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Abstract. This paper develops the model and the optimal power control strategy of maximizing wind energy
tracking for Variable Speed Wind Energy Conversion System (VS-WECS) based Permanent Magnet Synchronous Generator (PMSG) and interconnected to the electric network. The VS-WECS model includes a
Wind Turbine (WT), a PMSG, PWM rectifier in generator-side, intermediate DC circuit and PWM inverter
in grid-side. Model of the proposed system in d-q axes reference frame is elaborated. The proposed strategy
is based on a Vector Control (VC) approach for control of both PMSG and grid- side inverter of VS-WECS.
The PMSG side rectifier control is used to keep the generator rotor velocity at an optimal value obtained
from the Maximum Power Point Tracking (MPPT) algorithm to maximize the generated power from Wind
Turbine Generator (WTG) under low, medium or high wind velocity mode. The grid-side inverter injects the
generated power into the AC network, regulates DC-link voltage and it is used to achieve unity power factor.
So, the proposed VC strategy is capable to fully decouple the quadrature (q) and direct (d) components of the
currents. Moreover, a pitch control scheme is proposed to prevent wind turbine damage from excessive wind
speed and to achieve power limitation. The performance of the proposed VC is evaluated with MATLAB/
Simulink environment in terms of MPPT, control of dc voltage, power limitation and power factor control.
Simulation results reveal the achievability of the proposed control approach over the whole VS-WECS operating regions. The simulation results show that the proposed strategy has excellent performance for normal
working conditions as well as for low voltage drop conditions.
Keywords: VS-WECS, PMSG, MPPT, Vector Control, variable-speed control, grid fault

1

Introduction

Over the last years, with technological advancement, wind turbine technology has grown rapidly and
becomes the most competitive form of renewable energy sources[1, 2] . Besides, Variable Speed Wind Energy
Conversion Systems (VS-WECS) with active control on the power output and turbine velocity can reduce
stresses and load on various parts of the turbine structure, including the blades and tower. Consequently,
longer life time, higher overall efficiency, and improved power quality make these VS-WECS economically
competitive, despite their higher initial costs[3] .
On the other hand, with the increased penetration of VS-WECS into power systems around the world,
Wind Turbines Generators (WTGs) based on Permanent Magnet Synchronous Generator (PMSG) are becoming popular for variable-speed generation. PMSG offer several advantages such as: the elimination of a DC
excitation system, no gearbox, full controllability of the system for Maximum Power Point Tracking (MPPT)
control methodology to extract maximum power at different wind, high power density and high precision[4–6] .
In addition, the development in power electronic devices has further played an important role in the perfection
∗
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of their controllability and reliability[6, 7] . So, the VS-WECS are at present required to participate actively in
electric network operation by appropriate generation control methodologies[8] .
In recent years, considerable research efforts have been done in the design of topologies and controllers
for VS-WECS. Yi Wang et al.[9] have discussed power regulation of VS-WECS based PMSG during transient
events to enhance the inertial response and damping ability of electrical network. Eduardo et al. and Jiekang
et al.[10, 11] have proposed an adaptive control strategy for a VS-WECS based on a PMSG and a Pulse Width
Modulated (PWM) current source converter. So, capacitor is required in this configuration and the generated
reactive power as well as the voltage in the DC-link can be modified according to the wind speed. In multi
megawatt WECS that necessitate a elevated dc-link voltage, June-Seok et al. and Yaramasu et al. and Jun
et al.[12–14] have presented a multilevel Neutral Point Clamped (NPC) power converter to avoid the series
connected to power electronics devices and because two-level topology is not appropriate due to the pricey
switching devices with high specifications (current/ voltage) in high power wind systems. Direct control techniques for VS-WECS were proposed in [15–18]. They use hysteresis regulator and a switching lookup table
to preserve estimations of the torque, the active and reactive power in some limits. The most important advantages of direct control approaches comprise rapid dynamic response, simple implementation and they do
not necessitate rotary transformations. Marius et al.[19] investigate voltage harmonics compensation, the Ride
Through Performance (RTP) of wind system during electrical network voltage sags, transition from stand
alone to power grid connected and vice versa.
In this context, this study proposes a control scheme for VS-WECS based on the PMSG. The purpose of
this work is to investigate system control to simultaneously provide MPPT, pitch control, regulates DC-link
voltage and achieve unity power factor. Immunity against low voltage drop conditions caused by symmetrical
Three-Line-to-Ground faults (3LG) is also provided in the proposed VS-WECS. The major contributions of
this work can be summarized as follows:
(1) Maximum Power Point Tracking (MPPT) of the VS-WECS is realized in conjunction with the speed of
PMSG to extract optimum power from the Wind Turbine (WT);
(2) Pitch Control algorithm is used to avoid overloading in case of high wind speed and to prevent wind
turbine damage;
(3) Decoupling control strategy with Vector Control theory (VC) is applied to achieve MPPT, regulation of
dc-link voltage, control of reactive and active power, and unity power factor under both variable and steady
wind conditions;
(4) The control of the VS-WECS can tackle low voltage drop conditions caused by symmetrical Three-Lineto-Ground faults (3LG).
The remainder of this paper is organized as follows. In Section 2, the models of the wind turbine and
PMSG are developed. In Section 3, Vector Control (VC) of the system will be presented. The simulations
results are presented and analyzed in Section 4. Finally, some conclusions are given in Section 5.

