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This paper presents a robust sensorless control scheme of permanent magnet synchronous generators (PMSG) wind turbine 
with two full-scale controllable three phase converter connected to the grid. The main aim is to drive wind turbine at an optimal 
rotor speed in order to perform maximum power point tracking (MPPT) control of the wind generation system. The proposed 
strategy combines a nonlinear backstepping control of the PMSG which is based on both feedback laws and Lyapunov theory 
and a non-linear sliding mode observer (SMO) to estimate the PMSG rotor position in order to perform a sensorless control. The 
PMSG wind turbine is integrated with the grid through a three phase inverter which is controlled through classical proportional 
integral (PI) to control the active and reactive power. The proposed method was successfully tested with both simulation and 
experimental setup using MATLAB and a dSPACE 1104 platform. The obtained simulation and experimental results show 
clearly the accuracy and the effectiveness of the proposed method. 
 

1. INTRODUCTION 

The petroleum crisis and the increasing demand of 
energy, coupled with the possibility of a reduced supply of 
conventional fuels, have motivated progress in renewable 
energy research and applications. Among renewable energy 
sources, wind energy is currently considered to be the most 
useful natural energy source because it is abundant and 
clean. Despite these advantages, the efficiency of wind 
energy conversion is currently low, and the initial cost for 
its implementation is still considered high. Therefore, the 
wind energy cost reduction is essential for the rapid spread 
of the wind power generation through more efficient, 
reliable and cost-effective wind energy conversion systems 
(WECS)[1]. WECS, based on permanent magnet 
synchronous generator (PMSG) drive, is a promising 
technology due to  its high efficiency and the elimination of 
gearboxes and the external excitation system [2]. 

Various wind generator systems based on modern wind 
turbine concepts are developed and described in literature 
[3–5], which are all about reducing the cost to the 
minimum, power maximization and improvement and 
protection of the environment. The direct-drive PMSG is 
the attractive solution/technology thanks to its high 
efficiency and reliability as well as its high power density 
and torque-inertia ratio [5]. However, the performances of 
the PMSG system depends on synchronous generator and 
its control technique. 

The principle of the vector control introduced by 
Blaschke [6] gave good dynamic performances. Therefore, 
many researches are currently focusing on improving this 
control type. The main difficulty of the vector control is the 
speed measurement. Therefore, the present research work 
focuses on the elimination of such sensor. Indeed, the use 
of mechanical sensors such as tachometer generators, 
incremental encoders and resolvers to measure mechanical 
speed not only reduce reliability but also increase the 

maintenance cost of the control. Consequently, vector 
control without a mechanical sensor has become an 
increasingly important part in industry and research. 

Several techniques have been developed for the PMSM 
sensorless control technology. They can be classified into 
two types: the estimation method based on observer [7,8] 
and the high-frequency injection method using the salient 
effect of the motor [9,10]. The flux linkage estimation 
method, an extended Kalman filter and the model reference 
adaptive method are widely used to estimate the rotor 
position. However, the estimation accuracy and stability of 
the last method depends on motor model. In [11,12], an 
adaptive neuro-fuzzy method is provided to improve the 
accuracy of the position estimation under varying speed 
with variable PMSG parameters, whereas adaptive 
neuro-fuzzy inference system (ANFIS) estimator shows 
better performance and immunity against parameters 
variation. However, in practice, the problem with fuzzy 
controllers is that the calculation time and complexity 
increase strongly with the number of variables. In [13] an 
adaptive interconnected structure with online parameter 
estimation is adopted to improve the accuracy of the 
position estimation. It is based on the interconnection 
between several observers, satisfying some required 
properties. However, the convergence of the observer 
depends on the gains related to the state estimation and the 
parameter identification of the system.  

Considering the circumstances mentioned above, sliding 
mode observer (SMO) is widely used thanks to its 
robustness and simplicity, which compensate the 
dependence of the observer on the model [14,15]. This 
paper presents an improvement and experimental 
verification of the sensorless control strategy for a PMSG 
based wind turbine. The control is based essentially on the 
backstepping control [10,11,16] of the wind turbine speed 
by imposing the wind profile while  SMO is introduced to 
estimate the speed of the wind turbine generator. In 
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addition, the PMSG wind turbine is integrated to the grid 
through three phase converter which controls the active and 
the reactive power.  

