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STEROWANIE SYSTEMEM TURBINY WIATROWEJ O ZMIENNEJ 
PRĘDKOŚCI Z GENERATOREM PMSG 

CONTROL OF A VARIABLE SPEED WIND TURBINE SYSTEM WIT H PMSG 
GENERATOR  

Abstract:  The efficiency of the variable speed wind energy conversion system (WECS) can be significantly 
improved by using the optimal control strategy. The article presents the converter system of wind energy 
conversion with variable-speed wind turbine. The considered system consists of wind turbine with permanent 
magnet synchronous generator (PMSG), the machine-side converter, grid-side converter and control circuits. 
The mathematical model of wind power system and the PMSG generator have been described. The control 
algorithms of the converter systems based on the vector control methods have been applied. In the control 
system of the machine-side converter the optimal control method has been used. In the control system of 
grid-side converter the method of VOC (Voltage-Oriented-Control) control of active and reactive power de-
livered to grid has been applied. The performed simulation studies proved the high effectiveness of the pro-
posed methods of vector control. 

Streszczenie: Sprawność systemu elektrowni wiatrowej o zmiennej prędkości można znacznie poprawić sto-
sując optymalne algorytmy sterowania. W artykule przedstawiono przekształtnikowy system elektrowni wia-
trowej z turbiną wiatrową o zmiennej prędkości. Rozpatrywany system elektrowni wiatrowej składa się z 
turbiny wiatrowej bezpośrednio połączonej z generatorem synchronicznym o magnesach trwałych, prze-
kształtnika maszynowego, przekształtnika sieciowego i układów sterowania. Opisano model matematyczny 
turbiny wiatrowej oraz generatora PMSG. Do sterowania układami przekształtnikowymi wykorzystano wek-
torowe metody sterowania. Do sterowania przekształtnikiem maszynowym wykorzystano algorytmy stero-
wania optymalnego. W układzie sterowania przekształtnika sieciowego zastosowano metodę VOC (Voltage-
Oriented-Control) ze sterowaniem przepływem mocy czynnej i biernej dostarczanej do sieci. Badania symu-
lacyjne wykazały dobrą skuteczność proponowanych wektorowych metod sterowania. 
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1. Introduction  
The world’s development of energy genera-
tion from renewable sources has greatly in-
creased in recent years [1, 2, 4, 5]. The big-
gest development has been in the wind ener-
gy conversion system (WECS). This increas-
ing trend has to stimulate research in the 
field of energy conversions in order to opti-
mize efficiency. The variable speed turbine 
systems are more often applied then the sys-
tems with fixed speed. Applications through 
system of direct-driven wind power genera-
tors based on PMSG (Permanent Magnet 
Synchronous Generator) have many ad-
vantages: no gears, high power factor and 
simple control method [2, 3, 6, 7]. Most of 
the major wind turbine manufactures are de-
veloping new megawatt scale wind turbines 
based on variable-speed operation [2]. A 

wind energy conversion system consists of: 
wind turbine, generator, converters and con-
trol. The most popular topology for wind en-
ergy conversion system is back-to-back 
Voltage Source Converter. A typical wind 
power system configuration has been pre-
sented in Figure 1. The figure shows the sys-
tem of directly driven or geared driven 
PMSG generator, which is connected to the 
AC grid via a full scale back-to-back con-
verter system. In the developed topology, the 
machine side converter can control the speed 
and torque of generator, while the grid side 
converter is responsible for keeping the con-
stant voltage in the DC-link and for control 
of the active and reactive output power de-
livered to the AC grid. This paper establish-
es the mathematical model and the analysis 
of the wind turbine and PMSG in detail. 
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Fig.1. Configuration of variable-speed wind turbine system with direct-driven PMSG and full-
capacity converters  

2. Model of Wind Turbine 
The wind turbine converts the wind energy 
into rotational mechanical energy. The total 
amount of power capture by the wind turbine 
Pt  and wind turbine output torque Tt are giv-
en by the following equations [1, 2, 4, 6]: 

  
3),(

2

1
wpt vCAP βλρ=            (1)   

λ
βλρ 2),(

2

1 wp
t

vCAR
T =

      (2)                                      

where: ρ - air density (typically 1.225kg/m3); 
A = πR2 - area swept by the rotor blades;  Cp 
-power coefficient of the wind turbine; 
λ=Rωm/vw - tip speed ratio; β - blade pitch 
angle (in deg); vw -  wind speed; R -  radius 
of the turbine blade; ωm -  angular speed of 
turbine rotor (in mechanical rad/s).  
The power coefficient Cp as the function of 
tip speed ratio λ and blade pitch angle  β is 
shown in Figure 2. The wind turbine can 
produce maximum power when the turbine 
operates at maximum value of Cp, i.e. at 
Cpmax. So it is necessary to keep the rotor 
speed at optimum value of the tip speed ra-
tio, λopt. If the wind speed varies, the speed 
of the rotor turbine should be adjusted in or-
der to follow the wind speed changes. The 
theoretical power coefficient can reach the 
maximum value, which is equal to 0.593 
(Betz limit) [2]. However, the actual values 
of Cpmax a smaller than the theoretical values. 