2
2.1

Mathematical modelling of wind turbine generator
Model of wind turbine with PMSG
The mechanical power available from a variable speed wind turbine is expressed as [6]:
1
PTurbine = ρACP (λ, β)v 3 ,
2

(1)

where, ρ is the air density (typically 1.225 kg/m3 ), A is the area swept by the rotor blades (in m2 ), Cp is the
coefficient of power conversion and ν is the wind speed (in m/s). The tip-speed ratio λ is given by
λ=

ωm R
,
v

(2)

where ωm and R are the rotor angular velocity (in rad/sec) and rotor radium (in m), respectively. The wind
turbine mechanical torque output Tm is given as:
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1
1
.
Tm = ρACP (λ, β)v 3
2
ωm

(3)

The power coefficient is a nonlinear function of the tip-speed ratio λ and the blade pitch angle β (in degrees).
If the swept area of the blade and the air density are constant, the value of Cp is a function of λ, and it is
maximum at the particular λopt [20] . Then:
1
PTurbine = ρACP max v 3 ,
2

(4)

A generic equation is used so as to model the power coefficient Cp (λ, β) based on the modelling turbine
characteristics described in [21] as:
CP

=

1
λi

=

1 116
−( 21 )
− 0.4β − 5)e λi ,
(
2 λi
1
0.035
− 3
.
λ + 0.08β β + 1

(5)

The maximum value of Cp , that is Cp max , is achieved for β = 0 and for λopt = 8.1. Hence, to fully utilize
the wind energy, λ should be maintained at λopt , which is determined from the blade design. The particular
value λopt results in the point of optimal efficiency where the maximum power is captured from wind by
the wind turbine generator. So, for each wind speed, there exists a specific point in the wind turbine power
characteristic, MPPT, where the output power is maximized. Thus, the control of the wind farm load results in
a variable-speed operation of the turbine generator. Then, the maximum power is extracted continuously from
the wind (MPPT control) [22] . That is illustrated in Fig. 1.

Fig. 1. Wind generator power curves at various wind speed

2.2

PMSG modelling
Dynamic modelling of PMSG can be described in d − q reference system as follows [22]:
vgq = (Rg + p.Lq ) .iq + ωe Ld id + ωe ψf ,

(6)

vgd = (Rg + pLd ) id − ωe Lq iq ,

(7)

where vgd and vgq are the direct stator and quadrature stator voltage, respectively. id and iq are the direct stator
and quadrature stator current, respectively. Rg is the stator resistance, Lq and Lq are the inductances of the
generator on the d and q axis, ψf is the permanent magnetic flux and ωe is the electrical rotating speed of the
generator, defined by
ω e = pn ω m ,

(8)
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where ωm is the mechanical angular speed and pn is the number of pole pairs of the generator. The expression
for the electromagnetic torque can be described as:
3
Te = pn [ψf iq − (Ld − Lq ) id iq ] .
2

(9)

The dynamic equation of the wind turbine is described by:
J

dωm
= Te − Tm − F ωm ,
dt

(10)

where J is the moment of inertia, F is the viscous friction coefficient and Tm is the mechanical torque
developed by the turbine .

