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REAL TIME IMPLEMENTATION OF IMPROVED 
FRACTIONAL ORDER PROPORTIONAL-INTEGRAL CONTROLLER 
FOR GRID CONNECTED WIND ENERGY CONVERSION SYSTEM 
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This paper proposes a modified fractional order PI controller (MFO-PI) for grid connected variable speed wind energy 
conversion system (WECS). The proposed MFO-PI employs an integer integral action and fractional order integral action, and a 
supervisor to select the more suitable integral action looking to the working conditions. The parameters of the MFO-PI 
controller have been tuned using frequency method to realize the isodamping feature. The MFO-PI controller is used to 
guarantee maximum power extraction on the first and obtain power factor unity on the other hand. To investigate the efficiency 
of the proposed controller, an experimental bench has been carried out. The experimental results demonstrate the superiority of 
the proposed controller over integer order controllers for a wide range of wind speed. 

 
1. INTRODUCTION 

In the modern wind turbines, the permanent magnet 
synchronous generator (PMSG) plays an important role in 
variable speed wind energy conversion systems (WECSs), 
due to its high performance such as low volume weight, 
high power density, high torque to inertia ratio, high 
efficiency functioning at low rotational speed and no need 
to the gearbox [1–3]. WECS imposes regular maintenance 
due to the presence of unmodeled high-frequency 
oscillatory dynamics, which imposes a huge maintenance 
cost. Using robust control can reduce the maintenance cost 
[4–6]. In recent years, many nonlinear control methods 
have been developed for the WECS, such as fuzzy 
controller (FC) [7, 8], switched controller [9], robust 
adaptive neural controller [10], and so on. These approaches 
improve the control performance of the WECS from 
different aspects, but the complexity of these controllers 
imposes additional implementation and maintenance cost 
and need high online calculation ability and high human 
expert, which is far beyond the fixed parameters PI 
controller. On other hand; when the conventional PI controller 
is used, one can get good performance in steady state but a 
good closed-loop performance is very difficult to guarantee 
in different work conditions, where fast responses lead to 
large overshoots or small overshoots but with slow responses 
[6, 11]. These drawbacks are covered using fractional order 
PI controller (FO-PI) which has specific isodamping 
property; the flat phase around the gain crossover frequency 
ωµ, which improves the conventional PI dynamics per-
formances and earn more robustness to the parameters 
variations and external disturbances [11–13]. 

In our study, a modified fractional order PI controller 
(MFO-PI) has been proposed to control a WECS. The 
proposed MFO-PI composed of proportional gain, integral 
gain and two integrals actions (integer integral action 
(integration order =1) and fractional order integral action 
(integration order < 1)), in parallel with a supervisor 
involving switching rules, which is determined to select the 
more suitable integral action and connects it into the closed 
loop controlled system depending to the working 
conditions. 
 

In more details, the supervisor has a defined band of the 
error (PMSG speed error/dc-bus voltage error). If the error 
is out of the desired band, the supervisor connects the 
fractional order integral action in the control loop, which 
means, the MFO-PI controller behaves as a FO-PI 
controller to bring the error to the desired band by 
guarantee fast response time and low overshoot, otherwise 
the supervisor connects the integer integral action to the 
control loop and the MFO-PI controller behaves as a 
conventional PI controller to ensure high steady state 
performance and eliminate the static error. Furthermore, the 
MFO-PI controller parameters have been tuned using 
frequency method to guarantee good steady state performance 
using integer integral, and earn more robustness to external 
disturbances and ensure fast response time without high 
overshoot using the fractional order integral action. Moreover, 
the MFO-PI controller was integrated in the speed loop of 
the vector control to ensure maximum power extraction on 
the first hand. On the other hand, the MFO-PI controller 
was integrated in the voltage loop of a direct power control 
to improve power quality and ensuring unity power factor. 

The rest of the paper is organized as follows. Section 2 
presents the WECS. Section 3 presents the MFO-PI controller 
with a procedure of design; Section 4 shows the experimental 
results and their interpretation, which conduct us to the 
Section 5 with the main conclusion. 

