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Abstract — With growing electrical energy demand, wind
power capacity has experienced tremendous surge in the
past decade, thanks to wind power environmental
benefits. Direct driven permanent magnet synchronous
generator (PMSG) with a full size back-to-back
converter set is one of the promising technologies
employed with wind power generation. Wind grid
integration brings the problems of voltage fluctuation
and harmonic pollution. In the present study, a filter is
placed between the wind system and the network to
reduce the total harmonic distortion (THD) and enhance
power quality during disturbances. The models of wind
turbine, PMSG, power electronic converters and the
filter are implemented in Matlab/Simulink environment.

Keywords — wind energy conversion system, PMSG,
PWM, THD, power quality, passive filter.

[. INTRODUCTION

Worldwide concern about environment has led to
increasing interest in technologies for generation of
renewable electrical energy. The ever-rising demand
for conventional energy sources has driven society
towards the need for research and development of
alternative energy sources. Several new forms of
renewable resources such as wind power generation
systems (WPGS) and photovoltaic systems (PV) to
supplement fossil fuels have been developed and
globally integrated. However, the photovoltaic
generation has low energy conversion efficiency and
is very costly compared to the wind power. In recent
years, wind energy has been regarded as one of the
most significant renewable energy sources. Wind
energy can be captured and transformed to electric
energy by using a wind turbine and an electric
generator [1].
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Many generators of research interests and for
practical use in wind generation are induction
machines with wound-rotor or cage type rotor.
Recently, the interest in permanent magnet
synchronous generators (PMSG) is becoming
significant. The desirable features of the PMSG are its
compact structure, high air-gap flux density, high
power density, high torque-to-inertia and high torque
capability. Moreover, compared with an induction
generator, a PMSG has the advantage of a higher
efficiency due to the absence of rotor losses and lower
no-load current below the rated speed, and its
decoupling control performance is much less sensitive
to the parameter variations of the generator.
Therefore, a high performance variable speed
generator including high efficiency and high
controllability is expected by using a PMSG for a
wind generator system [2].

Power quality has also been a growing concern in
recent years with many researches done in this area.
Harmonic emissions are recognized as a power
quality problem [3,4]. For this reason relevant
standards require the measurement of harmonics [5].
In this paper, the wind energy conversion system with
passive filter capable of reducing Total Harmonic
Distortion (THD) noticeably during disturbances is
modeled [6].

II. SYSTEM DESCRIPTION

The wind turbine with PMSG is connected to the
AC grid through two back-to-back full converters,
which consist of an uncontrolled diode rectifier, an
internal DC-Link modeled as a capacitor and a PWM
(Pulse Width Modulation) voltage-source inverter
(VSI) [7]. The filter is connected between the inverter
and the grid. The layout of the electrical part is
depicted in Fig. 1.
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Fig. 1 Structure of direct driven PMSG.

1. MODELING OF CONVERSION CHAIN
A. Modeling of wind turbine

The proposed model is based on the steady-state
aerodynamic power characteristics of the wind turbine.
The wind turbine analyzed is a classic three-bladed
horizontal-axis (main shaft) wind turbine design with the
corresponding pitch controller [1,8].

The output mechanical power available from a
variable speed wind turbine can be expressed in the
follow'ullg way [8]:

3

(1)
Pwt = Z—pSVW Cr B A

where P, is the wind power, p is the air density, S is
the effective rotor swept area, V,, is the wind speed,
C, is the power coefficient, f3 is the pitch angle, and A
is the tip-speed ratio given by (2) in which, w and R

are rotational speed and radius of the rotor
respectively [9].
wR
A= — 2
Vo (2)

In expression (1), C, depends on [ and A,
representing the aerodynamic characteristic of the
turbine. If A is kept constant, C, gets larger when 3
gets less. Similarly, given 3 constant, there is a value
of A making C, maximum [9]. The curve family of C,
versus 3 and A is illustrated in Fig. 2 where

Bo=0<B1<Bo<P3<Pa.
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Fig.2 Curve family of C, versus § and A.
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In terms of wind speed, the operation range of the
turbine can be divided into maximum power point
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tracking (MPPT) mode and nominal power mode.
When the wind speed is between cut-in and nominal
speeds, the turbine will operate in MPPT mode
requiring the power conversion coefficient to be the
maximum Cpue. As illustrated in Fig. 3 the pitch
angle and the tip-speed ratio should be B¢ and Aoy
respectively [9]. The optimal rotor speed at different
wind speeds can be calculated by:

wopt = }\optvoo (3)

When the wind speed exceeds nominal speed, the
turbine will operate in nominal power mode. In this
case, the pitch angle is regulated to control the wind
power captured by the turbine. Fig. 3 presents the
characteristic of the wind speed V.. Between V| and
Vg, it operates in nominal power mode, where
Vi<Vo<V3<Vy......... <V.
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Fig.3 Maximum power in function of rotor speed.

