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Abstract—The performance of two different control strategies 
for small-scale squirrel cage induction generator (SCIG) based 
variable speed wind turbines (WTs) are examined in this paper. 
The first is stall control, which uses power electronics to force the 
turbine blades to operate in a stall condition when the turbine is 
operating in above rated wind speed conditions. The second is 
yaw control, which rotates the wind turbine away from the 
direction of the wind to limit power when the turbine is operating 
above rated wind speed conditions. This paper analyses the 
performance of these two control strategies and their impact on 
the utility grid using a comprehensive model that considers 
electrical, mechanical and aerodynamic aspects of WT operation; 
the model is discussed in detail in the paper. The comparison 
shows that completely power electronic-based stall control is 
better than electromechanical yaw control in terms of power, 
voltage regulation, and flicker emission level.  

Keywords— Wind energy systems, stall control; yaw control, 
flicker emission, electromechanical simulation  

I. INTRODUCTION  

Small-scale variable speed wind turbines (WTs) are widely 
used in various industrial applications such as water pumping 
systems, remote site and village electrification and battery 
chargers [1]. A WT has three main operating regions:  

• Region 1 where it is either not rotating at all or is in the 
process of starting up. 

• Region 2 where it is operating at below rated wind 
speed.  

• Region 3 where it is operating above rated wind speed.  

For Region 2 operation, maximum power point tracking 
(MPPT) control strategies are used to extract as much power as 
possible from the wind. Various MPPT methods have been 
proposed, including tip speed ratio (TSR) algorithms [2], 
power signal feedback methods [3], techniques based on 
optimal torque [4], hill climbing search [5] and incremental 
conductance MPPT algorithms [6]. 

For Region 3 operation, the power extracted from the wind 
needs to be limited and this can be done with various 

mechanical control strategies such as pitch angle control [7], 
yaw [8], furl [9], and stall [10] control methods, which limit the 
speed of mechanical rotation of the turbine. Pitch angle control 
is mainly used in large-scale WTs due to costs and thus will not 
be considered in this paper. Furl control involves turning the 
WT’s nacelle at an angle out of the wind direction so that its 
rotor speed will slow down. Stall control uses power 
electronics to control the WT generator rotation speed so that 
the blades are made to stall, thus reducing the amount of power 
extracted from the wind.  

The design of the WT blade is important in stall control, 
which must consider aerodynamic factors that will allow the 
WT’s speed of rotation to slow down in conjunction with the 
power electronics. For yaw control (where yaw is the vertical 
axis of the WT), the yaw mechanism should be designed so 
that the WT rotor axis is aligned in the direction of the wind 
(thus making the yaw error zero) under below rated wind speed 
conditions and less aligned as the WT is rotated out of the wind 
direction at above rated wind speed operation to limit the 
extracted power.  

There has been little research on the operation of small-
scale WTs in Region 3 because of the wide range of expertise 
needed. Unlike Region 2 operation, for which expertise mainly 
in electrical engineering is required as the control is electrical, 
the study of Region 3 operation requires expertise in electrical, 
mechanical, and aerodynamic engineering since the control 
depends on all these factors; few research groups have such a 
combination of expertise. 

In [11], an aeroelastic model using FAST and ADAMS 
codes was developed and used to study the performance of a 
wind energy system (WES) with a small furl controlled WT. In 
[9] the performance of a 10 kW furl controlled WT operating 
under normal and fault ride-through conditions was examined. 
The performance of furl and stall control strategies were 
compared in [12] and it was determined that stall control results 
in greater energy production at high wind speeds and less 
thrusts and furling noise. In [13], the output power of the stall- 
and yaw-controlled WTs was compared where the first one 
demonstrated a better performance and lower power 
fluctuations. 
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In this paper, a comparison between power electronic based 
stall control and electromechanical yaw control is made. This 
paper analyses the performance of these two control strategies 
and their impact on the grid by using a simulation model that 
considers the electrical, mechanical and aerodynamic aspects of 
WT operation; all aspects of the model are discussed in detail 
in the paper. Results from models of two 10 kW WTs operating 
with stall control and yaw control are presented and the 
performance of the WTs are considered with respect to power, 
voltage regulation and flicker emission level. Conclusions 
about the two control methods are made based on the 
simulation work. 

