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ABSTRACT : This paper describes the operation and control of one of these variable-speed wind generators :
the direct driven permanent magnet synchronous generator (PMSG). This generator is connected to the grid by
means of an IGBT rectifier, a DC bus, an IGBT inverter and a filter. The modelling of the converters is made by
using the concept of instantaneous average value. We have used an aleatory profile of wind speed in order to
illustrate the different controls realized, especially with maximum power point tracking algorithm (MPPT) and
Pitch control at wind turbine level. To control the voltage of the continuous bus and the exchanges of active and
reactive powers, we have used proportional integral correctors. The simulation results under Matlab\Simulink
obtained and commented in order to validate the control strategy adopted.
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1. INTRODUCTION

In recent years, the production of electricity from
renewable energy sources like wind energy increases
due to environmental problems and the shortage of
traditional energy sources in the near future [1].

Because of the rapid development of power electronic
devices and thus decreasing equipment costs, the
variable speed wind turbine concept with full-scale
frequency converter has an increasing market share.
The most common generators used in this topology,
the doubly fed induction generators (DFIGs) and
permanent magnet synchronous generators (PMSGs),
allow the extraction of maximum power from a large
wind speed interval. [3].

the control of a variable-speed permanent-magnet
generator with a diode-rectifier followed by a dc
chopper is shown. With this configuration the control
of the generator power factor is not possible, which in
turn, affects generator efficiency. Also, high
harmonic distortion currents are obtained in the
generator that reduce efficiency and produce torque
oscillations.

This paper describes the modelling and control
system of a direct-drive variable-speed permanent-
magnet generator with an IGBT-rectifier, connected
to the grid. The presented topology is subjected to a
number of control schemes : Pitch angle control for
limiting the output power above rated values, MPPT
(Maximum Power Point Tracking) control for
extracting of the maximum power and grid side
inverter control for active, reactive power flow
control, and constant DC bus control.

The proposed global model can easily be simulated
with the help a software like Matlab- SIMULINK.

Simulations are carried out by considering a 750 kW
wind generator.
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I. MODEL REQUIREMENTS

The variable speed wind turbine, including the
mechanical components, the direct drive permanent
magnet synchronous generator and so on, is a
complex electromechanical system.

A. AERODYNAMIC MODEL
The aerodynamic power at the rotor of the turbine is

given by the following equation :

P _1 paRIvC (A
2 ' -Eq. 1

where p (kg.m-3) is the air density, Rt (m) is the
turbine radius, v (m.s-1) is the wind speed and
Cp(4,p) is the power coefficient which represents the
aerodynamic efficiency of the turbine and also
depends on speed ratio A and the pitch anglef. The
speed ratio 4, is given by :

. RO
A=
V. -Eq.2
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Q t is the mechanical turbine speed (rad/s). The
mechanical torque produced by the turbine is
expressed as follows [4] :

C, :% p AR v C(Ap)

Eq.3
Cm(4,p) is the torque coefficient :
oA
(4, )= el 2
- -Eq.4

For different values of S, the Cp(4,f) curves are
shown in Fig.2
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Fig. 2. Power coefficient characteristic versus speed
ratio A and pitch angle S

We note the existence of the maximal value of power
coefficient Cpmax corresponding to the optimal value
of the speed ratio Aoptimal for each value of pitch
angle B. The maximum value of Cp, that is
Cpmax=0.44, is achieved for =-2° and for A=5. This
particular value Aopt results in the point of optimal
efficiency where the maximum power is captured
from wind by the wind turbine.

B. MECHANICAL DRIVE TRAIN

In a comparative study of wind turbine generator
system using different drive train models. The
evolution of the mechanical speed of the synchronous
generator can be easily determined using the dynamic
equation. The simplified model of this equation is
given by:

J ﬂ =C -C, -f-C,

al -Eq.5

where JT (kg.m2) is the total inertia which appears on
the shaft of the generator, Qt(rad/s) is the turbine
speed, Ct(N.m) is the mechanical torque, Cem (N.m)
is the electromagnetic torque, Cs (N.m) is the dry
friction torque and f (N.m.s.rad-1) is a viscous
friction coefficient.

