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Abstract: The paper presents the advanced control system of the wind energy conversion
with a variable speed wind turbine. The considered system consists of a wind turbine
with the permanent magnet synchronous generator (PMSG), machine side converter
(MSCQ), grid side converter (GSC) and control circuits. The mathematical models of a wind
turbine system, the PMSG generator and converters have been described. The control
algorithms of the converter systems based on the methods of vector control have been
applied. In the advanced control system of the machine side converter the optimal MPPT
control method has been used. Additionally the pitch control scheme is included in order
to achieve the limitation of maximum power and to prevent mechanical damage of the
wind turbine. In the control system of the grid side converter the control of active and
reactive power has been applied with the application of Voltage Oriented Control (VOC).
The performance of the considered wind energy system has been studied by digital
simulation. The results of simulation studies confirmed the good effectiveness of the
considered wind turbine system and very good performance of the proposed methods of
vector control and control systems.

Key words: wind turbine, PMSG generator, MPPT control, pitch control, simulation
studies

1. Introduction

The applications of wind energy conversion systems (WECS) have increased significantly
in recent years. The increasing trend is to stimulate research in the field of energy conversion
in order to optimize the obtaining of the largest values of energy from wind turbines. The ap-
plied systems of wind turbines can be classified into fixed speed and variable speed turbines.
The variable speed turbine systems are now more often applied then the systems with fixed
speed. The main advantages of variable speed systems are: increasing the production of wind
energy, the ability to achieve maximum energy conversion efficiency and reduction of mecha-
nical stresses [1-4].



www.czasopisma.pan.pl P N www.journals.pan.pl

644 P. Gajewski, K. Pierkowski Arch. Elect. Eng.

Most of the main wind turbine manufacturers develop systems based on variable speed
wind turbines. The performance of the wind energy systems can be greatly enhanced with the
use of a full-capacity converter system [1-5]. With the use of these types of power converter
systems, the generator is fully decoupled from the grid and can operate in full speed range. In
these modern types of wind energy conversion systems the permanent magnet synchronous
generators (PMSG) have been widely used.

The PMSG generator can be constructed with a large number of poles and can be operated
as the direct-driven system without a gearbox. This results in a reduction of installation and
maintenance costs and provides an advantage over the other types of generators. Design, con-
struction and control of wind turbines with permanent magnet synchronous generators require
the knowledge of electromechanical and electromagnetic phenomena occurring in these sy-
stems.

In wind power systems with synchronous generators the power converters should be ap-
plied in order to convert the electrical energy produced by the generator. A typical wind power
system configuration has been presented in Figure 1. The figure shows the system of directly
driven or geared driven PMSG generator, which is connected to the AC grid via a full scale
back-to-back converter system. In the developed topology, the machine side converter (MSC)
can control the speed and the electromagnetic torque of the PMSG generator, while the grid
side converter (GSC) is responsible for keeping the constant voltage in the DC-link and for the
control of active and reactive power delivered to the AC grid.
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Fig. 1. The scheme of variable speed wind turbine system with direct-driven PMSG generator
and back-to-back converter system

In the paper the dynamic modelling of the variable speed wind turbine system with the
direct-driven PMSG and MPPT (Maximum Power Point Tracking) control is considered. In
the control algorithms with MPPT three basic methods described below have been deve-
loped [4].
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The first method of MPPT is based on the characteristics of turbine power versus wind
speed [6, 7]. According to the turbine power curve, the values of maximum power that can be
produced have been determined. The measurement of wind speed by using a wind speed
sensor is necessary in this control method. The signal of reference wind turbine power is sent
to the control system of the machine side converter and is compared with the signal of the
measured turbine power.

The second method of MPPT is related to the optimal control of PMSG torque [8, 9]. In
this method the maximum of generated turbine power can be achieved by controlling the
torque of PMSG. The aim of this method is obtaining of desired torque by measure of angular
generator speed. This speed is used to calculate the reference of the turbine torque. The coef-
ficient of optimal torque K, can be calculated according to the rated parameters of the PMSG
and wind turbine.

