Db,i#. In this case, the generated power

delivered by the WPGS,(1–3) is lower than the power ref-

erence. In this condition, it is necessary to decrease the

pitch angle b,i in order to balance the production and

consumption. During this condition, in some cases, the

pitch angle b increases and decreases depending on the

wind flow. The fluctuation in the wind flow can be seen

in the power output. In such situation, the priority load

is connected and demand is satisfied depending on the

available power obtained.

Figure 5. Input membership function.

Table 1. Rules of fuzzy system.

bc De

NL NS ZE PS PL

e NXL XXS S ZE S L
NL XS M ZEP M XL
NM S L XXS L XXL
NS M XL S XL XXL
ZE L XXL S XXL XXL
PS XL XXL L XXL XXL
PM XXL XXL L XXL XXL
PL XXL XXL XXL XXL XXL
PXL XXL XXL XXL XXL XXL

Figure 6. Output membership function.
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If Pref,i= Pg,i then Db,i=0. In this case, the power delivered

by the WPGS,i is balanced with the power reference. In

this condition, the pitch angle b=0. The power gener-

ated is equal to the power required by the load. Again

by variation in wind speed, the power generated may

reduce. The load power requirement may increase and

in this situation, the non-priority loads are disconnected

to solve the power balance.

Simulation results and analysis

The proposed automatic power management coupled

pitch control system is investigated for a 9-MW wind

farm consisting of three variable speed WPGS. A com-

plete grid-connected wind farm has been simulated

using MATLAB/Simulink environment. In this model,

the WGS consists of DFIG-WT connected to the power

network. Furthermore, the particulars of the WT and

DFIG are given in Appendix 1. The fluctuating wind

speeds given to WTs are generated by means of com-

puter simulation. Figure 8 shows three different wind

speeds wind 1, wind 2 and wind 3 fed to WPGS-WT1,

WT2 andWT3. The wind speeds flow at the mean value

of 9–11m/s.

Consequently, to determine the performance of the

proposed combined pitch controller and automatic

power management switch, the analysis is carried out

by three discriminate functioning modes. In this study,

Loads 1 and 4 are considered as priority loads which

are otherwise said as emergency loads that they should

be always kept powered.

Case 1: when Pref,i \ Pg,i

In this mode, power generated by the WPGS is higher

than the load power requirement. It is because of high

wind flow than the nominal value. Due to the flow of

high wind gust, rotor speed rotates above the rated

speed and produces high electrical power. But the load

requirement is lesser than the power generated. During

this circumstances, the pitch controller is employed to

move the turbine blades outwards the wind to lower the

power production. Figure 9(a) shows the pitch angle

obtained from the pitch controller of three WTs. From

Figure 7. Pitch angle evolution according to generation and utilization.
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Figure 8. Simulated wind speed profile.
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that, it is observed that pitch angle increases from 2� to

7�. Therefore, the blade lowers and focuses towards the

wind. Therefore, it reduces the power production.

Figure 9(b) shows the active and reactive power gen-

erated by WT1, WT2 and WT3. It is observed that

each turbine produces 3 MW of power. The error toler-

ance value obtained is positive. So, the automatic

power management controller enables the entire load

in 8 s. The total electrical power generated by WPGS is

shown in Figure 10(a); it shows that the power

produced is 8.9 MW which is comparatively higher

than the load requirement. The logical controller switch

ONs the entire load. The power utilized by the loads is

shown in Figure 10(b). It is observed that all loads are

fed with necessary electrical power.

Case 2: when Pref,i . Pg,i

In this mode, power generated by the WGS is lower

than the power required by the loads. It occurs due to
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Figure 9. System behavior during Pref,i \ Pg,i (a) Pitch angle b of WT1, WT2 and WT3; (b) real and reactive power of WGS

obtained from WT1, WT2 and WT 3.
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the flow of low wind speeds. In such case, the rotor

speed rotates below the rated speed and produces lower

electrical power. The generated electrical power by the

WGS cannot satisfy the load requirement. So that,

pitch controller comes to active mode to maximize the

power generation from the available wind. They use a

memory unit controller to control the pitch actuator.

