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Abstract. This paper investigates the dynamic behavior of a 
gearless variable-speed Wind Energy Conversion System 
(WECS) based on Permanent Magnet Synchronous Generator 
(PMSG). Models and equation that describe different 
components of the WECS are addressed and their 
implementations into PSCAD/EMTDC are described. The 
control system of the back to back converters is developed for 
capturing the maximum energy from varying wind speed, 
regulating the DC-link voltage at a constant value, and 
maintaining reactive power generation at a pre-determined level 
which is zero in this study. Moreover, the pitch-angle controller 
is designed to regulate the machine speed at its rated value for 
high wind velocities. Simulation is performed in 
PSCAD/EMTDC software to evaluate the performance of 
different controllers and to study the dynamic behavior of the 
gearless WECS under varying wind speeds. This modeling study 
can be used for evaluating the control scheme, dynamic 
performance and impacts of a variable-speed WECS on the 
electrical grids. 
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1. Introduction 
 
During the last decades, Wind Energy Conversion System 
(WECS) has grown dramatically. Variable-speed wind 
turbines (VSWTs) attract considerable interest around the 
world, which is one of the solutions with the highest 
potential to reduce wind energy cost [1]. The VSWT 
systems are usually based on doubly fed induction 
generators (DFIGs) or permanent magnet synchronous 
generators (PMSGs). Direct-drive PMSG raises great 
interest because of its high efficiency and elimination of 
the gearbox [2]. Many power electronic converters are 
used to interface the PMSG with the grid. However, the 
most commercial WECSs are based on back to back 
voltage source converters [3].   
This paper presents a detailed study of the dynamic 
performance of the gearless WECS based on PMSG. The 
interface system with the grid is based on back to back 

converters. The machine-side converter regulates the 
machine speed to absorb maximum power from the 
turbine. A simple Maximum Power Point Tracking 
(MPPT) technique is utilized. In addition, the pitch-angle 
controller is used to limit the machine speed at its rated 
speed during high wind incidents. Finally, the grid-side 
converter regulates the DC-link voltage by feeding the 
extracted power from the turbine to the grid. Moreover, it 
controls the reactive power fed to the grid. 
PSCAD/EMTDC software package is used to simulate 
the model of the WECS based on PMSG. The dynamic 
behavior of the turbine and the PMSG is analyzed to 
investigate the operation of the different control 
subsystems. 
The paper is organized as follows. First, the system 
configuration and modeling of the variable-speed PMSG 
wind turbine is presented in section two. The control 
systems for the machine-side converter, grid-side 
converter, and the pitch angle are explained in section 
three. The results are analyzed and discussed in section 
four. Finally, section five concludes the paper. 
 
2.  Modeling of the gearless wind turbine  
 
The main components of the gearless variable-speed 
WECS are the wind-turbine, the permanent magnet 
synchronous generator, the back to back converters with 
their control, and the pitch controller. A 1.3 MW direct-
drive WT unit is considered for this analysis [4]. 
  
A. Wind turbine 
 
The turbine model is based on the steady-state power 
characteristics of the turbine. The friction factor and the 
inertia of the turbine are combined with those of the 
generator coupled to the turbine. The output power of the 
turbine is given by: 

35.0 wpm vACP ρ=  (1) 
where, Pm is the mechanical output power of the turbine, 
ρ is the air density (Kg/m3), A is the turbine swept area  
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Fig. 1. Back to back converters for interfacing the PMSG with the grid. 
 
A 2Rπ≈ , R is the blade radius (length), Cp is the 
performance coefficient of the turbine, and vw is the wind 
speed (m/s). 
The performance coefficient, Cp, determines the power 
conversion efficiency from wind to mechanical. It is 
related to blade aerodynamic characteristics and turbine 
design. The performance coefficient is calculated from: 
 

ieC ip
λβλ 5.12)54.0116(22.0 −−−=  (2) 

31
035.0

08.0
1

ββλ
λ

+
−

+
=i   (3) 

 
where: β is the pitch angle (degree) and 
λ is the tip speed ratio (TSR), defined by wm VR /ωλ = . 
Finally, the output mechanical torque is calculated from: 

mmm PT ω/=   (4) 
where ωm is the rotor angular speed (rad/sec). 
 
