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ABSTRACT 
 

This paper presents modeling and simulation of direct driven permanent magnet generator (PMG) 

employed in wind energy conversion systems (WECS). The simulation of wind turbine and grid-

connected-PMG is implemented under MATLAB-SIMLINK environment to study the system 

performance. In order to connect the PMG with the grid, set of full-scale converters are used. 

These converters consist of back-to-back voltage source inverters (generator side inverter and grid 

side inverter) connected through DC-link capacitor. This capacitor decouples the two inverters, 

allowing two separate control systems applied to them. In view of inverters control, firstly they are 

controlled using of proportional-integral (PI) control systems. The simulation results are obtained 

using this control strategy under different disturbances. Also, the design of fuzzy logic controllers 

(FLCs) instead of PI controllers is investigated. Simulation results show that the proposed FLC 

scheme is more effective for enhancing the stability of wind farms connected to grid during 

temporary network disturbances and randomly fluctuating wind speed compared with conventional 

PI controllers. This study introduces a better understanding of the real behavior and highlights the 

features of controlling PMGs in order to get better utilization of wind energy resources in the near 

future. 

يقدم هرا البحث الٌووذج والوحاكى السياضى لوولد ذو الوغٌاطسيت الدائوت الوستخدم في  ححوييط طا يت السيياذ اليى الاا يت ال. س ييت  

الووليد الوتليط  الكيب.ت القوهييت وحيوز يي السيياذ وذلية لدزاسيت نظام الوٌظوهيت  ( لتوثييطMATLABوحن استخدام ًظام الوحاكاة )

ك.ط  وحستخدم هدووعتى هي العواكس لتوصيط الووليد  الكيب.ت القوهييت والتيى حتعيوي عياكس هيي خ يت الووليد وعياكس هيي خ يت 

فيى العيواكس  تسيتخدام الحاكوياث التٌاسيبيت  الكب.ت هتللاى  و.ثف ز ط حياز هستوس لفلط التح.ن  يي العاكسيي  ويتن نولاً التح.ن

الت.اهليت التقليديت وحن الحلول على الٌتائح عٌيد اضياسا اث هختلفيت  وكيرلة حين حليوين وحيداث حح.ين  تسيتخدام الوٌاي  العيبا   

(Fuzzy Logicدلاً هي الحاكواث التٌاسبيت الت.اهليت, و وقازًت ًتيائح الوحاكياة فيتى اليتح.ن  اسيتخدام الوٌاي  ) العيبا   الوقتيسذ  

هييو نكثييس فعاليييت لتحسيييي نظام الوٌظوهييت بييلال اؤضيياسا اث الو  تييت والوتغيييسة كسييسعت السييياذ هقازًييتً هيي  الحاكويياث التٌاسييبيت 

الت.اهلييت التقليديييت  ويو.يي القييول  ييتى هيرٍ الدزاسييت حقييدم ف ين نعويي  لليتح.ن فييى الوولييد ذو الوغٌاطسييت الدائوييت  كيي.ط خييد هييي نخييط 

  على نفعط استخدام للووازظ طا ت السياذ ف  الوستقبط القسيبالحلول 

Keywords: Wind energy conversion system, grid connected PMG, PI control, Fuzzy logic control. 

1. INTRODUCTION 

Renewable energy sources including wind power 

generation introduce a well feasible solution to 

distributed power generation where electric grids are 

not available. At present, scenario of wind power has 

been emerged as the most viable source of 

economical electric power compared with the non-

renewable energy sources. So, wind power 

generation is considered as one of the most 

promising applications of renewable energy 

generation lies in the development of continuous 

power supply for remote villages that lack an 

economically feasible means of connecting to the 

main electric grid [1]. 

Control algorithm design for renewable energy 

production is a topic of great concern nowadays 

because of all the efforts around the reduction of 

greenhouse effects. Many countries have modified 

their energy production plans for the near future by 

developing green energy technologies [2].  

Wind energy is the most rapid growth technology 

despite of wind is an irregular resource. Multiple 

types of generators are being used with wind turbines 

systems. Small wind turbine units are equipped with 

DC generators of rating up to fractional kilowatt [3]. 