II. SYSTEM CONFIGURATION AND SIMULATION PLATFORM 

A. System Configuration 

The configuration of the 10 kW SCIG-based variable speed 
WT that is used to study both stall and yaw control is shown in 
Fig. 1. It is connected to the AC grid through back to back 
converters, a generator side converter (GSC) and a network 
side converter (NSC), a filter and network connection. Key WT 
parameters are sensed, fed to a lookup table, then processed by 
a controller that controls the converters. The aerodynamic and 
mechanical aspects of the WT are modeled using AeroDyn [14] 
and FAST [15] codes considering component dynamics. The 
turbine is connected to the SCIG, modeled in 
MATLAB/Simulink. The equations describing the dynamics of 
the induction machine can be written as follows [16]: 
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where sδ and rδ  are the stator and rotor leakage factors, 
defined as follows: 
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The machine electrical torque can be derived as follows: 
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The rotor speed-torque relation can be written as follows: 
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where Ls, Rs are the stator inductance and resistance, Lr, Rr are 

the rotor inductance and resistance, respectively. sV , rV are 

the stator and rotor voltage vectors, si , ri are the stator and the 

rotor current vectors, sδ and rδ are the stator and rotor leakage 
factors, Lm is the magnetizing inductance, P is the pole 
numbers, rω is the rotor angular electrical speed, J is the 
generator and shaft inertia, Te and Tm are the electrical and 
mechanical torques, and rθ  is the rotor angular electrical 
position.  

The generator and rotor side converters are modeled as 
voltage-sourced average models. The control signals are 
applied to the converters to achieve satisfactory results as will 
be discussed in Section III.   

B. Simulation Platform 

A wind turbine is a complex system consisting of different 
aspects such as aerodynamic, mechanical, electrical, and 
control sub-systems. A simulation platform capable of 
considering these parts and the interaction between them is 
therefore required. The platform used for this work combines 
different software packages including TurbSim [17], AeroDyn, 
FAST and MATLAB/Simulink to develop a comprehensive 
model for wind energy conversion systems (WECSs). This 
software platform allows for the study of the interaction of the 
electrical and mechanical parts of a WT using wind profile 
information and the study of the implementation of various 
control configurations.  

The master simulation platform is MATLAB/Simulink 
where FAST equations of motion are implemented as an S-
function in Simulink. AeroDyn is called up in FAST as a 
subroutine to calculate the aerodynamic forces based on blade 
element momentum (BEM) theory and the results are returned 
to FAST for mechanical calculations. A wind profile should be 
given to the AeroDyn subroutine for aerodynamic calculations. 
TurbSim, a turbulent, full-field and stochastic wind simulator, 
is used to generate a wind profile. This software requires wind 
turbine specifications and some meteorological boundary 
conditions to simulate time series of wind velocity vectors at 
different points of a two-dimensional vertical rectangular grid.  

FAST can model the dynamic response of three-bladed 
horizontal axis WTs; it can consider different configurations 

cba mmm ,,
cba mmm ,,

dcv

windv *ω
fbω gabci , nabci , nabcv ,  

Fig. 1. System configuration 
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and up to 24 degrees of freedom (DOFs) using a combined 
modal and multi-body dynamics formulation. These DOFs, 
which can be activated based on problem requirements, include 
support platform, tower, blades, yawing motions, rotor- and 
tail-furl, generator azimuth angle, and the compliance in the 
drivetrain between the generator and hub/rotor. The result of 
FAST, either the rotor speed or mechanical torque, is fed to the 
induction generator modeled in Simulink, where the electrical 
and mechanical controllers, power electronic interface and 
power system are implemented. Simulink returns the 
electromagnetic torque, electrical power, yaw and pitch angle 
(if necessary) to FAST for the next step of the simulation. This 
process is repeated until the simulation has been completed. A 
block diagram of the complete simulation platform is shown in 
Fig. 2. 

III. CONTROL SYSTEMS 

The control systems in this study can be divided into 
electrical and mechanical sub-systems. The electrical 
controller, associated with the power electronics interface, and 
the mechanical controller, related to the yaw mechanism, will 
be discussed in the following sections.  

A. Power Electronics Interface Control Design 

The wind turbines are connected to the AC grid through a 
generator side converter (GSC), a network side converter 
(NSC), a filter and cabling. The GSC and NSC are averaged 
model voltage sourced and are controlled independently in the 
d-q reference frame. 