That moves the turbine blades towards the wind flow

which varies between 0� and 2� in order to maximize

the power production of WT1, WT2 and WT3 as

shown in Figure 11(a). The active and reactive power

generated by WT1, WT2 and WT3 is shown in Figure

11(b). It is observed that the power production is lesser,

which is about 1.5 MW per WT of the wind farm.

The total electrical power produced by the wind

farm is shown in Figure 12(a). It is observed that the

system produces only 6–6.8 MW of electrical power.

But the load requirement is higher than the power gen-

erated. The power tolerance measured is negative, so

power management disables non-priority loads 1 and 3

within 8 s. Furthermore, the power management con-

troller enables the priority loads 2 and 4 to the wind

farm. Figure 12(b) shows the power utilized by the

loads; it is observed that loads 2 and 4 consume the

available power and loads 1 and 3 are isolated from the

network.

Case 3: when Pref,i= Pg,i

In this mode, power generated by the WPGS is in bal-

ance with the load power requirement. This is because

of mean wind flow. The rotor speed rotates at the mean

rated speed and produces electrical power. But the

power generation of the WPGS depends on the load

requirement. Figure 13(a) shows the pitch angle

obtained from three WTs. From this, it is observed that

pitch angle increases from 2� to 7� depending on the

flow of wind. Figure 13(b) shows the active and reac-

tive power generated by WT1, WT2 and WT3. It is

observed that each turbine produces a nominal power

of 3 MW.

The total electrical power produced by WPGS is

shown in Figure 14(a). It is observed that the power

produced can satisfy the load requirement. The power

tolerance measured is positive. Hence, the power man-

agement enables both the priority loads and non-

priority loads. The power utilized by the loads is shown

in Figure 14(b). The load consumes the same amount

of power generated by the WPGS.

The proposed controller is studied for three func-

tioning modes of WPGS. From those functioning

modes, power generated and power utilized by the

loads based on power requirement are analysed and

presented in Table 2.

Table 2 shows the value obtained from the wind

farm using the proposed control strategy and the con-

ventional controller. The analyses are formulated for

three functioning modes and the total power generated

by the WPGS is given. During the first mode, the wind

farm generates a power of 8.9 MW and power utilized

by the load is 8.83 MW. In this case, all loads are con-

nected to the wind farm. The power utilized by loads
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Figure 12. Load management during Pref,i . Pg,i (a) Total electrical power generated by WGS; (b) electrical power utilized by
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Figure 13. System behavior during Pref,i = Pg,i (a) Pitch angle b of WT1, WT2 and WT3; (b) real and reactive power of WGS

obtained from WT1, WT2 and WT 3.
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Figure 14. Load management during Pref,i = Pg,i (a) Total electrical power generated by WGS; (b) electrical power utilized by load
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varies with time because they are dynamic in nature.

Hence, the proposed controllers act accordingly and

satisfy the load demand. In the second mode, the wind

farm generates a power of 5 MW and power utilized by

the load is 4.46 MW. Due to low power production,

only priority loads are connected to the wind farm.

Remaining loads are isolated by means of proposed

power management controller. In the third mode, the

wind farm generates a power of 7.9 MW and power

utilized by the load is 7.53 MW. The power produced

is utilized by the load. From the analysis, the pitch con-

troller operates perfectly according to the variation of

wind and the proposed strategy shows better result

than the conventional strategy. Furthermore, the man-

agement control switches the loads based on their pri-

ority and power production.

Conclusion

The proposed method deals with the problem of balan-

cing the electric power generated by the WPGS and

electric power demand of the dynamic loads. The

objective of this study is to ensure the required power

to the loads. Therefore, a logical operated switch and a

fuzzy logic–based pitch controller has been proposed.

The logical operated automated switch is used to con-

trol loads based on their power requirement automati-

cally. The logic expressions for switch have been

developed based on the power generated from the

WPGS and the power required by the loads, based on

their priorities. Furthermore, the pitch controller

performs effectively by extracting available power

from the wind to balance the load power through a

power management controller. This integrated

operation ensures the objective of providing the

required power to the load. The simulation results

show that the proposed control strategies presume

effectively by satisfying the total load demand from

the generated power.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with

respect to the research, authorship and/or publication of this

article.