The major types of AC generators that are possible 

candidates in wind turbine systems are as follows: 

•  Synchronous Generator (With external exciter), 

•  Squirrel-Cage rotor Induction Generator (SCIG), 

• Wound-Rotor Induction Generator (WRIG), 

• Doubly-Fed Induction Generator (DFIG) and 

• Permanent Magnet Generator (PMG). 

Induction generators (IGs) have been extensively 

used in commercial wind turbines. Asynchronous 

operation of IGs is considered an advantage for 

application in wind turbine systems, because it 
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provides degree of flexibility when the wind speed is 

irregular or variable [3]. The IG based on Squirrel-

Cage rotor (SCIG) is a very popular generator 

because of its low cost, mechanical simplicity and 

robust operation against disturbance and vibration. 

The IG based on wound-rotor is the doubly fed 

induction generator (DFIG) with both stator and rotor 

windings connected to the supply [4]. 

The variable-speed multi-pole permanent magnet 

generator (PMG) is considered to be a promising but 

not yet very popular wind turbine concept [5]. The 

advantages of such a PMG configuration including a 

gearless construction, an elimination of the excitation 

system, full controllability for grid interface and 

extracting maximum wind power and simplicity in 

accomplishing fault ride through and grid support 

[6]. Hence, the efficiency and reliability of a full-

PWM-converter PMG is assessed to be higher than 

DFIG utilized in wind energy systems [7-8]. 

In this paper, modeling and simulation of grid-

connected-PMG is investigated. To study the system 

performance under different disturbances, the 

simulation of the system is carried out under 

MATLAB-SIMLINK environment. The system is 

controlled using of proportional-integral (PI) 

controller as conventional control systems. Also, 

fuzzy logic controller (FLC) is proposed to enhance 

the system performance  
 

2. Mathematical Modeling of the System 

In this section, the system components are 

mathematically modeled. 

2.1 PMG Model 

The dynamic model of the PMG is derived from 

the two phase synchronous reference frame; the q-

axis is 90° ahead of the d-axis with respect to the 

direction of rotation. The synchronization between 

the d-q rotating reference frame and the three phase 

frame is maintained by using a phase locked loop 

(PLL) [9-10]. Figure (1) shows the d-q reference 

frame for a salient-pole generator (which is the same 

reference as the one used in a PMG) [11]. 

The dq0 Park's transformation is a mathematical 

transformation which aims to simplify the analysis of 

machinery models, and was first introduced by R. H. 

Park in 1929 [12]. In the three-phase, the phase 

quantities which include stator voltages, stator 

currents, and flux linkages are time varying 

quantities. By applying Park's transformation, the 

projection of the phase quantities onto a rotating two 

axes reference frame, the AC quantities are 

transformed to DC quantities which are time 

invariant. The dq-axes equivalent circuits of a PMG 

are shown in figure (2) [13]. 

 

Figure (1) Cross-section view of the PMG 

The voltages and torque functions of the PMG in 

the d-q-axes reference frame can be expressed as 

follows: 

ds

ds s ds d e q qs

di
v R i L L i

dt
    (1) 

qs

qs s qs e q ds e mq

di
v = R i + L + L i

dt
    (2) 

( ( ) )
e m qs d q ds qs

T i L L i i    (3) 

where,  

vds and vqs stator d-q axes voltages. 

ids and iqs stator d-q axes currents. 

Rs stator resistance. 

Ld and Lq d-q axes inductances. 

𝜔e electrical angular speed of the generator. 

m
  permanent magnetic flux. 

Te electromagnetic torque.  

 

 
Figure (2) d-q axes equivalent circuits of a PMG  

2.2 Modeling of the DC Link 

A DC-link capacitor provides a short-term 

intermediate energy storage, which decouples the 

generator-side inverter and the grid-side inverter. 

Figure (3) shows the power flow in the DC link. If 

the losses are neglected, the DC link dynamics is 

expressed as: 

c g netP P P   (4) 

2
DC CV P dt

C
 

 (5) 
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Figure (3) Power flow in the DC link 

A constant DC-link voltage is required to ensure 

active power transmission from PMG terminal to the 

grid. Once there are any imbalances in powers Pg and 

Pnet, the difference in power is stored in the DC-link 

capacitor and leads to an increase in the DC-link 

voltage. 