1) Generator side converter (GSC) control 
The SCIG can be controlled using methods such as direct 

field oriented control (FOC), indirect FOC, and direct torque 
control (DTC); in this paper, indirect FOC is used to control the 
SCIG via the GSC. The GSC controller (Fig. 3(a)) has control 

loops to track the torque command (Te
*) and reference flux 

( *λ ), by q and d components of the stator currents (isq and isd), 
respectively. The torque command is the output of the rotor 
speed control loop that is used to track the maximum power 
point; the reference flux is set to the machine rated flux. Since 
the indirect FOC method is used to control the GSC, the flux 
observer is required to determine the machine magnetizing 

current ( mrî ), stator angular frequency ( ω ), and d-q frame 

synchronization angle ( ρ ). The flux observer (Fig. 3(b)) and 
GSC have been designed based on [16]. The flux observer is 
based on the following equations: 

dt

dρω =        (8) 

sdmrmrr iii
dt

d +−= ˆˆτ      (9) 

mrr

sq
r

i

i
ˆτ

ωω +=                      (10) 

where rτ is the rotor time constant as follows: 
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The controller output voltage signals, applied to the voltage-
sourced converter, can be obtained as follows: 
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Fig. 2. Simulation platform of a wind energy conversion system 
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where δ  is the machine total leakage factor, ud and uq are the 
d-q components of the uncompensated voltages, generated by 
the GSC controller, as follows: 

sdsdsd ii
dt

d
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dt
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The last term in md can be ignored to avoid differentiation and 
possible noise amplification.  

2) Network side converter (NSC) control 
The NSC controller (Fig. 3(a)) has independent control 

loops to regulate the DC link voltage and the reactive power to 
achieve the unity power factor, by d-q components of the 
network currents. The controller output voltage signals applied 
to the voltage-sourced converter are as follows: 
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where idn and iqn are the d-q components of the network 
currents, vdn and vqn are the d-q components of the PCC 
voltage, Rf and Lf are filter resistance and inductance, nω  is the 

network angular frequency, dv '  and qv '  are d-q components of 
the uncompensated voltages, generated by the NSC controller.  

B. Stall and Yaw Controller Design 

Although stall and yaw-controlled WTs have the same 
general system configuration and the same control for Region 2 
operation, their control differs when the WT operates in Region 
3. In Region 2, both WTs track the maximum power point 
(MPP) by controlling the GSC according to the first (green) 
part of the rotor speed vs wind speed curve shown in Fig. 4. 
This curve, which is implemented as a lookup table in the 
system configuration shown in Fig. 1, is obtained in the design 
process of the blades or is available from WT manufacturers; it 
can be generated by HARP_Opt software [18]. In Region 3, the 
GSC controller (in the stall-controlled WT) operates in the 
second part of the curve to limit the amount of power extracted 
from the wind, but the GSC controller in the yaw-controlled 
WT operates at the rightmost part of the first part of the curve 
in Fig. 4 and the mechanical yaw controller helps the turbine to 
limit the extracted power. 

In this study, the yaw mechanism rotates the WT toward or 
out of the wind direction based on the wind speed. When the 
wind speed is below rated speed, this controller aligns the WT 
toward the wind direction to reduce the yaw error and extract 
more energy. On the other hand, when the wind speed exceeds 
rated speed, this control system rotates the WT out of the wind 
direction to limit the captured power. When the turbine is 
rotated out of the wind direction, the effective area swept by 
the rotor is reduced and thus the captured power is decreased as 
follows:  
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Fig. 3. Power electronic interface controller design and flux observer 
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Fig. 4. Rotor speed vs. wind speed lookup table [9] 

ϕπ cos2 ×= beff RA           (19) 

35.0 VCAP peffρ=             (20) 

where Aeff is the effective area of the rotor, Rb is the blade 
length, P is the turbine output power, ρ is air density, Cp is 

power coefficient, V is wind speed and ϕ  is yaw error as 
shown in Fig. 5. 