C. PITCH ANGLE CONTROL
The pitch angle control system is primarily used to
limit the aerodynamic power above rated wind speed
in order to keep the turbines’ speed constant without
over speed in Figure. The inertia of the MW-level
wind turbines’ blades turned by the drive is large and
the pitch actuator angle cannot change immediately,
but only at a finite rate. The maximum rate of change
of the pitch angle is in the order from 3 to 10 degree
per second, depending on the size of the wind turbine.
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Fig 3 Optimal rotor speed versus power characteristic

For variable-speed wind turbines, a mechanical
actuator is usually employed to change the pitch
angle of the blades in order to reduce power
coefficient Cp and maintain the power at its rated
value. This speed actuator is an actuator proportional
presenting a not — linearity. The torque has been
supposed proportional to rotational speed of the
turbine by linearization of the model to order 1 [4-5].
The control strategy implemented is as follows :

[, =p==1 for 0=03 =43}

] »

| By = M -a)+4 for =0,

. AL ~Eq. 6

with BO (°) is the initial pitch angle (optimal value)
and Qtn (rad/s) is the Nominal mechanical turbine
speed. After, to take into account the orientation
system of the blades which can be of type hydraulic
or electric, we introduce a transfer function of the
first order. The purpose of this system is to control
the position of the blades according to a reference.

p=—"

1+r,s

-Eq.7
s is the Laplace operator and tb is the time-constant
of the orientation system of the blades. Below Figure
shows the block diagram of the Pitch angle control
system implanted in the simulation software Matlab-
Simulink.

Fig:4 Scheme of the implemented pitch control
method

D. PERMANENT-MAGNETIC
SYNCHRONOUS GENERATOR
(PMSG)

i.  MODELLING
The model generally used of the PMSG is the Park
model. By considering only the fundamental
harmonic of the flux distribution in the air-gap of the
machine and by neglecting the homopolar
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component, the theory of the space vector gives the
dynamic equations of the stator currents as follows :

i 1
‘ dr L (v

i, 1
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-Eq. 8
where Rs is the phase resistance of the stator winding
(Q), Ls is the stator cyclic inductance (H), ®a is the
flux of the permanent magnetic (Wb), vsd and vsq are
the d-q components of the stator voltages respectively
(V), isd and isq are the d-q components of the stator
currents respectively (A), and p is the number of pairs
of poles. The electromagnetic torque is given by :

C..=prdi, Eq.9

ii. CONTROL

In a variable-speed wind turbine, maximum power is
a cubic function of rotational speed. To maximize
efficiency, losses for a given load must be minimized.
A stator g-axis current component is used to develop
generator torque, but a freedom degree remains to set
direct current. A direct-axis current component can be
set at zero to minimize current for a given torque, and
therefore, minimize resistive losses Thus, the
generator torque may be controlled directly by the
quadrature current component. Figure shows the
schematic diagram of the control loops of the
permanent-magnet generator-side converter. The
required d—q components of the rectifier voltage
vector are derived from two proportional plus integral
(PI) current controllers: one of them controlling the d-
axis component of the current and the other one the g-
axis component. Compensation terms are added to
improve the dynamic response. The control requires
the measurement of the stator currents, dc voltage,
and rotor position. Pulse Width Modulation (PWM)
is used to generate the switching signals for the
power converter semiconductors.

e CONTROL STRATEGY 1I:
The first method for an operating at maximum power,
aims at improving the aerodynamic output of the
turbine in order to extract the wind power maximum.
This power is extracted when the turbine operates at
maximum power coefficient.