3. Control System Description 

In wind turbine setup, control system plays a 

crucial role to determine the efficiency. Without a 

good control system, a big portion of the power 

produced is wasted. 

The control systems are separated into generator-

side controller and grid-side controller as shown as 

figure (4) [14]. 

 
Figure (4) PMG based wind turbine configuration. 

3.1 Generator Side Controller 

3.1.1 Field Oriented Control (FOC) 

The control system proposed to control wind 

turbine generator is Field Oriented Control (FOC). 

The control technique decouples the stator currents 

into: torque-producing current and magnetizing 

current. By decoupling these components, the torque-

producing current becomes independent from the 

other component as shown as figure (5). Also, Figure 

(6) shows the current controller for generator-side 

inverter [15]. 

The stator and rotor fluxes in PMG can be 

described in vectors. The electromagnetic torque 

produced through the interaction of the two fluxes. 

* *sin( )r sTe I 
 

(6) 

 
Figure (5) PMG operation  

 

 
Figure (6) current control for generator-side inverter 

The stator voltage components, synthesized by 

the generator side inverter, can be employed to 

govern the generator current components, ids, and iqs: 

ds
s e q qsds ds d

di
v R i L L i

dt
  

 
(7)

 

qs
qs s qs s e s e mds

di
v = R i +L + L i

dt
  

 
(8)

 

3.2 Control of Grid-Side Inverter 

The grid side inverter is used to keep the DC link 

voltage constant and to regulate the active and 

reactive power. The DC link voltage is always 

changing by the incoming power from the wind 

turbine and output power to the grid. The control 

algorithm must sense the voltage variations to keep 

the voltage constant [16]. 

3.2.1 Voltage Oriented Control 

In the normal operating conditions of the system, 

the grid currents are always negative. It‟s worth 

mentioned that there are many control techniques 

used to perform grid side inverter depending on the 

reference frame used to perform control strategies. 

Figure (7) shows the Block diagram of grid side 

inverter. If the reference frame is oriented along the 

supply voltage, the grid vector voltage is given by: 

0
gd

v v j   (9) 

The expressions of the active and reactive power 

can be expressed as [17]: 

( )g dg dg
P v i  (10) 

( )g qgdg
Q v i  (11) 
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Figure (7) Block diagram of grid side inverter 

The dynamic model of the grid connection, in 

reference frame rotating synchronously with the grid 

voltage, is given as follows [18]: 

gd
g g gq g ggd id gd

di
v v i R L i L

dt
     (12) 

gq
gq gq g g g giq gd

di
v v i R L i L

dt
     (13) 

where, Lg and Rg are the grid inductance and 

resistance, respectively. vid and viq are the inverter 

voltage components. 

4 .Maximum Power Point Tracking Methodology 

To maximize the use of wind energy when the 

wind speed is below the rated speed, the maximum 

power point tracking (MPPT) of the system is 

necessary. The MPPT is realized by controlling the 

inverter which is connected to the generator. The 

control is easy to understand but hard to achieve due 

to the need to know the exact wind speed from wind 

turbine characteristics. 

4.1. MPPT Methods 

The MPPT control strategy is proposed based on 

the theory of the conventional power feedback 

control and Hill Climb Searching (HCS) control. 

According to equation (14), the maximum power of 

the wind turbine pmax is a cubic function of the 

generator speed [19]: 
5 3

max 3
max 32

p opt
opt opt

opt

R C
p k

 



 

 (14) 

where, kopt is a constant determined by the wind 

turbine characteristics. 

Therefore, the optimal current given (OCG) 

MPPT control strategy is proposed here based on the 

PMG model for improving the traditional power 

feedback method. id = 0 current control strategy is 

commonly used for the vector control for the PMG 

due to the simplicity and effectiveness. 

e m qsT i  (15) 

Permanent magnet flux is constant. Therefore, the 

PMG can obtain the optimum torque by giving the 

optimum iqs. Furthermore, the maximum power point 

can be achieved when the torque versus speed meets 

the optimal curve shown in Figure (8). In other 

words, the MPPT can be realized when the optimal 

iqs is given. 