IV. SIMULATION RESULTS 

Results of two 10 kW SCIG-based WTs implemented with 
stall and yaw controls in the simulation platform described in 
Section II are presented in this section. Fig. 6 shows the 
turbulent wind profile generated by TurbSim for the analysis 
of the performance of the two WTs. This wind profile was 
generated based on the IEC standard [19] with 13 % turbulent 
intensity and mean wind speed of 16 m/s considering a 6×6 
points grid. This profile was selected because the turbulence 
intensity and mean wind speed were above the rated values; 
this allowed for the investigation of the performance of the 
controllers in Region 3 under harsher conditions. The wind 
turbine, chosen from the FAST CertTest collection (Test 17) 
[15], and the parameter values of the electrical components 
used in the simulations are given in Table I and Table II in the 
Appendix. The rotor speed, mechanical torque, and output 
power for both WTs are shown in Fig. 7, 8 and 9, respectively.  

Both stall-controlled and yaw-controlled WTs have 
acceptable performance under turbulent wind conditions with 
the performance of the stall-regulated WT being better. A part 
of the results are magnified in the figures to see the details of 
the results. The fluctuations on the output power and torque of 
the yaw-controlled WT are due to the operation of the yaw 
controller that rotates the WT out of the wind direction and 
amplify as yaw error increases.  

To analyze flicker emissions, an IEC flickermeter was 
implemented in MATLAB/Simulink based on [20]. The output 
voltage, instantaneous flicker sensation (Pfs), and the DC link 
voltage are also shown in Fig. 10, 11, and 12, respectively. 
The output voltage fluctuations, instantaneous flicker 
sensation and dc link voltage oscillations in the stall-regulated 
WT are less than those in the yaw-regulated WT, proving that 
power electronic stall control is the superior control method.  

ϕ

ϕ

ϕ

 
Fig. 5. Yaw mechanism and yaw error (Top view) 
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Fig. 6. Wind speed vs. time 
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Fig. 7. Rotor speed vs, time 
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Fig. 8. Mechanical torque vs. time 
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Fig. 9. Output power vs. time 
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Fig. 10. Point of common coupling (PCC) voltage 
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Fig. 11. Instantaneous flicker sensation (Pfs) 
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Fig. 12. DC link voltage 

V. CONCLUSION 

In this paper, the performance of two control strategies for 
small-scale variable speed WTs was investigated. In order to 
have a precise comparison, a comprehensive model of 10 kW 
WTs that considered electrical, mechanical, and aerodynamic 
aspects, instead of just one or two which is typically done, was 
used. In so doing, a simulation platform which combined 
different software packages was used. TurbSim was used to 
generate turbulent wind profile, AeroDyn and FAST codes 
were used to model aerodynamic and mechanical parts, and 
electrical parts with control systems were implemented in 
MATLAB/Simulink.  

Based on the results obtained, it was shown that the use of 
power electronics and stall control in WTs can result in 
improved performance. The fluctuations on the output power 
and rotor speed of the stall-regulated WT are less than those in 
the yaw-regulated turbine. Moreover, the stall-regulated WT 
has better performance in terms of voltage fluctuation and 
instantaneous flicker sensation comparing to the yaw-
regulated turbine.  
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APPENDIX 

The parameter values that were used for the simulation 
work done for this paper are shown in Tables I and II. Table I 
shows the parameter values used for the FAST and Aerodyn 
components of the simulation model and Table II shows the 
parameter values used for the MATLAB/Simulink component 
of the model. 

TABLE I.  WIND TURBINE PARAMETERS 

Parameter Value 

Rotor radius 2.9 m 
Hub height 34.6 m 
Tower height 34 m 
Nacelle mass 260.5 kg 
Pitch angle 0° 
Airfoils for stall-regulated WT S822, S823,  
Airfoils for yaw-regulated WT SH3052 
Cut in wind speed 2 m/s 
Nominal wind speed for stall-regulated WT  11 m/s 
Nominal wind speed for yaw-regulated WT  12 m/s 
Cut out wind speed 30 m/s 

TABLE II.  ELECTRICAL PARAMETERS 

Parameter Value 

Generator rated power 11 kW 
Generator rated voltage (line to line) 380 V 
Stator resistance 1.2 Ω 
Rotor resistance 0.75 Ω  
Stator and rotor leakage inductance 0.1781 H 
Mutual inductance 0.1694 H 
Generator inertia 0.5 kg.m2

Pole pairs 2 
DC link capacitance 2500 µf 
Switching frequency 3420 Hz 
Network rated voltage(line to line) 380 V 
X/R ratio 3.6 
Network frequency 50 Hz 
Filter resistance  0.012 Ω 
Filter leakage inductance 0.002 H 
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