Equation 1 gives the expression of the maximum
power obtained using the strategy MPPT (Maximum
Power Point Tracking), which permit to adjust
automatically the ratio speed at its optimum value
Aopt, in order to obtain the maximum power
coefficient Cpmax (Fig. 2). This equation shows the
relationship between turbine power and turbine speed
at maximum power. When regulating the system
under the specification of maximum power, it must
be taken into account that turbine power must never
be higher than generator rated power. Once generator

rated power is reached at rated wind speed, output
power must be limited.

o TR, : C, ; .
Prper = EYIN =AY =KLV pgm
247
s
P, )
o= MPFT _ f )’ Eq 11
e Ao !

e CONTROL STRATEGY 2:
The second method for a nominal operating of the
wind generator, is used to maintain the generator
power at its rated value in the case of high winds.
This operating mode is obtained with the pitch angle
control. The control structure of the wind generator is
given in Fig. 5.

E. MODELING OF
CONVERTERS

The power converter consists of two back-to-back
insulated gate bipolar transistors (IGBTs) bridges; the
one connected to the generator works as a pulse
rectifier; the other one, connected to the grid.The
modeling of the converters is made by using the
concept of instantaneous average value. Indeed, this
type of modeling is interesting since it adapts well to
a numerical integration so it iS not necessary to
choose a step of integration lower than the period of
operation of the converters.

POWER

Wmed fuprbime

Recmflor DO bas

Moreover, it makes it possible to simulate the total
dynamic behaviour of the system.Thus, in the model
of Park, the modulated tensions (AC side) by the two
converters are connected to the the DC bus voltage
udc by :
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voltages of rectifier and inverter. vod and voq are the
Park components of the modulated voltages at the
output of inverter. By neglecting the losses in the
converters, the equality of the average power DC side
with the active power AC side for each converter
gives :

ird and irq are the Park components of the modulated
currents at the output of inverter.

F. CONTROL OF THE POWERS
EXCHANGED WITH THE AC GRID
The provided energy by the PMSG-based variable-
speed wind turbine and transmitted on DC current is
applied to an inverter which makes it possible to
control the continuous voltage and the active and
reactive powers exchanged with the grid
characterized by a voltage vr and frequency f = 50 Hz
. An inductive filter has been designed to limit
harmonic current injection into the grid. The dynamic
model of the grid connection when selecting a
reference frame rotating synchronously with the grid
voltage space vector is:

|1 o =V =R, =L 'rll—- e i
’ pr bl g

e
T —_n"_.'\-.l_.-I

LUl R & .
I et -Eq. 14

where L and R are respectively the grid inductance
and resistance, and ™ is the grid frequency. The
active and reactive powers delivered to grid can be
expressed as :

+1

iy t g

11} :1'”";”', _1..lt|'jl'l:‘ _Eq 15

nd
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Because the d-axis of the reference frame is oriented
along the grid voltage, the grid voltage vector is :

1 - ='l.,1”III —|—_I;F (_:' -Eq16

Thus, the active and reactive powers can be expressed
as:

F ;
l"rr =V ¥

l{_"’r = _FI'I.--r."jlv_r_Eq‘ 17

Active and reactive power control can be achieved by
controlling direct and quadrature current components,
respectively. The control of this converter (inverter)
is quite similar to that of the generator. Two control
loops are used to control the active and reactive
power, respectively.

G. DC BUS MODELING AND CONTROL
From First Figure, the evolution of the DC voltage
can be deduced :

it ;. 1

elf C Eq. 18

Classically, the active power reference value is
determined by the continuous voltage controller. This
power reference depends in fact on the active power
consumed or generated by the wind generator which
can be estimated from as follows :

ry _ .
In- —ref T !fr."-:'—n:'_.f' 'r,l - Eq 19

udc-ref is the DC voltage reference value. Fig 6
shows the continuous voltage control and the ce value
determination taking into account above. The DC
voltage control compensates the Converter losses
which are neglected in above.

I ".-5( -} ':.'-

Fig:6 DC voltage control and active power
reference value generation

An outer dc voltage control loop is used to set the d-
axis current reference for active power control. This
assures that all the power coming from the rectifier is
instantaneously transferred to the grid by the inverter.
The second channel controls the reactive power by
setting a g-axis current reference to a current control
loop similar to the previous one. We impose zero
reactive power as reference (Qr-ref = 0) in the system
control, to ensure unitary power factor operation. The
current controllers will provide a voltage reference
for the inverter that is compensated by adding
compensation terms. All controllers are PI.