The paper is organized as follows: the wind turbine 
model is given together with the description of the emulator 
configuration in Section 2. The control strategy of the 
studied system is detailed in section 3. Simulation and 
experimental results are discussed in Section 4 and 5 
respectively. Finally, a conclusion is presented in Section 6. 

2. SYSTEM DESCRIPTION 

The proposed structure of a wind energy conversion 
system is composed of a wind turbine, a PMSG, two full-
scale back-to-back pulse width modulation (PWM) 
converters and inductance filter, as it is shown in Fig.1. The 
system is connected to the power grid. The modelling of 
each component is presented as following 

 
 

Fig. 1 – The configuration of the wind energy conversion system. 

2.1.WIND TURBINE MODEL: 

The mechanical power extracted from the wind can be 
expressed as follows 

,2/)λθ,(ρπ 32
pCvRP 

,
 (1)

where P  is the extracted power from the wind, ρ is the air 
density (kg/m3), R is the blade radius (m), v is the wind 
speed (m/s) and Cp  is the power coefficient, which is a 
function of the pitch angle of rotor blades θ (deg) and of the 
tip speed ratio λ . The term λ  is defined as 

,/Ωλ vR  (2)

where Ω is the wind turbine speed. In literature, the power 
coefficient can be used in the form of look-up tables or in 
form of a function. The second approach is presented 
below, where the general function of the power coefficient 
is defined as a function of the tip-speed ratio λ and the 
blade pitch angle θ [17]:  
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Since this function depends on the wind turbine rotor 
type, the coefficients Ci  (i =1,2…,6) and x are different for 
various turbines. the same coefficients as in[13] are used: 
c1=0.5, c2=116, c3=0.4 , c4=0, c5=5,c6= 21(x is not used 
because c4=0). Additionally, the parameter β is also defined 
in different ways[9] For example, the parameter 1/β is 
defined as:  
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2.2.GENERATOR MODEL  

The mathematical model of the PSMG is established 
under the d and q axis synchronous reference frame [13]. It 
is simplified as: 
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where subscripts d and q refer to the physical quantities that 
have been transformed into the d-q synchronous rotating 
reference frame, Rs is the stator resistance [Ω], Ld and Lq 
are the inductances [H] of the generator on the d and q axis. 
φf is the permanent magnetic flux [Wb] and ωe is the 
electrical rotating speed [rad/s] of the generator, defined as 
ωe=Ω.p , where p is the number of pole pairs and Ω is the 
rotated speed of the generator. 

The electromagnetic torque equation of PMSG is 
described by this equation:  

.2/))((3 fqqdqde iiiLLpT   (7)

The mechanical equation which connects the generator 
with the wind turbine is described by:  
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where Tl is the mechanical torque applied by the turbine to 
the generator. The sign convention of Tl is the following 
one: when the speed is positive, a positive torque signal 
indicates the generator mode and a negative signal indicates 
the motor mode. jeq is the equivalent moment of inertia and 
Bm is the viscous turn coefficient.  

3.CONTROL STRATEGY  

It exists two methods to control the PMSG while the 
wind speed is variable. The first named maximum power 
point tracking (MPPT), it principle is to make the PMSG 
running at the speed corresponding to the maximum power 
point when wind speed is lower than the rated wind speed. 
While the second method makes the PMSG running around 
the rated power point by the torque angle controller when 
the wind speed is higher than the rated wind speed. The 
torque angle controller is similar to speed controller of 
generator, which is influenced by the power coefficient Cp 
[9]. 

The control strategy of the wind energy converter system 
is divided in two parts, the first focuses on the control of 
PMSG by nonlinear backstepping controller relying on the 
MPPT, and the second part focuses on the control of the 
active and reactive power injected to the grid, and also on 
the stabilization of the terminal voltage measured of the 
capacitor located between the converters; additionally, a 
sliding mode observer for position is used to eliminate the 
position sensor. 