The maximum power coefficient for the 
modeled wind turbine uses in simulations is 
Cpmax=0.47, when pitch angle β is equal to 
zero. 
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Fig.2. Characteristics of Cp curves as 
function of tip speed ratio λ and varied pitch 
angle β 

3. Model of Permanent Magnet Syn-
chronous Generator  
In WECS mechanical energy of wind turbine 
is converted in electrical energy via an ap-
propriate electrical generator. Permanent 
magnet synchronous generators (PMSG) 
will  in the future predominate in small and 
large power wind turbines due to the possi-
bility of multipole design, that eliminates the 
need for gearbox [2, 6, 7]. Dynamic model 
of PMSG can be described in a synchronous 
rotating reference frame, where d-axis align-
ing with the direction of the permanent mag-
net rotor flux and the q – axis is 900 ahead. 
In the PMSG model the following basic as-
sumptions have been considered: the electri-
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cal and magnetical symmetry, the magnetic 
flux is sinusoidal distributed along the air 
gap, saturation effect, eddy-current and hys-
teresis losses are ignored. Figure 3 shows the 
3-phase cross-section of PMSG.  
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Fig.3. Cross-sectional view of an PMSG 

The mathematical equations of PMSG can 
be described as follows [1, 2, 4, 5, 6]: 
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where: vsd, vsq - represent direct and quadra-
ture components of the stator voltage vector 
of the generator; isd, isq - represent direct and 
quadrature components of the  stator current 
vector of the generator, Ld, Lq - represent di-
rect and quadrature components of the stator 
inductance of the generator; Rs - represents 
the stator resistance; ψPM - represents the 
permanent magnetic flux; np –  number of 
pole pairs of PMSG generator; ωe, ωm - the 
electrical and mechanical angular speed of 
the PMSG, defined as:  

pme n⋅= ωω                   (5) 

The electromagnetic torque of PMSG can be 
expressed as follows: 
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In the case when Ld = Lq the simplified ex-
pression for the generator electromagnetic 
torque can be obtained: 
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2
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The equation of mechanical motion is given 
as: 

mfmet K
dt

d
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where:  J  -  the total equivalent inertia re-
ferred to the side of generator shaft; Kf -
viscous friction coefficient.  
The active and reactive power of PMSG can 
be given as follows:  

sqsqsdsds ivivP +=
              (9) 

  sqsdsdsqs ivivQ −=                (10) 

4. Control of Machine Side Converter 
(MSC) 
The machine-side converter regulates the 
torque and the speed of PMSG. The consid-
ered structure of the control system of MSC 
has been presented in Figure 4 [2, 4, 5]:  

Ropt/λ
*
optω

wv dC

mω

*
sqi

0* =sdi

sdi sqqe iLω

PMesdde iL ψωω +−

eθ

*
pqv

*

pd
v

mω
eω sqi

eω

sdi

sqi
eθ

sav sbv scv

tP

wv

sai sbi sci

Fig.4. Control diagram of the Machine Side 
Converter 

In the control system the optimum control 
method has been applied. The MSC control 
system is based on rotor flux field orienta-
tion control (FOC). The position of rotor 
flux vector θe is obtained from the encoder 
or from the integral of the signal of speed 
sensor. The control scheme consists of outer 
control loop, which regulates optimum value 
ωopt of the generator speed in order to obtain 
maximum energy from wind. The inner con-
trol loops regulate the components of the sta-
tor current vector to follow the reference 
values: isd

* and isq
*. According to the charac-

teristic of wind turbine (Figure 2) at any val-
ues of wind speed the rotational speed of the 
turbine rotor ωm should be regulated to the 
optimal value ωopt.  
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The above equation shows the reference 
speed in order to obtain the optimal value for 
tip speed radio λopt. At optimum wind tur-
bine speed and at the Cp=Cpmax the turbine 
can operate with the maximum power. The 
d-axis reference stator current isd

* is set to 
zero in order to reach the maximum torque 
at the minimum stator current. The q-axis 
stator current reference isq

* is achieved by 
the operation of optimal control block on the 
base of measured mechanical turbine speed 
ωm and the wind speed vw. The reference dq-
axis stator currents isd

* and isq
* are compared 

with measured stator phase currents of 
PMSG isd and isq. The both error signals are 
sent to the two PI controllers. The resultant 
signals, vpd

* and vpq
*, are the dq-axis refer-

ence voltages for the MSC control. The ref-
erence voltages value vpd

* and vpq
* are con-

trolled through PI controllers. The reference 
voltages are transformed to the three-phase 
voltages and then are sent to the PWM block 
to produce switching signals for machine 
side converter. 