B. The Permanent Magnet Synchronous generator  
 
A third order model is used to represent the PMSG on 
PSCAD/EMTDC software package. The mathematical 
equations of the PMSG model in the rotor frame are: 
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where, 
e
qs

e
ds ii ,  Stator direct and quadrature current components, 

e
qs

e
ds vv ,  Stator direct and quadrature voltage components, 

Rs is the stator resistance, Ld and Lq are the direct and 
quadrature inductances, P is the number of pole pairs, and 
Ψpm is the magnet flux (Weber). 
The electromagnetic torque is given by: 
 

Te = 3/2 P (ie
qs Ψpm + (Ld-Lq) ie

qs ie
ds ) (6) 

 
Finally, the electromechanical equation is written as: 
 

Tm - Te = J dωm /dt + Bωm   (7) 

where J is the equivalent inertia of the machine and 
turbine, B is the friction coefficient. 
 
C. The back to back converters 
 
The back to back converters, shown in Fig. 1, are used to 
connect the PMSG to the grid. The capacitor voltage 
must be regulated to avoid dangerous voltage rise which 
may damage the power electronics switches. The main 
function of the grid-side converter is to regulate the dc 
link voltage at a constant value. On the other hand, the 
machine side converter is used to extract the maximum 
power from the wind turbine and to regulate the 
rotational speed. A hysteresis current control technique is 
used for both converters [5], [6], as shown in Fig. 2. 
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Fig. 2.  Modeling of the hysteresis current control for the 
machine-side converter. 
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3. The proposed control system  
 
The control system of the gearless wind turbine is divided 
into three parts, which are described as in the following 
subsections. 
 
A. Control of the machine-side converter 
 
The machine-side converter is controlled to regulate the 
speed of the PMSG at a reference value that results in 
Maximum Power Point Tracking (MPPT). At zero pitch 
angle, the maximum power coefficient Cp of the wind 
turbine, which varies with the TSR, λ, is 0.438 as 
calculated from (2) and (3). It occurs at an optimum TSR 
of 6.3. The MPPT technique is based on operating the 
turbine at its optimum TSR to get its maximum power at 
any incident wind velocity. Since wm VR /ωλ = , the MPPT 
can be achieved by regulating the generator speed using 
the following equation: 
 

wwwoptimumref VVRV 252.025/3.6/ === λω  (8) 
 

The indirect rotor field oriented control is used for the 
machine-side converter [7]. Fig. 3 presents the block 
diagram of the control system of the machine-side 
converter. The speed reference, calculated from (8), is 
limited by the maximum angular speed of the 
generator/turbine, which is 3.5 rad/sec. A PI controller is 
used to regulate the speed of the generator/turbine. The 
output of the PI controller is the quadrature current 
reference, iqref, for the PMSG. Zero current reference is 
assigned to the direct component of the stator current, 
idref, to achieve maximum torque/ampere capability. The 
d- and q- components are applied to the Park and Clarke 
transforms to generate the three-phase reference currents 
for the machine-side converter.  
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Fig. 3: Block diagram of the machine-side converter controller. 

 
B. Control of the grid-side converter 
 
The objective of the grid-side converter is to keep the DC 
link voltage constant regardless of the magnitude of the 
PMSG power. A vector-control approach is used with a 
reference frame oriented along the grid voltage vector 
position, enabling independent control of the active and 
reactive powers flowing between the grid and the grid-side 
converter.   
Fig. 4 shows a block diagram of the control structure of the 
grid-side converter. The q-axis current component of the 
grid-side converter is used to regulate the DC link voltage, 

dcVltg, at 1.3 Kv using a PI controller. The d-axis 
component is used to control the flow of reactive power 
and is set to zero. Decoupled control of active and 
reactive powers flowing between the PMSG and grid is 
done by using grid voltage vector oriented control. A 
phase locked loop (PLL) circuit is used to calculate the 
space vector angle of the grid-voltage, theta. This angle is 
used for the inverse Park transformation of the d and q 
components of the grid-side converter to three-phase 
reference currents. These three-phase reference currents 
and the actual currents of the grid-side inverter are used 
by the current control of Fig. 2 to generate the 
corresponding firing signals for the switches to meet the 
current requirements. 
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Fig. 4.  Block diagram of the grid-side converter controller 
 

C. The Pitch-angle Controller 
 
When the maximum speed is reached, at the rated wind 
velocity, the pitch-angle controller is activated to reduce 
the available power from the turbine and hence the speed 
is regulated at its maximum limit. This action makes the 
generated power constant at wind velocities higher than 
the rated wind speed. 
Fig. 5 shows the block diagram of the pitch-angle 
controller. It is based on a PI controller to process the 
error between the angular speed of the turbine/generator 
and the rated value. The output from the PI controller is 
the pitch angle, BetaRef.  Below rated angular velocity, 
the input to the PI controller is zero to deactivate the 
controller, β =0. A rate limiter of 10 degree/sec. is used 
to prevent sudden motion of the blades [8]. 
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Fig. 5.  Block diagram of the pitch-angle controller 