3.1. CONTROL OF THE PERMANENT MAGNET 
SYNCHRONOUS GENERATOR SIDE 

CONVERTER 

The control of PMSG is achieved by the nonlinear 
backstepping controller that is composed of two loops, the 
inner loop that control the stator current and the outer loop 
which control the PMSG speed, where the optimum speed 
reference Ω* is given by the MPPT bloc as shown in Fig. 2.  

3.1.1. MPPT PRINCIPLE  
The MPPT principle is to extract the maximum of power 

from the wind power, this can be only realized if the turbine 



3 Ahmed Tahri, Said Hassaine, Sandrine Moreau 325 

 
operates at maximum Cp (i.e., at Cpopt) [18].Therefore, it is 
necessary to keep the tip-speed ratio λ at an optimum value 
λopt  . From (2) to maintain this value it is essential to adjust 
the rotor speed to an optimum value (Ωopt) in order to 
follow the change value when the wind varies. 

 
Fig. 2 – Overall diagram of proposed control system of PMSG. 

From equations (1) and (2) The optimum power of a 
wind turbine is written as: 
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where Rvoptopt /λΩ    and. ropt G *  ,  

where Ω* is the PMSG speed reference and Gr is the gear 
ration of the wind turbine. 

3.1.2. BACKSTEPPING CONTROL OF THE PMSG 
The backstepping technique is a systematic and recursive 

method for synthesizing nonlinear control laws. It uses the 
Lyapunov stability principle which can be applied to a large 
number of non-linear systems. 

The objective of the nonlinear backstepping controller is 
to track the PMSM speed with the appropriate choice of 
regulated variables. From [19] the control inputs can be 
chosen as: 
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where K1, K2 are parameters introduced by the backstepping 
method. They must always be positive and greater than Kd, 
Kq respectively, to attain the stability criteria of the 
Lyapunov function. Thus, the virtual control is 
asymptotically stable. Besides, these parameters can 
influence the control dynamics and we must select them to 
ensure that the current dynamics converge faster than the 
speed ones. 

After obtaining the ud and uq control signals, they are 
turned into the three phases voltage reference frame by 
means of the inverse Park transformation and are given as a 
reference to the space vector modulation (SVM) block in 
order to generate the inverter pulse signals. 

3.1.3. SLIDING MODE OBSERVER 
Unlike conventional design observers, the sliding mode 

observer for estimating rotor position angle uses only the 
electrical equations of the PMSM in the fixed coordinate 
(α,β) due to the fact that angular speed and position 
information are ready to be extracted in this reference frame 
[20]. The PMSM model in stationary (αβ) reference frame 
is 
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The magnitude  (iα, iβ et uα, uβ) in the fixed coordinate 
(αβ) are obtained by the Concordia transformation of the 
three phase electrical quantities measured (ia, ib, ic and ua, 
ub, uc)  of PMSG as shown in Fig. 2. θe is the electrical 
rotor position of the PMSG and Ls is its stator inductance 
where Ls=Lα =Lβ (because the studied PMSG has nearly a 
smooth pole). 

Equations (12) (13) can be expressed in matrix form as 
follows  
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The sliding mode observer (SMO) is designed in the 
following form:  
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In (17) Zeq represents the equivalent control and Z 
represents the discontinuous control, l is the feedback gain 
of the equivalent control, and K generally positive (K > 0) 
is the switching gain of the discontinuous control, where 
the superscript * denotes a control variable and the hat ˆ 
indicates the estimated variable. 

The equivalent control Zeq can be obtained as 
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where cc s ω/ω   is a low-pass filter. It is noticed that its 

cut off frequency ωc must be properly designed in with 
respect to the fundamental frequency currents of PMSG. 

The sliding surface is selected as S = 0, where: 

αβαβ
ˆ iiS  . 

By subtracting equation (16) and (17) we can obtain the 
dynamic sliding mode motion equation as expressed in 
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If switching gain K is large enough to ensure the 
following condition: 

0.SST
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Then, sliding mode occurs and we get S=0 .This implies: 
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The feedback gain l must be larger than −1 with any 
positive switching gain K , i.e. l > −1,which is the limit of 
the feedback gain of the equivalent control [21]. In our 
study, the gain l is chosen –0.9. According to (21), we can 
deduce that the magnitude of the equivalent control Zeq is 
ten times greater than that of the back EMF. Thus, the rotor 
position of PMSG is estimated from the equivalent control 
(Zeq). 