3
3.1

Control strategy of the VS-WECS
Adopted MPPT control algorithm

For a given wind speed, the optimal rotational speed of the wind turbine rotor, from (2), can be estimated
as follows[23] :
ωm−opt =

vλopt
.
R

(11)

Each wind turbine can produce maximum power by (4). Thus, the maximum mechanical output power of the
turbine is given as follows:
PTurbine

max



Rωm−opt 3
1
= ρACP max
.
2
λopt

(12)

Then, we can get the maximum power PTurbine max by regulating the turbine speed in different wind speed
under rated power of the wind power system. So, an optimum value of tip speed ratio λopt can be maintained
and maximum wind power can be captured. The PM P P T curve is defined as function of ωm−opt , the speed
referred to the generator side:
3
PM P P T = Kωm−opt
.

(13)

So as to regulate the aerodynamic power extracted from the wind, the power control is used at high wind
speed. Then, when the wind speed reached the nominal value, the pitch angle controller enters in operation in
order to decrease the power coefficient. For each wind turbine, the simplified representation of wind turbine
control diagram is shown in Fig. 2 where Pgp is the generated power. Then, when the power output becomes
too high the blade pitch is asked to immediately turn the blades slightly out of the wind. So, the rated rotor
speed and the power are maintained for above rated wind speed[24] .
m
MAX

k

mrated


Prated

PI

Pgp

Fig. 2. WECS Pitch angle controller
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3.2

Control strategy of the generator side converter with vector control and MPPT

The PMSG side converter is used as a rectifier and works as a driver to control the generator operating at
optimum rotor speed ωm opt . On the other hand, it is deduced from Eqs. (9) and (10) that the generator velocity
can be controlled by regulating the q-axis stator current components (iqr ). Consequently, Vector Control (VC)
is used with optimal rotor velocity ωm−opt to obtain MPPT for any particular wind speed. The control scheme
shown in Fig. 3 is used as the control methodology for the PMSG side rectifier. So, double closed loop regulate
is used. Also, usq is obtained by the error of iqr and iq where iqr is the reference current. This error is delivered
to a PI controller. In order to reduce the copper loss, the d-axis current component idr is set to zero. Moreover,
voltage feed forward compensations, ∆usq and ∆usd are added into the control block so as to improve the
dynamic response. Finally, we use PWM to produce the control signal to implement the vector control for the
PMSG.
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Fig. 3. Schematic of control strategy for VS-WECS based on the PMSG

3.3

Grid-side controller methodology and implementation

The grid side converter is used to deliver the energy from the PMSG side to the grid, to regulate the
DC bus voltage and to adjust the quantity of the reactive and active powers delivered to the grid during wind
variation in order to achieve Unity Power Factor (UPF) for any wind speed. As a result, the Vector Control
with PI control loops is employed. The controller is shown in Fig. 3. Then, in the inner control loops, PI
controllers are used to regulate direct and quadrature current components, respectively, while, in the second
loop, the DC-voltage PI controller stabilize the DC voltage to the reference value. Furthermore, the decoupling
voltages are added to the current controller outputs to compensate the cross-coupling effect due to the output
filter in the rotating synchronously reference frame.
According to Fig. 3, the relationship between the line currents and the grid inverter voltages is given by:






 

ea
ia
ia
va
d
 eb  = Rf  ib  + Lf  ib  +  vb  ,
dt
ec
ic
ic
vc

(14)
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where:
ea , eb , ec voltages at the inverter system output;
va , vb , vc grid voltage components;
ia , ib , ic
line currents;
Lf
filter inductance;
Rf
filter resistance.
Transferring Eq. (14) in the reference frame rotating synchronously with the electrical grid voltage vector,
the model for the grid-side converter is given by [25]:
diq−f
− ωLf id−f ,
dt
did−f
− Lf
+ ωLf iq−f ,
dt

vq = eq − Rf iq−f − Lf

(15)

vd = ed − Rf id−f

(16)

where:
ed , eq
inverter d-axis and q-axis voltage components;
vd , vq
grid voltage components in the d-axis and q-axis;
id−f , iq−f d- axis current and q- axis current of grid.
ω
network angular frequency
The VC scheme used is based on a rotating reference frame as shown in Fig. 4. The instantaneous powers
are given by [21]:
3
Q = (vd iq−f − vq id−f ),
2
3
P = (vd id−f + vq iq−f ).
2
The DC-side equation can be given by (Fig. 3):

(17)
(18)

dUdc
= is − igrid ,
dt

(19)

Pgp
dUdc
=
− igrid .
dt
Udc

(20)

C
where:
Uab dc-link voltage;
is
PMSG side current
igrid grid side transmission line current;
C
dc-link capacitor.
So, we can rewrite Eq. (19) as:
C

The Vector Control scheme used is based on a rotating synchronously reference frame as shown in Fig. 4.
Then:
vd = V,
vq = 0.