The third method of MPPT is related to the control of the optimal tip speed ratio control
[10, 14]. The maximum power of a wind turbine is achieved by maintaining the tip speed ratio
to the optimal reference value. The control method is based on the wind speed measurement.
The measured wind speed is used to obtain the reference optimal speed o, of PMSG. At opti-
mal wind speed, the maximum power of a wind turbine is produced. In the paper this control
method is considered in detail.

The aim of the paper is to analyse the converter system of the PMSG generator with
a wind turbine under varying wind speed in order to investigate the effectiveness of the wind
energy conversion systems. The paper is divided into 7 sections as follows: Section 1 intro-
duction, Section 2 and 3 are dedicated to the description of the mathematical model of wind
turbine and PMSG. Section 4 and 5 include description of the vector control system of the
machine-side converter and grid-side converter. The simulation results of considered WECS
are presented in Section 6. The Section 7 presents the research conclusions.

2. Wind turbine aerodynamic model

The analyzed model of a wind turbine is based on the conventional three-bladed horizontal
axis wind turbine. The total amount of mechanical power P, captured by the wind turbine and
wind turbine mechanical torque 7, can be expressed through the following relations
[7-9, 11, 12]:

R=2p A (1)
| pRA
T, ZETC”(X’B)V‘Z‘" 2

where: p is the air density, R is the radius of the turbine blade, 4 = nR” is the area swept by the
rotor blades, C, is the power coefficient of the wind turbine, B is the blade pitch angle (in deg),
v,, is the wind speed, A is the tip speed ratio, which is defined as:
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A= n 5 (3)

where ®,, is the angular speed of turbine rotor.
The value of the power coefficient C, is dependent on the tip speed ratio A and blade pitch
angle . The approximation equation of C, is as follows [7, 9, 11]:

Cp(h,[_’)):c{;zi—cﬂi—g}exp(—?j] , “

i
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2, - 1 _0.035 ) )
L+0.089 B3+1

where: ¢ to ¢s represent coefficients of wind turbine characteristic (¢;— 0.5, ¢;— 98, ¢;—0.4,
c4— 5, cs—16.5).

Figure 2a shows the power coefficient C, as a function of the tip speed ratio A and blade
pitch angle B. The mechanical power generated by the turbine as a function of the rotor
angular speed for different wind speeds is shown in Figure 2b. The optimum power curve Py
shows how maximum energy can be captured at various wind speeds. As it can be seen, for
each value of wind speed a maximum power point exists, where the maximum power is
produced by wind turbine.

Power Coefficient , Cp

Turbine Output Power, P, [kW]

1 B
Tip Speed RatioA Turbine speed [p.u]

Fig. 2. Characteristics of the wind turbine: a) C, curves as function of A and B, b) wind turbine power
curves as function of rotor angular speed at various wind speeds

3. Permanent magnet synchronous generator model

The mathematical model of PMSG is usually based on the following assumptions
[5,6,10,13]:

— electrical and magnetically symmetry,

— the magnetic flux is sinusoidally distributed along the air gap,
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— damping windings are not considered,

— the magnetic circuits are linear,

— saturation effect, eddy-currents and hysteresis losses are neglected.

A dynamic model of PMSG has been described in synchronous rotating reference frame,
where the d-axis is aligning with the direction of the rotor flux and the g-axis is 90° ahead. The
mathematical equations of PMSG in this reference frame can be described as follows:
[1,8,9,11, 14]:

VS iS lVS \V
d =—RS .d _p d +(De|: sq :|’ ©)
vsq lsq \Vsq - \Vsd
Ve =Lalsg =Vpy 0
\llsq = Lqisq : (®)

After substitution the equations (7, 8) to (6) and conversion the following form is obtained:

Rk Vsd

p| || Ee || “”{ 0 } ol ©)
g | | B g | [y Wen | | Ve
q Lq Lq

where: vy, V,, is the components of the stator voltage vector in the d and g axis; iy, iy, is the
components of the stator current vector in the d and g axis, R, is the stator resistance; Y, Yy,
is the direct and quadrature vector components of the stator flux linkages in the d and ¢ axis;
Ly L, is the direct and quadrature stator inductances; ypy, is the flux linkage established by the
permanent magnets; 7, is the number of pole pairs of PMSG; p = d/dt is the differential ope-
rator; ®,, ©,, is the electrical and mechanical angular speed of the PMSG rotor, defined as:

®, =7, ©,. (10)

The electromagnetic torque of the generator can be expressed as follows:

T 3

e Enp ’ [WPMisq_(Ld - Lq )isdl.sq ] . (1 1)

For a non-salient-pole machine the stator direct and quadrature inductances L, and L, are

approximately equal. In this case the equation of electromagnetic torque can be described in
the following form:

3 .
TEZEHPWPMZS(]' 12)

Equation (12) shows, that the generator torque can be controlled by the quadrature compo-
nent iy, of the stator current vector.
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The equation of mechanical motion of the wind turbine system is given as:
= d 13
T[—Te—J-a(om+Bf(om, (13)

where: J is the total moment of inertia, B, is the coefficient of viscous friction.

4. The model of control system of machine side converter

Figure 3 shows the block scheme of the MSC control system [1, 6, 14]. In the control
system the optimal control method with the MPPT algorithm has been applied. The MSC
control system is based on rotor flux field orientation control (FOC). The angular position 6,
of the rotor flux vector is obtained from the encoder or estimator. The control strategy is based
on enforcing the operation at the optimum values of the rotor speed w, at which the maxi-
mum of turbine power is obtained.

Machine Side
Converter (MSC)

Measured
wind speed

Decoupling

MPPT
— | control

t_rated

: Decoupling
| Block

Fig. 3. Control diagram of the Machine Side Converter

The control scheme of MSC consists of an outer control loop and two inner control loops
with PI controllers. The outer control loop regulates the generator speed and the inner control
loops regulate the stator current vector components to follow the reference values isq*, ig. In
order to obtain the maximum power from the wind, the turbine should operate at optimum
value A,y by controlling rotational generator speed to follow the optimum speed ®q, of wind
turbine rotation. According to the power characteristics of the wind turbine (Figure 2a) at any
values of wind speed the rotational speed of the turbine rotor ®,, should be regulated to the
value o, which is given as:
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The above equation presents the optimal speed of PMSG in order to obtain the optimal
value of tip speed ratio. At optimum wind turbine speed, the turbine is operated at the maxi-
mum value of the power coefficient C,nx and produces the maximum mechanical power. The
stator current reference i, is achieved by the operation of the MPPT control block on the ba-
sis of the measured mechanical turbine speed ,, and the wind speed v,,. The reference dg-axis
stator currents isd* and isq* are compared with the transformed and measured stator phase
currents iy and iy,. The both error signals are sent to two PI controllers. In order to obtain high
control performance the applications in the control system of special decoupled circuits are
necessary and have been applied. The resultant control signals are the dg-axis reference voltages
V,s and v,,” for the MSC. These reference voltages are then transformed to the o-B-system and
are sent to the block of SVPWM (Space Vector PWM modulation). The required switching
signals for the machine side converter are generated through the SVPWM block.

An aerodynamic control system has an important role in regulating the wind turbine me-
chanical power. The optimal pitch angle of blades for wind speeds below the rated value should
be approximately equal to zero. The pitch angle should be increased with the growing of wind
speed above rated wind speed. The pitch angle controller prevents the possibility of WECS
operation in states when the wind turbine mechanical power is greater than rated power.

The maximum value of wind turbine power Py, is specified at maximum value of Cpmax
and optimal value of the tip speed ratio Agy:

Rw
F ZLPAC —— | = Py = Ko (15)

tmax 2 p max kopt opt “opt >
where: K, is the coefficient of wind turbine.

