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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.

Ao S A8 )~ L5 AU g 8 andiuall el Apudalinall 53 al sal aialy I (Slaall 5 23 sail) Canll 138 38
A shaiall ol Al 520 @I 5 Ly S (s 5 55 5 g il Ay Jaaial) A sall Jiail (MATLAB) sSlaall ol aladiuy o3 g
e (e oSle s Algall A (e USle Ganali (Al A gl) 4S8l A gall Jiea 5l (ST gall (g0 (o gana a2l s JSS
Ll laSlall aladiuly Gl gall 8 2Saill Yl a5 cpnslall cp aSaill Juadl et s Jay ) (i€ (Slaaie 4030
(nall slaiall aladiuly aSad Clas 5 avaaal a3 GAS 5 Aalide ) ) vie @l e Jgeand) K55 3l 4Ll
C):&A\ ‘;..!L.ubﬂ il plaaiuly ?S;:d\ Ol slSlal) C_aLL ey el il Gl o 31;3 (Fuzzy Logic)
gl Sl ae A0 jlie 2Lyl Ao 5 5 iall 5 48 all iyl ylazall IOA A shaiall elol (pail Adled LAST 5
dad e 8 Aol Apudlinall 53 o gall 8 Sl Gaef agd adii Al all oda oy Jsdl) Sy 5 Apauliil) ALl

) il 8 ) A8 3 ) sall aladiind Juadl e J sasl)

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 I1Gs 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 s 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 g-
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 dgO 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 dg-axes equivalent circuits of a PMG
are shown in figure (2) [13].

C-axis a’

Figure (1) Cross-section view of the PMG

The voltages and torque functions of the PMG in
the d-g-axes reference frame can be expressed as
follows:

Ids

v, =R_i +L, ot —a)eLqiqs @
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where,
Vgs and Vg stator d-g axes voltages.
igs and iqs stator d-g axes currents.
R, stator resistance.
Ly and L4 d-g axes inductances.
we electrical angular speed of the generator.
¢_ permanent magnetic flux.

Te electromagnetic torque.
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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:

P.= Pg —Pret )

Voe = 2 [Fedt ®)
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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 P4 and
P.et, 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].
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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.

Te =A *1s *sin(o) ©6)

s{abe)

——=3| COVIROLSYSTEM
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Power converter
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&
Figure (5) PMG operation
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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, igs, and igs:

. di .
Vg =Rsigs Ly distis—cqanlqs ()

. di .
Vqs:Rslqs+|—s d?s+a)eLs|dS+ak¢m (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:

; 9
V=ng+j0 ©)

The expressions of the active and reactive power
can be expressed as [17]:

Py =(vdgidg) (10)
Qq Z_(Vdgiqg) (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]:

di

: d | s 12

Vs =Vig ~TgaRo ~Lg 4 +lga@yLg (12)
. dig, - 13

Vg :Viq_'qug_Lngq“gda’ng (13)

where, Ly and Ry are the grid inductance and
resistance, respectively. viq 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 pnmax IS @ cubic function of the
generator speed [19]:

_PRC pma® (14)
max Zﬂopts opt “opt

where, Koy 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. iy = O current control strategy is
commonly used for the vector control for the PMG
due to the simplicity and effectiveness.

Te =dnigs (15)

Permanent magnet flux is constant. Therefore, the
PMG can obtain the optimum torque by giving the
optimum ig. 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
igs IS given.

Py
P

Vi V>V,

ey

Y>>V,

Wy s € 6

{ i ]
(b)
Figure (8) Wind turbine characteristics
(a) Power versus rotor speed.
(b) Torque versus rotor speed.

4.2 Estimation of Tug

Tiss Can be procured based on the theory of
dichotomy according to the characteristics of the
PMG.
The loss torque can be divided as:

Tioss =T +T +T (16)

The iron loss mainly varies along with the
generator speed, so the iron loss torque Tigss e, 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 Tiess m and the stray
loss torque Tess s Can be regarded as constant values.
Therefore, the loss torque T basically remains
constant in operation.

Figure (9) shows the flow chart of the Ty
estimation algorithm.

loss _fe loss _m loss _s

T,=T,
|

Figure (9) Flow chart of T,y 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(wm) curve in the direction of increasing P, 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).
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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:

dPo _o (17)
dw,

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 Py(Xy,) slope and small
amplitude is selected when power is close to MPP as
shown as figure (11) [20- 22].
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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.
- +11;
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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).
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Figure (15) Power signal feedback control of wind
energy conversion system
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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 wvalues 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 wusing continuous universe of
discourse.
4. Implication using sugeno’s ‘min’ operator.

/—_———_—-

Rules \
l Base
|

X .
X Fuzifier DeFuzzifier
2

Y

|

|

==
!

-~ o Em e s o owm

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.

Degree of membership

Degree of membership

-0.1 4] 0.1 dle)

(b)
Figure (18) Input membership functions of FLC
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Table (1) Rules of FLC
Error(e)
N ZE P

5 =
2| N | zE [ N[ zE
5§ |l 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 g-axis and d-axis grid
current components respectively. The d-axis grid
current is controlled to be zero for unity power factor
and the g-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 Pl 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 Pl
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 Pl controllers.

The simulation results are obtained when using
this control strategy under different disturbances.
Also, the design FLCs instead of Pl 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
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Figure (20) System transient response to a 3-phase short circuit for 100 ms
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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 Pl 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 Pl
controller.
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Appendix A

Specification of Wind Turbine
A generic equation is used to model Cy(k,b) based on
the modeling turbine characteristics as :

1 < 6l
€ =G, - —cif-c,f-ce v (A

1 1 .035 (A2)

a A+.088 1+p°

where, ¢,=0.5176, ¢,=116, c;=0.4, c,=5, ¢s=21, and
c¢=0.0068.

Appendix B

Parameters of Simulation Models
Table (B.1) PMG configuration parameters

PMG parameter Value
Stator resistance (Ry) 0.0001 p.u.
Stator direct inductance (L) 0.95 p.u.
Stator quadrature inductance (L) 1.0 p.u.
Permanent magnet flux (¢p,) 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 (V) 0.0001 p.u.
Capacitance of the DC link (Cqc) 1.0 p.u.
Grid frequency (F) 1.0 p.u.
Grid resistance (Rﬂ.) 0.01 p.u.
Grid inductance (Xg) 0.12 p.u.

Table (B.3) Generator-side controller gains

Parameter Value
g-axis Current Kp -0.04
Controller K; 7.50
d-axis Current Kp -0.04
Controller K; 7.50
Table (B.4) Grid-side controller gains
Parameter Value
g-axis Current Ko 0.015300
Controller K; 0.000365
d-axis Current Kp 0.015300
Controller K; 0.000365
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