The control scheme of inverter is presented in below

Figure:7
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Fig 7 Control scheme of inverter
H. SIMULATION PROCESS AND
RESULTS:
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In this section, to show the principle of power control
of PMSG-based variable-speed wind turbine
connected to the grid, it is controlled in order to
capture the maximum wind energy and its behavior
subjected to a variable speed wind will be illustrated
using numerical simulations carried under the Matlab
- SIMULINK. The wind speed varies according to the
profile in below Figure.

We will show the PMSG speed Nt (rpm), the pitch
angles fref and S, the power coefficient Cp, the
electromagnetic torques Cem-ref and Cem, the wind
power Pw, the DC bus voltage udc, the active powers
Pr and Pr-ref, the reactive powers Qr and Qr-ref, and
the grid currents irabc
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The wind generator is controlled in order to capture
the maximum wind energy. When rotational speed is
low than the nominal value (25 rpm) (Fig 9), the
conversion system operate under MPPT control. But
when the wind speed exceeds the nominal value, the
Pitch angle increases to reduce the turbine torque (Fig
10) and the power coefficient decreases (Fig 11). with
keeping constants rotational speed and power
generated. Fig 10 shows also that the Pitch angle
follows well its reference. Consequently, we prove
the efficiency of the implanted actuator.

It is easy to check that the PMSG speed (Fig 9), the
electromagnetic torque (Fig 12) and the wind power
(Fig 13) are deeply correlated with the wind speed.
The wind power is optimized with MPPT strategy
and keeps at his nominal value when the turbine
speed exceeds the nominal value (Fig 13). The DC
bus voltage is represented in Fig 14 which
demonstrates that this voltage is perfectly constant
equal to 1500 V and thus proves the effectiveness of
the established regulators. The Fig 15 shows the
active power of grid which is substantially equal,
except for the losses, to the generated power by wind
source. The reactive power reference value is
maintained equal to zero (Fig 16). Then, we operate
with unitary power factor. The injected currents to the
grid are represented in Fig 17 and 18. It is easy to
prove that they are three sinusoidal currents with
constant frequency equal to 50 Hz, and variable
amplitude according to the wind speed variation.

CONCLUSION

The main focus of this paper has been the study and
control of a direct-driven PMSG used in variable
speed wind-energy system connected to the grid. This
wind system was modelled using d-q rotor reference
frame and is interfaced with the power system
through an inverter and a filter modeled in the power
system reference frame. The control strategy
developed insured power optimization with
conventional MPPT strategy and limitation over the
rated turbine speed by Pitch angle control. The
inverter control allowed, through grid current
regulation, to achieve a decoupled active and reactive
power control for operate with unitary power factor.

The proposed global model was simulated with the
help a software like Matlab-Simulink. The simulation
results showed the effectiveness of the control
strategy adopted.

APPENDIX

WIND TURBINE

_Radius: Re =24 m

Number of blades : 3

Nominal rotational speed : Ntn = 25 rpm
Aoptimal = 5

Cpmax = 0.44

Density of air : p = 1.22 kg.m-3

Dry friction torque : Cs = 953 Nm

Viscous friction coefficient : f= 0 N.m.s.rad-1
Total inertia of the mechanical transmission :
JT =105 kg.m2

PMSG

Nominal power : Pn =750 kW Nominal speed of the
turbine : N = 25 rpm Stator resistance : Rs = 0.01Q
Self-inductance : Ls = 7.79 mH Permanent magnetic
flux : @a =7.3509 Nm/A Number of pole pairs : p =
42

DC bus and filter

DC bus voltage : udc = 1500 V

Equivalent capacitance: C = 10 mF

Filter resistance : R = 0.01Q

Filter inductance : L =1 mH
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