Funding

This research received funding from the Science and

Engineering Research Board, Department of Science &

Technology, Government of India (ECR/2017/000259).

ORCID iD

R Sitharthan https://orcid.org/0000-0001-5626-4898

References

1. Liang X. Emerging power quality challenges due to inte-

gration of renewable energy sources. IEEE T Ind Appl

2017; 53(2): 855–866.

2. Johnson GL. Wind energy systems. Englewood cliffs, NJ:

Prentice Hall, 2003.

3. Boulouiha HM, Allali A and Denai M. Grid integration

of wind energy systems: control design, stability, and

power quality issues. In: Rasul MG, Azad AK and

Sharma SC (eds) Clean energy for sustainable develop-

ment: comparisons and contrasts of new approaches. Else-

vier, 2017, pp. 239–335.

4. Sitharthan R, Geethanjali M and Pandy TKS. Adaptive

protection scheme for smart microgrid with electronically

coupled distributed generations. Alexandria Eng J 2016;

55(3): 2539–2550.

5. Sitharthan R, Sundarabalan CK, Devabalaji KR, et al.

Improved fault ride through capability of DFIG-wind

turbines using customized dynamic voltage restorer. Sus-

tain Cities Soc 2018; 39: 114–125.

6. Ma S, Geng H, Liu L, et al. Grid-synchronization stabi-

lity improvement of large scale wind farm during severe

grid fault. IEEE T Power Syst 2018; 33(1): 216–226.

7. Cooney C, Byrne R, Lyons W, et al. Performance char-

acterisation of a commercial-scale wind turbine operating

in an urban environment, using real data. Energy Sustain

Dev 2017; 36: 44–54.

Table 2. Comparative analysis of the developed pitch and static switch control strategy.

Modes Power generated
by wind farm (MW)

Loads Power requirement
of the loads (MW)

Power utilized by the loads (MW)

With proposed
strategy

With
conventional

(1) Pref,i \ Pg,i 8.9 Load 1 2.5 2.4975 2.43
Load 2 2 1.95 1.94
Load 3 2.5 2.485 2.43
Load 4 2 1.9675 1.95

(2) Pref,i . Pg,i 5 Load 1 2.5 2.498 2.44
Load 2 – – –
Load 3 – – –
Load 4 2 1.99 1.923

(3) Pref,i = Pg,i 7.9 Load 1 2.5 1.975 1.971
Load 2 2 1.798 1.72
Load 3 2.5 2.45 2.1
Load 4 2 1.774 1.689

Sitharthan et al. 181



8. Muyeen SM, Takahashi R, Murata T, et al. Integration

of an energy capacitor system with a variable-speed wind

generator. IEEE T Energy Conver 2009; 24: 740–749.

9. Sitharthan R and Geethanjali M. Application of the

superconducting fault current limiter strategy to improve

the fault ride-through capability of a doubly-fed induc-

tion generator–based wind energy conversion system.

Simulation 2015; 91(12): 1081–1087.
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Appendix 1

Parameters of the wind generation system considered
for the study is given in following tables,

Table 4. Wind turbine data.

Parameter Symbol Value Unit

Wind turbine data
Input wind speed V 14–21 m/s
Mechanical output power Pm 3.33 MW
Tip-speed ratio lopt 7.2 –
Power coefficient Cp 0.41 –

Table 5. DFIG data.

Parameter Symbol Value Unit

Generator data
Electrical output power Pe 3 MW
System frequency f 50 Hz
Line-line voltage VL 470 V
Stator resistance Rs 0.0229 p.u.
Stator leakage inductance Ls 0.171 p.u.
Rotor resistance Rr 0.0098 p.u.
Rotor leakage inductance Lr 0.156 p.u.
Magnetizing inductance Lm 2.9 p.u.
Inertia constant H 0.69 p.u.
Pairs of poles P 3 –
Friction factor F 0.01 p.u

Table 3. Wind farm data.

Parameter Symbol Value Unit

Wind farm details
No of WGS – 3 –
Power rating of WGS Pgen 9 MW
Power utilized by load Pref 8.5 MW
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