At low speeds, the back EMF is weak and the estimated 
Zeq is enlarged. As a result, observer stability is ensured 
even in lower speeds and the quality of the estimated rotor 
position angle is improved. 

In addition, from (14) and (15) the angular position of θe 
rotor can be estimated using the equivalent control Zeq as 
follows: 
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However, the function sign has some drawback due to 
the fact that it result a significant chattering, to solve this 
problem, the function sign is replaced by the function tanh 
(hyperbolic tangent).  

After that, the rotor speed is calculated from the 
estimation of the rotor position using a numerical 
derivation.  

3.2. CONTROL OF THE GRID SIDE CONVERTER 

The role of the grid side converter control is to adjust the 
dc line voltage to the desired value, and ensure that the 
output voltage converter has a similar amplitude and 
frequency with the grid, but the main role of this control is 
to control the active and reactive power. 

 
Fig. 3 – Overall diagram of proposed control system of the grid side 

converter. 

3.2.1. DC LINE MODELING AND CONTROL 
The dc line is the capacitor located between the 

convertors; its function is to keep the dc voltage stable, the 
model of the dc line is expressed as: 
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where Vdc is the dc line voltage, is is the current of dc line at 
the generator side and ig is the current of dc line at the grid 
side, C is the capacity of dc line capacitor. 

Let us suppose that the convertor is ideal i.e. does not 
consume power, the voltage of the capacitor is written as  
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where Ps is the output power of generator. We can write it 
as  

dcdcsss iViVP  3 . (25)

We rephrase it as  

dcdcs iVIEP  maxmax2

3
,
 (26)

where Vs is the voltage of generator side and Emax is its 
amplitude, Imax is the amplitude of the generator current, 
and idc is the current through the capacitor.  

The control block diagram of the dc line is presented in 
Fig. 4. 

 
Fig. 4 – Diagram of the loop control of dc line. 

In this loop control, the current loop is considered to be 
faster than the voltage loop. We suppose it as equal to 1. 

The proportional integral (PI) controller is designed with 
the pole placement method. 

3.2.2. CONTROL OF ACTIVE AND REACTIVE 
POWER  

The dynamic model of the grid connection when 
selecting a reference frame rotating synchronously with the 
grid voltage space vector is 

gdgqggr
gd

ggdggd eiL
t

i
LiRu  ω

d

d
, (27)

gdggr
gq

ggqggq iL
t

i
LiRu ω

d

d
 , (28)

where Rg and Lg are the resistance and inductance 
respectively of the filter, this latter is located between the 
converter and the grid, ugd and ugq are the inverter voltage 
components, ωgr is the electrical angular velocity of the 
grid. 

If the reference frame is oriented along the supply 
voltage, the grid voltage vector is 

0j gduu . (29)

Then active and reactive power goes through the grid 
side converter, it is written as: 

2/3 gdgdiuP  , (30)

.2/3 gqgdiuQ   (31)

The active and reactive power control is achieved in two 
loops, by controlling direct and quadrature current 
components [15] as shown in Fig.3.  

In Fig.3, θe is the electrical angle of the grid, it is 
extracted with the phase locked loops (PLL), and 
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gdgqggr eiLcomp  ω1 ;  gdggr iLcomp ω2   are the 

compensation terms  
The first channel controls the dc voltage which is used to 

provide to the d axis current reference for active power 
control. This assures that all the power coming from the 
PMSG converter is instantly transferred to the grid through 
the converter. 

The second channel controls the reactive power by 
setting the q axis current reference to the current control 
loop similar to the previous one. The current controllers 
will provide a voltage reference for the converter that is 
compensated by adding rotational electromotive force 
(EMF) compensation terms. All controllers are PI and are 
tuned using the pole placement method. 

4. SIMULATION RESULTS 

The control strategy of the studied wind energy 
conversion system is investigated using SimPowerSystems 
of Matlab/simulink. 