2. WIND ENERGY CONVERSION SYSTEM 

The WECS consists of three parts: mechanical part, 
electrical part and control part, whereas the mechanical part 
includes a wind turbine, which has been emulated using a 
dc motor with separate excitation. The mathematical model 
of the wind turbine is taking similar to [4], the electrical 
part includes 6.6 W PMSG connected to the grid (50 V, 
50 Hz) via two back-to-back converters (machine side 
converter (MSC) and grid side converter (GSC)), and the 
control part was implemented with two real-time 
DSPACE1104 cards. The first card contains the improved 
current vector control [4] with the wind turbine model and 
wind profile. The direct power control (DPC) [8] was 
implemented in the second one to control the GSC as 
shown in Fig. 1 
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2.1. WIND TURBINE MODEL 

The wind turbine transforms the kinetic energy of the 
wind Pw to mechanical energy Pm. The relationship between 
them is the power coefficient of the turbine Cp given as [1, 4]:  

( ) ( ) wppm PCAVCP λ=ρλ= 3

2
1

, (1) 

where ρ, A, V, λ are the air density (kg/m3), the area swept 
by the rotor blades (m2), the wind speed and the tip speed 
ratio (TSR) defined as [4, 6]: 

V
RttΩ

=λ , 
  

(2) 

where Ωt is rotational speed and Rt is radius of the turbine 
blade [m].   

For maximum power extraction, it is necessary that 
the TSR must reach its optimum value. This is possible by 
controlling the rotational PMSG speed so that it always 
rotates at the optimum speed. The PMSG optimum 
rotational speed can be extracted from Eq. (2) as  

t

opt
opt R

Vλ
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2.2. GENERATOR MODEL 

The Park representation of the PMSG model is the 
commonly used, which its voltage equations are expressed 
by [6, 11]: 

where Rs, ωe are the stator resistance and the generator 
electrical rotational speed respectively, vsd,q, isd,q are the d,q 
stator voltages and currents. Ld,q, φf Are the d,q axis 
inductances and magnetic flux. The mechanical equation of 
the PMSG is as follows  

mw
e TT

t
J −=

ω
d

d , (5) 
where J, ωg is the inertia and mechanical speed of the 
PMSG; Twt is the wind turbine torque. 

3. MODIFIED 
FRACTIONAL ORDER PI CONTROLLER 

In this paper, an improved fractional order PI 
controller was proposed to improve the system tracking and 
perturbation rejected performance in both transient and 
steady states. The MFO-PI controller implements proportional 
and integral gains with two integral actions in parallel with 

a supervisor (Switching Algorithm (SA)). Figure 2 shows 
the schematic of the proposed MFO-PI controller.  

The MFO-PI controller has the following equation: 
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The MFO-PI controller output can be expressed in 
function of the supervisor output as follow: 
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where kp, ki are the proportional and integral gains 
respectively, α the fractional integration order and ks is a 
two values [0 1] generated by the supervisor to select one 
integration action.  

 
Fig. 2 – Modified fractional order PI controller. 

3.1. CONTROLLER DESIGN 

To design the MFO-PI controller, first the transfer 
function of the PMSG/dc-bus voltage is obtained as 
elaborated in [1, 4, 6]. Then, using the following equations, 
the MFO-PI controller can be designed. 

In order to calculate the controller parameters (kp, ki 
and α), a frequency method was used to guarantee the 
system robustness [6]. The FO-PI controller has the 
following transfer function: 

α+=
s
kkC i

pw . 
(8) 

To guarantee the robustness of a linear fractional order 
controller the following criteria must be satisfied [4, 6]: 

 
Fig. 1 – Wind energy conversion system. 
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1) phase margin specification   

( )[ ] ( ) ( )[ ] mccwc PCG φ+π−=ωω=ω jjargarg , (9) 

where ( ) ( )ccw PC ωω j,j  are fractional order transfer function 
of the FO-PI controller and the PMSG speed/dc-bus 
voltage, respectively ωc is the gain crossover frequency of 
the open loop system defined as follow: 

( )( ) 0jj =ωω dbccw PC , (10)

and φm is the desired phase margin that ensures a desired 
stability margin level, which guarantees the robustness of 
the system against parameters uncertainties [6]. 

2) robustness against gain variations  
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With the condition that the phase derivative at the 
frequency ωc is zero, i.e., the phase Bode plot is flat at the 
gain crossover frequency, the phase flat result in more 
robustness to the gain variation and uncertainties and the 
response time is faster because the large bandwidth. 
Moreover, the overshoots in a plan responses is almost the 
same even if the plan gain changes, so-called isodamping 
feature. One of the most significant features of fractional 
order controller is the possibility to realize the isodamping 
constraint with a compact transfer function [4, 13]. By 
solving the Eqs. (9), (10), (11), for given phase margin φm 
and, the controller parameters can be calculated. 