B. Gearbox model

The role of gearbox is to transform the mechanical
speed of the turbine to the generating speed, and the
aerodynamic torque to the gearbox torque according

to the following mathematical formulas:

Caer

G= c, (4)
Q

G = mec 5
Oear %)

The fundamental equation of dynamics permits to
determine the mechanical speed evolution from the
total mechanical torque applied to the rotor which is

the sum of all torques applied on the rotor [7]:

do
J—/™=Cc —C -C (6)
dt g em

Qur: Mechanical speed of the turbine

Qyec: Generator speed

Ceer: Torque applied on the shaft of turbine

C,: Torque applied on the shaft of the generator
Cen: Electromagnetic torque

Cr. Resistant torque due to frictions

Cf = _fﬂmec (7)

J: total inertia brought back on the generator shaft,
containing inertia of the turbine, the generator, the
two shafts, and the gearbox.
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f: the total friction coefficient of the mechanical
coupling.

C. Modeling of PMSG

In order to get a dynamical model for the electrical
generator that easily allows us to define the generator
control system, the equations of the generator are
projected on a reference coordinate system rotating
synchronously with the magnet flux in Fig. 4.

q

e

Fig. 4 Park model for PMSG.

In the synchronous machines with sinusoidal
distribution of conductors, flux Qs and Q, are linear
functions of currents iy and i, situated on the rotor
[10]. And they are given by the equations:

@d = Laia + @y )
) 8

{(Pq = Lqiq

where:

Ly: stator inductance in d-axis

L,: stator inductance in g-axis

L, and Ly are supposed independent of 6 (angle of
Park transformation)

@r: magnet flux

The wind turbine driven PMSG can be represented
in the rotor reference frame as [10]:

d
V =—RI —L I +wL I
d s d e

d d qq
t
€ d 9
Vq = —Rqu — Lth Iq — wLadla + wWQs
The ?ectromagnetic torque is expressed by:
C
em = 5P (Pdiq — Paia) (10)

After affectation of the expressions of @4 and @q.
The expression of the electromagnetic torque becomes
[10]:

3

Cem = 2_p[(Lq — Ld)idiq + lq(pf] (11)
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D. Output voltage control of grid-side inverter

The schematic diagram of the converter is shown in
Fig. 5[11]:
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Fig. 5 Schematic diagram of the converter.

The power conditioning system (PCS) used for
connecting renewable energy sources to the
distribution utility grid requires the generation of high
electric power quality. The proposed system includes
a wind turbine (WT), a permanent magnet
synchronous generator, a three-phase diode rectifier
bridge, a DC bus with a capacitor and a current
regulated PWM voltage source inverter. A three-
phase uncontrolled full-wave rectifier bridge for
performing the AC-DC conversion is a device which
has the benefit of being simple, robust, cheap and
needs no control system. A three-phase DC-AC
voltage source inverter using IGBTs is employed for
connecting to the grid through sinusoidal PWM
techniques. As the high frequency harmonics

produced by the inverter as result of the PWM control
techniques employed are filtered by the filter, the VSI
can be seen as an ideal sinusoidal voltage source.
Since the wind power fluctuates with wind velocity,
the generator output voltage and frequency vary
continuously. The varying AC voltage is rectified into
DC using a diode bridge and the DC-link voltage is
then filtered to obtain constant voltage and the DC
voltage is inverted to get the desired AC voltage
employing a PWM inverter [1].

The output voltage of three-phase PWM inverter
can be determined from the following space vectors:

= line to line voltage vector [V, Ve Vedf'

Vab 1 -1 0 a
[Vbe]=Vac[0 1 —1][b]
Ve -1 0 1 c

Where switching variable vector is [a b ¢/’

= line to neutral (phase) voltage vector
[ Van Vbn VCVL] '

Van 4 2 —1 —1 a
[Vbn] = 3—Vdc [—1 2 —1] [b]
o -1 -1 2 ¢
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A LC filter has been used to eliminate the
harmonics caused by switching of the IGBTs.
Regarding the input and output of the system, the
inverter circuit equations are expressed in differential
forms as:

dave -
Cdﬂt = linv — lcd (12)
T —
L inv — Vi - Vc (13)
dt
Vca Va ia iGa
Ve= [Vcb] ,-Vi = [Vb],_iinv = [lb] ,-iGrid = [iGb]
Vcc Vc ic iGc

where Ve, Vi, Viny and ica are the capacitor voltage,
inverter output voltage, inverter output current and
grid current vectors, respectively. L and C are the
filter inductance and capacitance, respectively [12].

Expressing (12) and (13) in a synchronously
rotating reference frame, the d-q axis equations are

given by:
1 1
Vieq = (qu — WVcd — Equ (14)
1 1
Vid = (—:id + WVeq — (—:iGd (15)
1 1
1'q= va— wid — i Vea (16)
o1 .1
1d = Vd + 0lg — ~Ved a7

where veq and v, are the capacitor d-q voltage, v; and
vq are the inverter output d-q voltages, iy and i, are the
inverter d-q currents, iy and ig, are the grid d-q
currents, and w is the angular frequency of the output
voltage [12].