The system performance and robustness is evaluated for 
the PMSG parameters shown in Table 1, the main 
measurements include three-phase stator voltage, and three-
phase stator current. 

The controller has as input, the speed reference extracted 
from the MPPT block, the observed speed, the direct and 
quadrature stator current and also the torque applied by the 
wind turbine on the PMSG. 

Table 1  
PMSG parameter 

PMSM parameters Value  
Rated power  1 kW  
Rated line current 7 A 
Rated speed  1500 rpm 
Mutual inductance Lq 4 mH 
Mutual inductance Ld 4.5 mH 
Stator resistance Rs 0.57 Ω 
Number of pole pairs p 2 
Permanent magnet flux φf 0.064 Wb 
Viscous friction Bm 0.0039 Nm/rad/s 
Inertia moment  0.00208 kg.m2 

Turbine parameters Value  
Air density ρ 1.22 kg/m3 

Gear ratio 2 
Rotor radius R 3 m 
Inertia moment Jeq (turbine+PMSG) 0.042 kg.m2 

In order to test the robustness of the proposed control 
system, the used wind speed profile is as shows Fig. 5, it 
varies between 4 to 9 m/s. 

Figure 6 shows the PMSG speed under variable wind 
speed condition, we can see the good performance of both 
observer and the backstepping controller, where the 
response time of the PMSG speed is very short; there is no 
overshoot and no steady state error. Figures 7 and 8 show 
the id and iq currents performance where the latter follow 
perfectly there reference. 

The observer performances are shown in Figs. 9 and 10, 
where the observed PMSG stator current in αβ reference 
frame is shown in Fig.9, we can see in the zoom of Fig. 9 
the good follow of the observed current the measurement 
one, as we can see in Fig.10 the estimation error is around 5 
mA. Figure 11 shows the observed PMSG rotor position 
and the measurement one, where the observation delay time 
is very short. The dc line voltage is maintained around their 

reference (400 V) with no steady state error as shown in 
Fig.12. 

The wind conversion system operates at maximum power 
as shown in Fig.13 which means that the power coefficient 
is around the maximum value (Cpmax=0.41). 

Figure14 shows the active power produced by the 
PMSG. 

 
Fig. 5 – Wind speed. 

 
Fig. 6 – Observed PMSG speed. 

 
Fig. 7 – PMSG current in d axis (id). 

 
Fig. 8 – PMSG current in q axis (iq). 

 

 
Fig. 9 – Observed and measurement PMSG current in αβ axis.  

 
Fig. 10 –  Currents estimations errors.  

0 1 2 3 4 5 6 7 8 9 10
0

20

40

60

80

100

Times[sec]

P
M

S
G

 s
pe

ed
 

 

 

*


obs[r

ad
/s

] 

̂

*

Times[s] 

0 1 2 3 4 5 6 7 8 9 10
3

4

5

6

7

8

9

Times[sec]

W
in

d 
sp

ee
d 

[m
/s

ec
]

W
in

d 
sp

ee
d 

[m
/s

] 

Times[s] 

0 1 2 3 4 5 6 7 8 9 10
-0.01

-0.005

0

0.005

0.01

Times[sec]

e
st

im
at

io
n 

e
rr

or
 o

f 
i 


 

 

error
i


error
i


E
st

im
at

io
n 

er
ro

r 
of

 i α
β 

[A
] 

iα error 

iβ error 

Times[s] 

0.4 0.41 0.42 0.43 0.44 0.45 0.46
-10

-5

0

5

10

Times[sec]

i 
 P

M
S

G
 c

ur
ra

nt
 [

A
]

 

 

i

 

i
  est

i


i
  est

iα 
iαobs 
iβ 
iβobs 

i α
β 

P
M

S
G

 c
ur

re
nt

 [
A

] 

Times[s] 

0 1 2 3 4 5 6 7 8 9 10
-10

-5

0

5

10

Times[sec]

i 
 P

M
S

G
 c

ur
ra

nt
 [

A
]

 