 
(a) 

 
(b) 

Figure (8) Wind turbine characteristics  

(a) Power versus rotor speed. 

(b) Torque versus rotor speed. 

4.2 Estimation of Tloss 

Tloss can be procured based on the theory of 

dichotomy according to the characteristics of the 

PMG.  

The loss torque can be divided as: 

_ _ _loss loss fe loss m loss sT T T T    (16) 

The iron loss mainly varies along with the 

generator speed, so the iron loss torque Tloss_fe, which 

equals iron loss divided by speed, remains relatively 

constant. The mechanical loss and the stray loss only 

account for a small percentage of the total losses, 

thus the mechanical loss torque  Tloss_m  and the stray 

loss torque  Tloss_s can be regarded as constant values. 

Therefore, the loss torque Tloss basically remains 

constant in operation. 

Figure (9) shows the flow chart of the Tloss 

estimation algorithm. 
 

 
Figure (9) Flow chart of Tloss estimation algorithm 
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4.3 Perturb and Observe (P and O) Technique or 

Hill Climb Searching (HCS) 

Hill climb searching (HCS) or perturbation and 

observation (P and O) control is usually used for the 

peak power of the wind turbine that will maximize 

the extracted energy. This control efforts to climb the 

Pm(𝜔m) curve in the direction of increasing Pm, by 

varying the rotational speed periodically with a small 

incremental step in order to reduce the oscillation 

around the MPP. The (P and O) algorithm compares 

the power previously delivered after one disturbance 

as shown as figure (10).  
 

 

Figure (10) Flowchart of the (P and O) method 

Under these conditions, the tracker seeks the MPP 

permanently. At specified wind speed, the desired 

mechanical power is the solution of the nonlinear 

equation given by: 

0m

m

dP

d
  (17) 

In this algorithm, there is a trade-off between the 

rate of response and the amount of oscillations under 

steady state conditions. To vanquish this trade-off, 

the step size of varying amplitude can be applied. 

The step-size amplitude can be determined according 

to power variations based on the previously applied 

disturbance. Therefore, larger step-size amplitude is 

selected when power is far from MPP due to the 

larger magnitude of Pm(xm) slope and small 

amplitude is selected when power is close to MPP as 

shown as figure (11) [20- 22]. 

 

Figure (11) Principle of the P&O MPPT 

Figure (12) shows the hill climb search control of 

wind energy conversion system. Figure (13) shows 

the maximum power point tracking with (P and O) 

control when illumination changes from 12 m/s to 9 

m/s. 

 
Figure (12) Hill Climb search control of wind energy 

conversion system 
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Figure (13) MPPT with (P and O) control when 

illumination changes from 12 m/s to 9 m/s 

 

 

Figure (14) shows the maximum power point 

tracking with (P and O) control when increasing 

changes from 9 m/s to 12 m/s. 
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Figure (14) Maximum power point tracking with (P 

and O) control when increasing changes from 9 m/s 

to 12 m/s. 

4.4. Power signal feedback (PSF) 

Proposed MPPT method requires the knowledge 

of the wind turbine and maximum power curve 

which can be obtained from simulations [23]. Then, 

the data points for maximum turbine power and the 

corresponding wind turbine speed must be recorded 

in a lookup table. 

The PSF control method regulates the turbine 

power to maintain it to an optimal value, so that the 

power coefficient Cp is always at its maximum value 

corresponding to the optimal tip speed ratio as shown 

in figure (15) and figure (16). 

 
Figure (15) Power signal feedback control of wind 

energy conversion system 

 

 
Figure (16) Power signal feedback method 

5. Fuzzy Logic Controller 

As shown in Fig.  (17), the FLC system consists 

of three components. They are fuzzification, the rule 

base, and defuzzification. Fuzzification, the first 

component of the FLC, converts the exact inputs to 

fuzzy values. These fuzzy values are sent to the rule-

base unit and processed with fuzzy rules, and then 

these derived fuzzy values are sent to the 

defuzzification unit [24]. In this unit, the fuzzy 

results are converted to exact values using center of 

area method. The fuzzy controller is characterized as 

follows: 

1. Three fuzzy sets for each input and outputs: N, 

ZE, and P. 