(21)

Thus, Eqs. (15-16) may be expressed as:
did−f
= ed − Rf id−f + ωLf iq−f − V,
dt
diq−f
Lf
= eq − Rf iq−f − ωLf id−f .
dt
Then, using (17) and (18), the reactive power and active power can be expressed as:
Lf

3
P = V id−f ,
2
3
Q = V iq−f .
2
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As a result, reactive and active power control can be controlled by quadrature and direct current components,
respectively. Then
2
Qref ,
3V
2
Pref ,
=
3V

iqr−f =

(26)

idr−f

(27)

where iqr−f and idr−f are the reference signal of q-axis and d-axis current, respectively. Qref and Pref are
the reference of reactive and active power, respectively. Moreover, the inverter is used to transfer all the active
power produced by the WTG to the utility grid and also to produce no reactive power so that UPF is obtained.
Consequently, the DC-link voltage must remain constant[26] . The control methodology for grid side inverter
is shown in Fig. 3. It is fundamental to use two closed-loop controls to regulate the DC bus voltage and the
required transmission line current. Fig. 5 shows de control scheme of DC-bus voltage where Pgp is the active
power delivered from the PMSG.
q-axis



b-axis

d-axis

vd  V



a-axis

c-axis

Fig. 4. Abc and rotating reference frame
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+

i grid
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U dc  r
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+

1
C

U dc




Pgp

Fig. 5. Control of DC-bus voltage

Also, the fast dynamic is associated with the line current control in the inner loop where the Vector
control is used to track the line current control (Fig. 3). In the outer loop, slow dynamic is associated with the
DC voltage control (Fig. 5). The d-axis reference current is determined by DC-bus voltage controller in order
to control the converter output real power. For this reason, we use the PI regulator to generate the reference
source current idr−f and regulate the DC voltage. Although the reference signal of the q-axis current iqr−f is
produced by the reactive power Qref according to (26). To compensate the cross-coupling effect due to the
output filter in the rotating synchronously reference frame, the decoupling voltages are added to the current
controller outputs. For that reason, we use: e0d et e0q as:
did−f
= e0d ,
dt
diq−f
+ Lf
= e0q .
dt

Rf id−f + Lf

(28)

Rf iq−f

(29)

Then, the inverter q-axis d-axis voltage components can be given by:
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ed = e0d − Lf ωiq−f + V,
eq =

e0q

(30)

+ Lf ωid−f .

(31)

Consequently, e0d and e0q are calculated as follows:
e0d

Z
= KP (idr−f − id−f ) + KI

e0q = KP (iqr−f − iq−f ) + KI

(idr−f − id−f )dt,

(32)

(iqr−f − iq−f )dt.

(33)

Z

Fig. 3 shows the control block diagram of grid-side PWM inverter based on the above strategy. There are two
closed-loop controls and PWM is used so as to produce the control signal to control the grid-side converter.
Also, the decoupling voltages, ∆vq et ∆vd , are added to the current controller outputs to compensate the
cross-coupling effect.

4

Simulation results

PMSG

Bus 3
AC

DC

1km
Transmission

AC

DC

20kV /60kV

Bus 1

Bus 2

Electric
Grid

The complete VS-WECS with PMSG was simulated by Matlab/Simulink using the parameters given
in Tab. 1. During the simulation, for the PMSG side converter control system, the d axis command current,
idr is set to zero. For the grid side inverter, Qref is set to zero. The DC-link voltage reference is fixed at
Udc−r = 1500V and the electric grid frequency value is steady at 50 Hz. The topology of the studied VSWECS based on PMSG connected distribution network is depicted in Fig. 6. The grid voltage phase lock loop
(PLL) is implemented.