 
3.2. OUSTALOUP CONTINUOUS APPROXIMATION 

To implement the fractional order term αs  in 
simulation and practice it must be approximated by an 
integer transfer function, whereas a several methods have 
been developed. Oustaloup continuous approximation 
(OCA) is vastly used to approximate the fractional order 
αs  to integer transfer function [4, 14]. 

Oustaloup presented the approximation algorithm 
used when a frequency band of interest is given by [ ]hb ωω , ,  
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where hbωω=ωμ , 
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where ω'k are the zeros, ωk are the poles of rang k and 2N+1 
is the number of zeros or poles of the result integer transfer 
function [14]. When the number of poles and zeros (2N+1) 
increases, it becomes difficult to implement these kinds of 
controllers in real domains, so, N = 3 was used to get seven 
poles and zeros. 

3.3. SUPERVISOR 

The supervisor has a defined band of the error and has 
the error as input, if the error is out of the desired band the 
ks takes 0, otherwise ks =1, as depicted in Fig. 3. 

The supervisor is the responsible to select the more 
suitable controller, by looking to the error between the 
system output and its reference; if the error is out of the 
defined band, the MFO-PI must behave as a FO-PI 
controller to bring the error in the band and behaves as 
conventional PI controller when the error is in the desired 
band. 

 
Fig. 3 – Supervisor. 

3.4. STEPS TO DESIGN 
THE PROPOSED MFO-PI CONTROLLER 

The steps to design the proposed controller are: 
Step 1: calculate the proportional and integrator gains 

(kp,, ki) and the real order of integration α of the FO-PI 
controller using the procedure in section 3.1. 

Step 2: approximate the term s-α to a rational transfer 
function using Oustaloup recursive approximation (to be 
implemented in simulation and practical tests) section 3.2.  

Step 3: define the desired band for the PMSG speed/dc-
bus voltage error, build the switching algorithm, in our case 
the PMSG speed error band was defined as [–6 rad/s, +6 
rad/s] and for the dc-bus voltage was [–0.6V, +0.6V]. 

Step 4: build the MFO-PI controller for the PMSG speed 
loop and for the dc bus voltage loop. 

4. EXPERIMENTAL RESULTS 

As application of the proposed controller, wind 
energy conversion system is the system used to test the 
performance of the proposed MFO-PI controller. 

The WECS consists of three parts: mechanical part, 
electrical part and control part. The mechanical part 
includes a wind turbine, which has been emulated using a 
dc motor with separate excitation. The electrical part 
includes a PMSG connected to the grid via back-to-back 
converters linked by a 2 200 µF, 1 800 V capacitor. A 
transformer was used for grid connection to allow the 
operation of the inverter with unity power factor. The 
control part was implemented with two real-time 
DSPACE1104 cards. The first card contains the improved 
current vector control with the wind turbine model and 
wind profile with sampling time of 60 µs, the direct power 
control was implemented in the second one with a sampling 
time equal to 50 µs. The rotor position is obtained through 
an encoder giving 1500 pulses per revolution. The 
experimental results are recorded using the control desk 
interface, whereas the voltage and current waveforms are 
captured using numerical oscilloscope.
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Fig. 4 – Experimental setup for WECS: 1. – PC with first DSPACE; 2 – machine side converter; 

3 – PMSG; 4 – DC motor; 5 – separate excitation; 6 – transformer; 7 – dc/dc converter; 8 – Grid side converter; 
9 – PC with second DSPACE; 10 – numerical scope; 11 – speed sensor; 12 – voltage and currents sensors.

 

4.1. TRACKING PERFORMANCE  
USING CONVENTIONAL PI CONTROLLER 

Figures 5–7 show the response of the system with 
MPPT controller based on the conventional PI controller. 
From Fig. 6, It is clear that the PMSG speed has an 
overshoot in track its optimal value, which leads to losses in 
the power extraction as seen in Fig. 7, the power coefficient 
Cp is far from its optimum value. 

 
Fig. 5 – Wind profil speed. 

4.2. TRACKING PERFORMANCE 
USING MFO-PI CONTROLLER 

Figures 8–10 show the response of the system with 
maximum power point tracking (MPPT) controller based 
MFO-PI for the same wind speed profile. From Fig. 9 It is 
noticed that the PMSG speed tracks perfectly its optimal 
value for all wind speeds. In normal condition, when the 
PMSG speed is close to its reference value (in the desired 
band), the supervisor connects the integral of order 1 to the 
loop control to eliminate the steady state error that guarantees 
optimal power coefficient (ks= 0). In the presence of strong 
variation of wind speed the PMSG speed departs abnormally 
from its reference value, the supervisor detects the new 
work condition and evaluates the new error and connects 
the fractional order integral to the control loop to deal with 
this abnormal condition (ks= 1), as seen in Fig. 11. The MFO-
PI controller drives the PMSG speed to the desired band in 
short time that lead to maximum power extraction. As seen 
in Fig. 10 the Cp is close to its optimum value using MFO-
PI under wide range of wind speed, these results confirm 

the robustness and the superiority of the proposed MFO-PI 
against the conventional controllers. 