 

i

 

i
  est

i


i
  est

iα 
iαobs 
iβ 
iβobs 

Times[s] 

i α
β 

P
M

S
G

 c
ur

re
nt

 [
A

] 

0 1 2 3 4 5 6 7 8 9 10
-10

-8

-6

-4

-2

0

2

4

6

8

10

Times[sec]

i q P
M

S
G

 c
ou

ra
nt

 [
A
]

 

 

i
q
*

i
q

Times[s] 

i q
 P

M
S

G
 c

ur
re

nt
 [

A
] 

0 1 2 3 4 5 6 7 8 9 10
-10

-5

0

5

10

Times[sec]

i d P
M

S
G

 c
ou

ra
nt

 

 

 

i
d
*

i
d

Times[s] 

Zoom 

αα
ˆ, ii  ii ˆ,



328 Experimental verification of a wind turbine sensorless control 6 
 

 

 
Fig. 11 – Observed PMSG position. 

 
Fig. 12 – Dc line voltage.  

 
Fig. 13 – Power coefficient (Cp). 

 
Fig. 14 – Active power produced by the PMSG. 

5. EXPERIMENTAL VALIDATION 

In order to validate the developed method, a test bench 
has been set up. The used test bench comprises a PMSG 
driven by an actuator composed of a PMSM and its power 
and its control. This set simulates a real wind turbine, by 
controlling the torque on the shaft and driving the PMSG 
which delivers the produced energy on a resistive load. A 
dSPACE DS1104 DSP system is used to carry out the real-
time algorithm. The parameters of the PMSG are given in 
Table 1. The experimental test bench is shown in Fig.15. 

 
Fig. 15 – Experimental setup.  

The speed response of the backstepping controller shows 
good tracking performances, as shown in Fig.16 when the 
speed controller operates in variable wind speed and load 
variation conditions. The load variation is seen in the three 
phase current of the PMSG and of the emulator as shows 
the Fig.19 (at 3.5 s and 6.5 s). 

Figures 17 and 18 show the response of the currents in 
the d-axis and q axis. We observe that they follow perfectly 
their references with good performance. It ensures the good 
robustness of the backstepping controller. We noticed that 
there is a chattering phenomenon in the currents, caused by 
the commutation frequency (at 10 kHz) of the inverter. 

Furthermore, we present the observed variables of the 
generator side which are the speed and the rotor position as 
shows Fig.16, where we can see that the observers variable 
follow perfectly the measurement one. Figures 20 and 21 
the observed currents in the fixed reference frame (αβ) 
correspond to the measurement currents with an error 
approximately null, as shown in Figs. 22 and 23. Therefore, 
these results prove the robustness of the proposed sliding 
mode observer. 

 
(a) 

 
(b) 

Fig. 16 –(a) SMO performance: Ch1(1rad per div): measured rotor 
position, Ch2(1 rad per div): Observed position, Ch3(20 rad/s per div): 

observed speed, Ch4(20 rad/s per div): measured speed. (b) Zoom.  

 
Fig. 17– PMSG current in d axis (id). 

 
Fig. 18 – PMSG current in q axis (iq). 
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Fig. 19 – The three phase PMSG currents. 
  

 
Fig. 20 – PMSG current in α axe (iα) and its observation (iαobs). 

 

 
Fig. 21 – PMSG current in β axe (iβ,)and its observation (iβobs). 

 

 
Fig. 22 – Estimation error of iα. 

 
Fig. 23 – Estimation error of iβ. 

6. CONCLUSION  

In this paper, a robust MPPT sensorless control for a 
wind turbine based PMSG integrated with the grid has been 
presented. The main objective is to improve the reliability 
and efficiency of the wind energy conversion system by 

using a robust MPPT control without mechanical sensor. 
The proposed method is based on a nonlinear backstepping 
strategy, combined with a SMO to achieve a sensorless 
MPPT control. The obtained simulation and experimental 
results prove the effectiveness of the proposed strategy with 
a robust stability and transient performances and ability to 
track the maximum power from the wind power when 
exciting the system with a variable wind speed.  Finally, as 
a further improvement of the proposed strategy, it will be 
interesting to apply this approach in a fault operation mode. 
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