Assuming that the input power in the DC link
supplies instantaneously the grid power required, then
the power balance between the filter input and output
terminals can be achieved as:

3
VI =E(chlG +V 1)

dc dc q cd Gd (18)

where Vg and 4 are the DC link voltage and current.

For the balanced three-phase source voltage
system, V.s = 0 can be set arbitrarily. The voltage
terms due to the coordinate transformation such as
wLig, wLiy, wCVeq, and wCV,, can compensated in
feed forward-fashion, so that these terms can be
excluded from the differential equation (9).

Then, from (14), the g-axis grid current can be
expressed as:

qu = iq —_— Cch (19)
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Substituting (19) into (18):
_ 2Vaclag 4 (20)
4 3CVa C

Thus, from (16) and (20) a nonlinear system model
can be expressed as:

1

. F —Vq 1 v
1= 2vh T+1d 1)
cq I__ _dc dc+iJ 0
L 3CVq C

If the nonlinear system in (21) is expressed in a
general form of (22)

x" = f(x) + g(x)u (22)
Then:
F 1
X1 — L% } u
Lo =] ZValie 3+l (23)
L~ 3cx * Ele 0

where, the state variables are x; = iy and x» = V,, and
the control input is u=Vj.

IV. RESULTS AND DISCUSSION

In this section the simulated results in the
Matlab/Simulink environment for the grid connection
of three-phase harmonic filter described above are
presented. The simulation results are considered to
investigate the impact of harmonic filter on power
grid connected with wind energy system. The wind
speed is taken at 9 m/s. The inductance and
capacitance of the filter are 1=800.10° H and
C=400.10° F respectively.

A. Transient evolution of PMSG

Fig. 6 and Fig. 7 show the tip-speed ratio and
power coefficient of wind turbine.

Tip Speed ratio

0 0.05 01 015 02 025 03 035 04 045 05
Time (s)

Fig. 6 Tip-speed ratio A.
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Fig. 7 Power coefficient Cp of wind turbine.

It is obvious from these Fig. 6 and Fig. 7 that A and
C, are almost constant for the simulating period
except for the jump start time at 0 s, while Fig. 8
shows the electromagnetic torque of PMSG.
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Fig. 8 Electromagnetic torque of PMSG in N.m.

Fig. 9 shows the PMSG speed. The output voltage
and current of PMSG at Phase (A) are presented in
Fig. 10 and Fig. 11.
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Fig. 9 Measured speed of PMSG in rad/s.
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Fig. 11 PMSG output current Phase (A).
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Fig. 12 depicts that the DC-link voltage with a
constant value is equal to 430V.
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Fig. 12 DC-Link voltage in volts.

B. Before filtering

Fig. 13 and Fig. 14 illustrate the inverter output

voltage and current in Phase (A) before harmonic
filter.

8 &

Inverter Output Current Phase A (A)
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Time (s)
Fig. 13 Inverter output current Phase (A).

300

.
1
o I U
i g 1 1
ii i H | i||‘|| ______ (L

Inverter Output Voltage Phase A (V)

&
S

Time (s)

Fig. 14 Inverter output voltage Phase (A).

The FFT tool of powergui is used to display the
harmonic spectrum of voltage waveforms before and
after harmonic filter. Fast Fourier Transform (FFT)
analysis of voltage is shown in Fig. 15. Harmonics are
quantified in percentage of the fundamental
component.

Fundamental (50Hz) = 171.8, THD= €1,53%
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Fig. 15 Harmonic Spectrum before filtering.
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C. After filtering

After harmonic filtering, the grid voltage and
current at Phase (A) are depicted in Fig. 16 and Fig.
17. Fig. 18 shows the corresponding harmonic
spectrum obtained by FFT.
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Fig. 16 Grid current Phase (A).
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Fig. 18 Harmonic Spectrum after filtering.

It is observed that the THD voltage is equal to
91.53% before filtering (Fig. 15). It is reduced to
2.22% after filtering (Fig. 18) which is less than the
5% limit imposed by IEEE-519 standard [5]. This is
because the LC filter has been used to eliminate the
harmonics pollution, which diminishes the total
harmonic distortion and enhances the power quality
distributed to the grid connection.

V. CONCLUSION

Modeling and simulation results of a grid-
connected PMSG based on wind turbine system are
analyzed and presented in this paper using
Matlab/Simulink tool. Results show that turbine tip-
speed ratio and power coefficient can be controlled at
a constant value for different wind speeds. The output
of the PMSG is converted to constant DC voltage.
Detailed modeling and control strategy of a DC/AC
converter connected to utility grid have been
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proposed. A three-phase inverter model was
developed with a passive filter to eliminate inverter
output harmonics. The proposed PWM inverter model
enables substantial reduction of the harmonics while
using polarized capacitors. The total harmonic content
presents in the grid voltage and current is also reduced
to a reasonable value.

The results have clearly demonstrated the ability of
harmonic filter to decrease transients and harmonic
distortion in power system. It has been concluded that
with the inclusion of harmonic filter, THD runs down
noticeably and hence power quality improves
significantly.
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