2. Triangular membership functions for simplicity. 

3. Fuzzification using continuous universe of 

discourse. 

4. Implication using sugeno‟s „min‟ operator. 
 

 

Figure (17) Basic configuration of a FLC 

Fuzzy control has emerged one of the most active 

and fruitful areas of research especially in industrial 

processes which do not rely upon the conventional 

methods because of lack of quantitative data 

regarding the input and output relations. Fuzzy logic 

rules are simple and do not require precise control 

algorithm. Fuzzy logic systems are suitable for 

approximate reasoning. 
 

Figure shows (18) the input membership 

functions of Fuzzy Logic Controller. Table (1) shows 

the Rules of FLC. 

 
(a) 

 
(b) 

Figure (18) Input membership functions of FLC 
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Table (1) Rules of FLC 

 Error(e) 
C

h
an

g
e 

in
 

er
ro

r(
e)

  N ZE P 

N ZE N ZE 
ZE N ZE ZE 
P ZE P N 

 

The generator side controller has been used to track 

the maximum power generated from WT through 

controlling the rotational speed of the turbine using 

FLC. The PMG has been controlled in indirect-vector 

field oriented control technique and its speed 

reference has been obtained from FLC. In the grid 

side inverter, active and reactive power control has 

been achieved by controlling q-axis and d-axis grid 

current components respectively. The d-axis grid 

current is controlled to be zero for unity power factor 

and the q-axis grid current is controlled to deliver the 

power flowing from the DC-link to the grid. 
 

6. MODELING AND SIMULATION RESULTS 

6.1 Simulated Model Description  

Simulations are carried out in MATLAB/Simulink 

software for 2 MW PMG-based wind power system 

to verify the effectiveness of the proposed strategy. 

Parameters of the wind turbine and PMG are listed in 

appendices A and B respectively. 

6.2 System model  

 

The system SIMULINK model is illustrated in 

figure (19). This model shows the wind turbine and 

the driven PMG connected to grid mathematical 

model. 

6.3 SIMULATION RESULTS 

In this paper, the performance and the 

effectiveness of the proposed control strategy are 

evaluated under various operating regimes of the 

PMG wind system (shown in figure (4)) with 

parameters given in Appendix B. Simulation study 

has been carried out using MATLAB-SIMULINK 

for comparing the graphs of conventional PI and 

FLC. Two cases studies are considered and described 

as follows: 3-phase short circuit and one line outage 

for 100 msec. 

After comparing the graphs of conventional PI 

and fuzzy logic controller as shown in Figure (20- 

21) it is clear that system performance with fuzzy 

logic controllers has small overshoot and fast 

response compared to conventional PI controllers. 

The simulation results are obtained when using 

this control strategy under different disturbances. 

Also, the design FLCs instead of PI controllers is 

investigated. Simulation results show that the 

proposed FLC scheme is more effective for 

enhancing the stability of wind farms connected to 

grid during temporary of network disturbances and 

randomly fluctuating wind speed compared with that 

of a conventional PI controller. 
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Figure (19) SIMULINK model of the system 

 

0 1 2 3 4 5 6 7 8
0.945

0.95

0.955

0.96

0.965

0.97

0.975

0.98

0.985

Time (sec)

V
ge

n 
(p

.u
)

 

 

PI Control

Fuzzy Control

0 1 2 3 4 5 6 7 8
0.4

0.5

0.6

0.7

0.8

0.9

1

Time (sec)

V
in

v 
(p

.u
)

 

 

PI Control

Fuzzy Control

 



A. S. Zalat, R. A. Amer and G. A. Morsy, " FUZZY LOGIC CONTROL FOR A PERMANENT …" 

Engineering Research Journal, Menoufiya University, Vol. 39, No. 3, July 2016 
 

214 

0 1 2 3 4 5 6 7 8
1.05

1.055

1.06

1.065

1.07

1.075

Time (sec)

V
d
c 

(p
.u

.)