 
4.  Simulation Results 
 
Fig. 6 explores the dynamic behavior of the proposed 
direct-drive wind turbine system. The wind velocity is 

https://doi.org/10.24084/repqj10.773 1599 RE&PQJ, Vol.1, No.10, April 2012



hypothetically changed with time according to the 
sequence drawn in Fig. 6(e). The MPPT controller 
calculates the optimum reference for the generator speed 
as shown in Fig. 6(b). The machine-side converter 
succeeds in regulating the generator speed at its optimum 
variable setting from the MPPT. This action results in 
extracting the maximum power from the wind turbine as 
shown in Fig. 6(c). Fig. 7 portrays the trajectory of the 
turbine power and speed, which clarifies and explains the 
maximum power tracking process. During any interval of 
constant wind velocity, the reference rotor speed for 
maximum power tracking is determined. The operating 
point (P and ω) is moved along a corresponding turbine 
power-speed characteristic (power curve) and is tracked by 
the controller of the machine-side converter until the point 
of maximum power is achieved. These traces are parts of 
the turbine characteristics shown in Fig. 8. If the wind 
velocity changes, the generator side converter fixes the 
reference rotor speed to a new value which corresponds to 
maximum power tracking, and another power curve will 
be followed until maximum power is reached. This process 
is continued until the PMSG reaches its rated speed at a 
wind velocity higher than the rated value (13.5 m/s).  At 
this wind velocity, the pitch controller is activated to 
reduce the turbine speed and hence the power. This can be 
observed from Fig. 9 which is a zoom of Fig. 7 that 
focuses on the trajectory of the mechanical power when 
the wind velocity is changed from 13.4 m/s to 15 m/s. The 
steady state operating point at wind velocity of 13.4 m/s is 
P1, while P2 is the operating point at wind speed of 15m/s. 
 

  
Fig. 6: Dynamic performance of the gearless wind turbine. 

  
Fig. 7: Trajectory of turbine power and speed for the first 24 

seconds of the simulation. 
 

 
Fig. 8: Characteristics of the wind turbine. 

 

 
Fig. 9: Trajectory of turbine power and speed when the wind 

velocity is changed from 13.4 m/s to 15m/s (t= 18s. to t = 24s). 
 

As expected, the pitch controller is continuously 
adjusting the pitch angle, as shown in Fig. 6(f), to 
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regulate the angular speed at 3.5 rad/sec. As a result of this 
operation, the mechanical power extracted from the wind 
turbine is very close to the rated value of the generator. 
Fig. 6(d) shows the action of the current controller as it 
displays both the d- and q-axis current components (iqe 
and ide respectively) of the machine-side converter. It 
reveals that iqe coincides with its reference value, iqref, 
and ide is regulated at zero value. Fig. 6(a) portrays both 
the turbine and electromagnetic torques of the PMSG. The 
figure shows the proportionality between the 
electromagnetic torque and the q-axis current component. 
For any increase in wind velocity, the turbine power is 
increased and hence the mechanical torque. The machine-
side converter reduces the electromagnetic torque to zero 
to maximize the accelerating torque to reach the optimum 
rotational speed. Once the generator speed is regulated at 
the optimum value, the accelerating torque is diminished 
and the electromagnetic torque becomes equal to the 
mechanical torque of the turbine. 
The grid-side converter regulates the dc-link voltage at its 
desired reference value of 1.3 kV, Fig. 6(g). The voltage 
regulation is achieved by transferring the variable power of 
the generator to the grid. This has been done by controlling 
the reference current of the machine-side converter, Igref. 
Fig. 6(c) shows that the difference between the generator 
and grid powers is very small, which represents the losses 
in the back-to-back converters. Fig. 6(c) and (h) indicate 
that the grid power and the reference current of the grid- 
side converter exhibit similar shapes. Also, Fig. 6(d) and 
(h) show that the torque producing current component of 
the PMSM (q-axis current component iqe) and the 
reference current of the grid-side converter (Igref) have 
similar shapes, except when the wind speed exceeds its 
rated value (t > 18 sec) when iqe is limited to the rated 
value of the PMSG current. 
Fig. 10 shows a snapshot for the dynamic behavior of the 
direct-drive wind turbine system following the occurrence 
of two wind speed changes; a small change from 15 to 
15.2 m/s at t= 25 s, and a large change from 15.2 to 16 m/s 
at t= 29 s. The purpose of the study is to focus on the 
coordination between the controllers of the machine-side 
converter and the pitch-angle. For the case of small wind 
speed change, the machine-side converter regulates the 
generator speed to its limit (3.5 rad/s), without the need for 
pitching more the turbine blades, Fig. 10(f), only if the 
quadrature current component (power producing 
component) doesn’t exceed its limit value. This situation is 
shown in Fig. 10(d) where the speed regulation is done by 
controlling iqe as long as it doesn’t reach its current limit 
value. On the other hand, for large wind speed change 
above the rated wind speed, where iq is saturated at its 
limit value as shown in Fig. 10(d), the pitch controller acts 
to keep the generator speed fixed at its rated value as 
shown from Fig. 10(b) and (f). At steady-state and for both 
types of disturbances, the grid power is less than the 
generator power, and the latter is less than the turbine 
power, Fig. 10(d). The difference between the turbine and 
generator powers is the mechanical losses, while the 
difference between the generator and grid powers is the 
electrical losses. In summary, the machine-side converter 
takes over control for small wind speed changes as long as 
the q-axis reference current, iqref, is less than its limit. For 
large wind speed changes, the pitch-angle controller takes 