This equations is used to calculate the mechanical turbine power P, in the estimator block.
The characteristic curve P,ypr of the wind turbine system has been shown in Figure 2b. From
this curve and equation (14) the reference speed of generator can be developed.

It is assumed that the pitch actuator is a hydraulic or electromechanical device that allows
rotating of the turbine blades. The pitch actuator is considered as first-order dynamic system
with amplitude and rate limitation. The considered scheme of the turbine blade pitch angle
controller is shown in Figure 4 [2, 12, 14].
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Fig. 4. Wind turbine pitch angle controller



www.czasopisma.pan.pl P N www.journals.pan.pl

650 P. Gajewski, K. Pierkowski Arch. Elect. Eng.

The pitch angle controller is active only when wind speed is above the rated wind speed.
When the wind speed is below the rated value, the pitch angle control system will track the
maximum power points. In this controller, the generated turbine power is compared with
reference value, which is equal to rated value. The PI controller sets the output value of the
pitch angle B. In the control system of the pitch controller presented in Figure 4, the upper
control loop is the basic part, and the lower part is used as correction part with proportional
gain K,,. To prevent the possibility of mechanical damage, when the turbine rotor speed is too
high, the blade pitch angle is changed in order to reduce the tip speed ratio A and power
coefficient C,,.

5. The model of control system of grid side converter

Figure 5 shows the block scheme of the GSC control system [2, 3, 15]. The main task of
the grid side converter (GSC) is to control the voltage in the DC link and the active and re-
active power delivered to the AC grid, respectively.

Grid Side
Converter (GSC)
L,R
~ &8 v
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g 2B 0 dq dq HH
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gd “gq gd "gq

Phase Locked Loop - block

Decoupling
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Fig. 5. Control diagram of the Grid Side Converter

The GSC control system is based on grid voltage vector orientation control (VOC). In the
VOC system the d-axis of the synchronous reference frame is aligned with the grid voltage
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vector. The angle position 6, of the grid voltage vector is obtained from the PLL (Phase-
Locked-Loop) block. The basic scheme of the PLL system is a feedback system with PI-re-
gulator tracking the phase angle [4]. The inputs of the PLL block are the 3-phase grid voltages
and the output is the angle 0, of the grid voltage vector.

The equations of grid side electrical circuits have the following form [1, 10]:

ng = Vg = Rgigd +Lg 'pigd - nggigq +ngd ’ (16)

Vg =0 =Ryl + Ly - Plgg + WgLglgq +Veey 17
where: Vg4 Vy, is the dg-axis components of the grid voltage vector in the grid voltage oriented
system, i, Ig, is the dg-axis components of the grid current vector, Ve, Vg, is the dg-axis
components of the voltage vector of the grid side converter, Ly, R, is the inductance and
resistance of the grid filter, o, is the angular frequency of the grid voltage.

The grid side converter controls active and reactive power delivered by the converter sy-
stem to the AC grid. The grid phase currents are measured and transformed into the dg-axis
currents, i,y and iy,. The control strategy of VOC for the grid side converter uses three control
loops with PI controllers.

The outer loop of voltage control is responsible for control of the DC link voltage of GSC.
The reference grid currents i,y and i, are compared with the measured and transformed grid
phase currents 7oy and i,,. The error signals are sent to two PI controllers. In order to obtain
good properties of the control system, the applications of special decoupled circuits are
necessary and have been applied in the control system. Thus the active and reactive power can
be controlled directly by i, and i, respectively. In the typical control systems the reactive
power reference is set to zero to perform the operation at unity power factor. The reference
voltages Vg,s and Vg, are then transformed to system a-B and are sent to the block of
SVPWM.

6. Simulation results

The model of a wind energy conversion system with the considered control systems has
been implemented in MATLAB/Simulink. The data and parameters of the wind turbine
system and PMSG system under the study are given in Tables 1 and 2.