 

 

PI Control

Fuzzy Control

0 1 2 3 4 5 6 7 8
0.72

0.725

0.73

0.735

0.74

0.745

0.75

0.755

0.76

Time (sec)

A
ct

iv
e
 P

o
w

e
r 

g
e
n
e
ra

to
r 

(p
.u

.)

 

 

PI Control

Fuzzy Control

0 1 2 3 4 5 6 7 8
-0.015

-0.01

-0.005

0

0.005

0.01

0.015

Time (sec)

R
e
a
ct

iv
e
 P

o
w

e
r 

g
e
n
e
ra

to
r(

p
.u

.)

 

 

PI Control

Fuzzy Control

0 1 2 3 4 5 6 7 8
0.73

0.73

0.73

0.73

0.73

Time (sec)

A
ct

iv
e
 P

o
w

e
r 

in
ve

rt
e
r 

(p
.u

)

 

 

PI Control

Fuzzy Control

0 1 2 3 4 5 6 7 8

80.105

80.11

80.115

80.12

Time (sec)

G
e
n
e
ra

to
r 

S
p
e
e
d
 (

ra
d
/s

e
c)

 

 

PI Control

Fuzzy Control

0 1 2 3 4 5 6 7 8
38.45

38.5

38.55

38.6

38.65

38.7

Time (sec)

D
e
lta

 (
D

e
g
)

 

 

PI Control

Fuzzy Control

 
Figure (20) System transient response to a 3-phase short circuit for 100 ms 
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Figure (21) System transient response to a one line outage for 100 ms 

 
 

 

7. CONCLUSION 
 

In this paper, wind energy conversion system made 

with a permanent magnet generator (PMG) has been 

presented. This system is constituted of a PMG with 

the rotor connected directly to the turbine while the 

stator is connected to the grid through AC-DC-AC 

converters. The control of the stator side inverter is 

designed based on either conventional PI or fuzzy 

logic controller (FLC). The available MPPT 

algorithms for wind energy systems have been 

discussed and reviewed in this paper. The simulation 

results show that, FLC scheme is more effective for 

enhancing the stability of wind farms connected to 

grid during temporary and sudden network 

disturbances compared with that of a conventional PI 

controller. 
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Appendix A 

Specification of Wind Turbine 
A generic equation is used to model Cp(k,b) based on 

the modeling turbine characteristics as : 
1

6
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1
( )

c
x

pc c c c c c e  




     (A1) 

3

1 1 .035

.08 1   
 

 

 (A2) 

where, c1=0.5176, c2=116, c3=0.4, c4=5, c5=21, and 

c6=0.0068. 
 

Appendix B 

Parameters of Simulation Models 

Table (B.1) PMG configuration parameters 

PMG parameter Value 

Stator resistance (Rs) 0.0001 p.u. 

Stator direct inductance (Ld) 0.95 p.u. 

Stator quadrature inductance (Lq) 1.0 p.u. 

Permanent magnet flux (ϕm) 1.2 p.u. 

Inertia of the whole system (J) 0.0873 

Friction factor (F) 0 

Table (B.2) DC bus and grid parameters 

DC bus and grid parameters Value 

DC-Link voltage (Vdc) 0.0001 p.u. 

Capacitance of the DC link (Cdc) 1.0 p.u. 

Grid frequency (F) 1.0 p.u. 

Grid resistance (Rg) 0.01 p.u. 

Grid inductance (Xg) 0.12 p.u. 

 Table (B.3) Generator-side controller gains 

 Parameter Value 

q-axis Current 

Controller 

Kp 

Ki 

-0.04 

7.50 

d-axis Current 

Controller 

Kp 

Ki 

-0.04 

7.50 

Table (B.4) Grid-side controller gains 

 Parameter Value 

q-axis Current 

Controller 

Kp 

Ki 

0.015300 

0.000365 

d-axis Current 

Controller 

Kp 

Ki 

0.015300 

0.000365 

 

 