the action of regulating the turbine/generator speed by 
increasing the pitch angle, as Iqref of the machine-side 
converter reaches its limit value. 
 

 
Fig. 10: Dynamic performance of the gearless wind turbine 

system at high wind velocities. 
 
Fig. 11 and 12 show the turbine power/speed trajectory 
for both small and large wind speed disturbances. These 
figures support the interpretation given above for the 
action of the controllers. In Fig. 11, following the 
occurrence of small wind speed disturbance, the system 
operating point moves directly upward from P2 to P3, 
which means that the generator provides higher power at 
constant generator speed (w = wref = 3.5 m/s). This 
demonstrates the action of the controller of the machine- 
side converter.  Fig. 12 reveals that, following the 
occurrence of a large wind speed change, the operating 
point P3 moves cyclically to P4, which is vertically 
below P3. This demonstrates the interference of the pitch 
control system which maintains the turbine power 
constant and regulates the generator speed such that w = 
wref. 
Finally, the grid-side converter continuously regulates the 
dc-link voltage, Fig. 10(g), and transfers the extracted 
maximum power to the grid. The magnitude of the grid-
side converter current, Fig. 10(h) follows the shape of the 
PMSG power, Fig. 10(c).  
Figure 13(a) shows a snapshot of the PMSG (machine-
side converter) current.  Fig. 13(b) illustrates that the 
grid-side converter current is in phase with the grid 
voltage; hence no reactive power is supplied to the grid.  

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 
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Fig. 11: Trajectory of turbine power and speed when the wind 

velocity is changed from 15 m/s (P2) to 15.2 m/s (P3). 
 

 
Fig. 12: Trajectory of turbine power and speed when the wind 

velocity is changed from 15.2 m/s (P3) to 16 m/s (P4). 
 

 
Fig. 13: The currents of the PMSG and the grid-side converter. 

 
This agrees with the setting for zero reactive power on the 
grid-side converter. The current of both converters are 
sinusoidal and tracks their references.  The previous results 

prove the effectiveness of the converter controller 
performance. 
 
5.  Conclusion 
 
The paper presents a detailed model for gearless variable-
speed WECS based on PMSG. This model is simulated 
on PSCAD/EMTDC software package. The dynamic 
performance of the machine-side converter, the grid-side 
converter, and the pitch-angle controllers are 
investigated. The trajectories of the turbine power and 
speed illustrate the action of the MPPT controller of the 
machine-side converter. The operating point is moved 
along the turbine power-speed characteristics and is 
tracked by the machine-side converter until the point of 
maximum power is achieved. The results demonstrate the 
coordination between the controllers of the machine-side 
converter and the pitch-angle. The machine-side 
converter takes over controlling the generator speed as 
long as the q-axis reference current is less than its limit. 
The pitch-angle controller takes the action of regulating 
the turbine/generator speed as the current of the machine-
side converter reaches its limit value. The presented 
model can be used for investigating the dynamic 
interactions between variable-speed WECS and the grid. 
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