Table. 1. Wind turbine parameters

Parameter Value
Rated power P, 5kW
Rotor radius R 2.8m
Power coefficient Cp,x 0.47
Air density p 1.225 kg/m®
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Table. 2. Permanent Magnet Synchronous Generators parameters

PMSG parameter Value
Rated power P, SkW
Rated frequency £, 36 Hz
Rated torgue 7, 200 Nm
Stator resistance Ry 1.5Q
Stator dg-axis inductance Ly, L, 14.04 mH
Stator rated phase current /, 15A
Number of pole pairs p, 8

The simulation results are presented in Figures 6-14. Figure 6 shows the considered wind
speed variation during the period of the 10 s simulation. The rated wind speed has been set as

equal to 10 m/s.

Vi [m/s]

Fig. 6. Waveforms of rated v,,,. and real wind speed v,,

Figure 7 shows the waveforms of optimal w,, and the measured , angular speed of
PMSG. As it can been seen, the waveform of the generator speed ®,, is accurately adjusted to

the waveform of the optimal speed wqp.
30

28
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Fig. 7. Waveforms of measured w,, and reference speed w,,, of PMSG

The waveforms of the tip speed ratio, blade pitch angle and power coefficient at various
wind speeds have been presented in Figures 8-9. The operation of the blade pitch control is
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presented in detail in Figure 8. When the system operates under the rated wind speed, the ob-
tained values of the coefficient C, and the tip speed ration A,y are maintained to its maximum
value (Cpmax = 0.47, Aoyt = 6.5) and the pitch angle B is equal to zero. However if the wind
speed reaches the rated value (v,, = 10 nv/s) the C, and A, are decreased due to the operation
of the pitch angle control.
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Fig. 8. Waveforms of tip speed ratio A and blade pitch angle B
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Fig. 9. Waveform of power coefficient of wind turbine C,

Figure 10 presents the time variation of mechanical power of the wind turbine. As it can be
seen, the maximum value of wind turbine power is maintained at a reference value and does
not exceed the maximum power.

The time variations of the mechanical torque 7, of the wind turbine and the electromag-
netic torque 7, of the PMSG generator are presented in Figure 11, respectively. In this case the
electromagnetic torque of PMSG responses accurately to the time changes of wind speed.

Figure 12 presents the responses of the stator current vector components i, is, caused by
the variation of wind speed. The component iy, of the stator current vector is kept at zero
values. The responses of component i,, of the stator current vector have virtually similar
waveforms as the variations of the wind speed.

The Figure 13 presents the waveform of the voltage v, in DC link. The instantaneous
values of voltage v, are quite constant at variations of wind speeds.
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Figure 14 shows the components iz, and i,, of the grid current vector. From Figure 14, it
can be seen, that the component iy, is maintained at zero value. It means that only the active
power generated by WECS is fully delivered to the AC grid, while the reactive power is equal
to zero.

Figure 15 presents the waveforms of the phase grid voltage and grid current. It can be
noticed, that the waveforms of grid phase current and phase voltage are in phase.
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Fig. 15. Waveforms of grid phase voltage v,, and current iy,

7. Conclusions

The paper presents the dynamic modeling and control structure approach of a wind turbine
system with variable speed direct-driven PMSG. The considered control algorithm is based on
the vector control to regulate the machine side converter and grid side converter. In this paper
two methods of vector control have been investigated: FOC for the MSC converter and VOC
for the GSC converter.

FOC allows to generate the maximum power of the wind turbine in order to obtain the
optimal operation at generation of the maximum turbine mechanical power. The simulation
results have shown, that C, should be kept at its maximum value despite the changes of wind
speed. Additionally the pitch control scheme is proposed to achieve limitation of the maxi-
mum turbine power and to the prevent mechanical damage of the wind turbine.

The VOC control of GSC enables to keep the DC link voltage to a reference value and to
adjust the active and reactive power delivered to the AC grid. Reactive power generated by the
wind turbine system is usually controlled to zero.
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The presented simulations confirmed that the considered WECS system shows a high
performance level. The systems with PMSG have many advantages: operation at high power
factor, high efficiency and high torque to current ratio. The simulation results show the good
properties of the control system for the wind turbine with the direct-driven PMSG generator.
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