380 V/22kV

Yn YN



1km

1km

Control of
system

Bus 4

Bus 5
Fault

Load 1
P1= 100KW

Load 2
P2=1MW

Fig. 6. Configuration of the system

4.1

Normal working conditions

Fig. 7 illustrates the profile of wind velocity and rated wind speed considered in the simulation
(vn = 12.4 m/s). Fig. 8 to Fig. 11 show the simulation results of pitch angle, coefficient of power conversion Cp , power generated and rotor angular velocity for VS-WECS. It can be seen that, if the wind velocity
increases, then rotor angular speed of PMSG increases proportionally too, with a limitation. This velocity
limit will be obtained by the pitch angle variations. When the system operates under MPPT control strategy,
the performance coefficient Cp is maintained to its maximum value (CP max = 0.41 ) and the pitch angle is
β = 0◦ . But, if the wind velocity reaches the rated wind speed of the turbine (vn = 12.4 m/s), Cp is decreasing
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because the operation of the pitch angle control is actuated and β increases. So, rotational speed and power
generated are keeping constants. The rotational speed of turbine is effectively limited to 2.57 rd/s. In addition, generated power is optimized with MPPT strategy and keeps at his nominal value when the wind speed
exceeds the nominal value. Consequently, the limitation of the power captured and so of the turbine velocity is
carried out using the pitch control. Fig. 11 illustrates the waveforms of the optimum velocity and the velocity
of PMSG. It is seen that the PMSG speed follows the reference speed very closely. Fig. 14 and Fig. 15 show
the variation and a closer observation of three phase voltage and current at Bus 3 (Fig. 6). The frequency
imposed by the grid is 50 Hz. we see that unity power factor is achieved approximatively. Fig. 12 shows the
simulation result of DC link voltage that remains a constant value. Therefore, this proves the effectiveness of
the established regulators.
4.2

Fault working conditions

The fault event is a three-phase to ground short-circuit fault, at the Bus 5 of the 1 MW loads, is introduced
at t = 3 s for 150 ms. As illustrated in Fig. 13 and Fig. 14, a three-phase grid short circuit fault at 3 s forces
the grid voltage to drop from 100% to 4% of its nominal values and the voltage dip lasts for 150 ms as it is
shown in Fig. 14. Fig. 13 illustrates the waveform of RMS lines ground voltages at Bus 3 during the grid fault
period.

Fig. 7. Instantaneous wind speed (m/s)

Fig. 8. Pitch angle (in degree)

Fig. 14 and Fig. 15 show the variation and a closer observation of three phase voltage and current of
three phase voltage at Bus 3. It can be seen that, after faults removed, the grid voltage recovers and the three
voltages take their initial values. It is obvious from Fig. 12 that the DC link voltage remains a constant value
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Fig. 9. Coefficient of power conversion

Fig. 10. Generated power (W)

Fig. 11. Speed of PMSG (rd/s)

and the three phase voltage variations will not be transferred to the DC link voltage. So, the DC link voltage
has been controlled to enhance dynamic performance of the VS-WECS.

5

Conclusion

This work has successfully designed a VC to control a VS-WECS based on the PMSG and connected
to the electrical network. The control methodology is applied for inverter and for generator converter. The
efficiency of the proposed VC scheme is confirmed by simulations with different examined cases of wind
speed and state of the power grid. The simulations highlighted that the proposed control strategy posses
excellent performance under changing operating conditions. The major contributions of this work can be
summarized as follows:
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Fig. 12. DC link voltage (V)

Fig. 13. RMS lines ground voltages at Bus 3 (V)

Fig. 14. Three phase voltage at Bus 3

(1) The successful construction of the mathematical model of a VS-WECS based PMSG and interconnected
to the power grid.
(2) The successful utilisation of a VC approach as the major control scheme based on PI controllers to improve the VS-WECS functioning performance, with the objectives of MPPT, regulation of dc-link voltage,
control of reactive and active power, and unity power factor under both variable and steady wind conditions.
(3) Pitch angle controller to prevent wind turbine damage from excessive wind speed.
(4) The method presents a very high immunity against low voltage drop conditions caused by symmetrical
Three-Line-to-Ground faults (3LG).
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Fig. 15. The waveforms of three Phase current and voltage at Bus 3

Appendix

Table 1. Please write your table caption here
Parameter
Pr rated power
ωm rated mechanical speed
R stator resistance
Ld stator d-axis inductance
Lq stator q-axis inductance
ψf permanent magnet flux
pn pole pairs

Value
2 (Mw)
2.57 (rd/s)
0.008(Ω)
0.0003 (H)
0.0003 (H)
3.86 (wb)
60
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