5. Control of Grid Side Converter 
(GSC) 
The grid-side converter (GSC) controls the 
active and reactive power delivered to the 
AC grid. The GSC is controlled in a syn-
chronous reference frame that rotates syn-
chronously with the grid voltage vector. The 
block scheme of Voltage-Oriented-Control 
(VOC) system of grid-side converter GSC is 
presented in Figure 5 [4, 5]. The equations 
of grid-side converter can be expressed in 
the dq-axis reference frame as follows [4, 5]:  

gcdgqgggdggdggd viLpiLiRv +−⋅+= ω
 
(12)       

gcqgdgggqggqggq viLpiLiRv ++⋅+= ω   (13)                            

where: vgd, vgq – represent components of the 
grid voltage vector in d and q axis; igq, igq - 
represent components of the grid current 
vector in d and q axis; vgcd, vgcq - represent 
voltage vector of grid side converter in d and 
q axis; Lg , Rg -  the inductance and resistance 
of the grid filter; ωg -  angular frequency of 
the grid voltage.   

In the control strategy of VOC for grid side 
converter three control loops with PI control-
lers have been used. The outer voltage control 
loop is responsible for control of DC link 
voltage of GSC.  
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 Fig.5. Control diagram of the Grid Side 
Converter 

The instantaneous active and reactive power 
can be calculated as: 
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The references of current components desig-
nated from power calculation are expressed 
as follows [4]:  
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The dq-axis grid currents igd and igq are regu-
lated by two inner current loops. The refer-
ence dq-axis grid currents idg

* and idq
* are 

compared with the measured grid phase cur-
rents igd and igq. The both error signals are 
sent to two PI controllers. The reference 
voltages vgcd

*
 and vgcq

* are transformed to the 
three-phase voltages. The position of grid 
voltage vector θg is obtained from the phased 
locked loop (PLL). Then the output refer-
ence voltages are sent to the PWM block to 
produce switching signals for grid side con-
verter. 

6. Simulation results 
The model of wind energy conversion sys-
tem with control systems has been imple-
mented   in MATLAB/Simulink. Digital 
simulation studies were made for parameters 
of typical low-power system with wind tur-
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bine (rated power, Pt : 5.7 kW; rotor diame-
ter, R: 3 m; rotor rated speed, ωt: 27 rad/s; 
rated wind sped, vw: 10 m/s; Cpmax: 0.47; λopt: 
6.5) and with directly connected 3-phase 
PMSG (with parameters: rated power, Pn: 
5.7 kW;        rated mechanical speed, ωn: 27 
rad/s; stator resistance, Rs: 1.5 Ω; stator d-
axis inductance, Ld: 14.04 mH; stator q-axis 
inductance,        Lq: 14.04 mH; phase current 
(rms): 15 A; rated frequency: 36 Hz).  
The chosen simulation results relating to the 
above system with control algorithm have 
been presented in Figure 6-9. Figure 6 shows 
the wind speed variation during 5s simula-
tion. Figure 7 shows the measured and the 
optimum reference angular velocity of 
PMSG. As it can be seen, the generator 
speed tracks wind speed accurately.  
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Fig.7. Measured and reference speed of 
PMSG in rad/s  

Figure 8 shows the value of tip speed ratio 
determined during wind speed variation. It is 
shown from the simulation results, that the 
tip speed ratio λ is remained at the constant 
optimal value. Figure 9 shows, that the value 
of power coefficient Cp of wind turbine is 

maintained at the optimal maximum value 
Cpmax=0.47. Figure 10 presents the response 
components isd and isq of the stator current 
vector. The component isd of stator current 
vector is kept at value near to zero. The 
component isq is proportional to the instanta-
neous value of the electromagnetic torque of 
PMSG.  
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 Fig.10. Waveforms of stator current vector 
components isd, isd of PMSG 
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 Fig.11. DC link voltage waveform   
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 Fig.12. Waveforms of grid current vector 
components igd, igq  

The Figure 11 presents the time waveform of 
the voltage vdc in DC link. The voltage vdc is 
quite constant at variations of wind speed. 
Figure 12 shows as example the components 
igd and igq of the grid current vector. It can be 
seen from figure 12, that the component igq 
is maintained at zero. It means, that only the 
active power generated by WECS is fully 
delivered to the AC grid.  

7. Conclusions 
This paper has presented the dynamic mod-
eling and control structure approach of vari-
able-speed wind turbine and direct driven 
PMSG generator. The systems with PMSG 
have many advantages: operation at high 
power factor, high efficiency and high 
torque to current ratio. In this paper two vec-
tor methods of control have been investigat-
ed: FOC with optimal control algorithm for 
machine side converter and VOC for grid 
side converter.  FOC with optimal control 
allows to use the optimal control of maxi-
mum power generated by wind turbine. 
VOC control is simple in operation and al-

lows to keep the DC link voltage of convert-
ers to reference value and to adjust the quan-
tity of the active and reactive powers deliv-
ered to the AC grid. Reactive power gener-
ated by the electrical generator is usually 
controlled to zero.  The performed simula-
tion results show the good performance and 
fast response of the considered control sys-
tems for variable speed wind turbines with 
PMSG.   
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