 
Fig. 6 – PMSG Speed using conventional PI controller. 

 
Fig. 7 – Power coefficient using conventional PI controller. 

 

Fig. 8 – Wind speed profile. 
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Fig. 9 – PMSG speed using MFO-PI controller. 

 
Fig. 10 – Power coefficient using MFO-PI controller. 

 
Fig. 11 – Switching algorithm output (ks). 

4.3. GRID CONNECTION PERFORMANCE 
USING MFO-PI CONTROLLER 

The power extracted from the wind is transferred to the 
grid via the dc link capacitor voltage. Figures 12–13 show 
the current injected to the grid for variable speed wind 
profile, it is clear that the dc link voltage is stable and 
remains the same with minimal ripple and the grid voltage 
is constant. When the dc bus voltage is closed to its 
reference value (in the desired band), the MFO-PI behaves 
as conventional PI controller in the control loop. When the 
conventional PI controller cannot keep the dc-bus voltage 
close to its reference value because of the unexpected wind 
speed change, the supervisor changes the integration order 
and the MFO-PI behaves as FO-PI controller to deal with 
this new condition. 

DC-bus voltage 100V/Dec

3 phases currents 5A/Dec 25 ms/Dec  
Fig. 12 – Dc-bus voltage and three phases current injected to the grid. 

Grid voltage 50 V/Dec

3 phases current 5A/Dec 
 

Fig. 13 – Grid voltage and three phases current injected to the grid. 

A step transition of wind speed from 2 m/s to 7 m/s is 
applied. In this case, the three phase currents are sinusoidal 
and their amplitude is increased with the wind speed. 
Observe that the dc bus voltage is constant under wind 
variation as shown in Fig. 14, which proves the robustness 
of the MFO-PI controller. Moreover, in Fig. 15 the 
generated PMSG active power shifts very quickly with the 
wind change and is transferred to the grid with minimum 
losses in the converter and the reactive power is kept to 
zero. The grid-side current THD of the grid current is 
approximately 8.8 % using the conventional PI controller 
and 4.2 % using the MFO-PI controller, which respects the 
standards imposed by IEEE as shown in Figs. 16 and 17. 

DC-bus voltage 100V/Dec

Wind Speed 7 m/sWind Speed 2 m/s

3 phases current 5A/Dec

 
Fig. 14 –Dc-bus voltage and three phases current injected to the grid under 

wind step change. 

 
Fig. 15 – Grid active and reactive power under step wind change. 

 
Fig. 16 – Current grid THD using PI controller. 

 
Fig. 17 – Current grid THD using MFO-PI controller. 

PMGS active power 

Grid active power 
Grid reactive power 

Wins speed 2 m/s 
Wins speed 7 m/s 



6 Factional order proportional integral controller in the speed loop  
 

407

5. CONCLUSION 

In this paper, a modified fractional order PI controller 
(MFO-PI) for variable speed WECS is proposed. The 
MFO-PI combines fractional order integral action and 
integer order integral action, and together with the supervisor 
was integrated to the current vector control algorithm for 
maximum power extraction by controlling the PMSG speed 
to track its optimal reference generated by the MPPT. 
Indeed, the MFO-PI was integrated to direct power control 
(DPC) algorithm, which was designed to regulate the dc-
bus voltage by keeping the capacitor voltage oscillating 
around a desired reference. The effectiveness of the proposed 
control schemes has been tested experimentally in laboratory. 
Whereas a wind turbine emulator based on a dc motor has 
been realized to drive an industrial PMSG connected to the 
grid via back-to-back converters linked by a dc capacitor. 
The experimental results shown that both improved vector 
control and DPC algorithms can achieve fast response time, 
very good tracking and robust performances, maximum 
power extraction with maximum Cp error 15 % and low 
currents THD 4.2 %.  

Appendix A 

Wind turbine parameters 
3

max_ kg/m225,7,m02.1,1.8,7.0 =ρ==λ= toptp RC  
PMSG parameters 

V380,kW6.6,kgm105.18,8

,Wb1852.0,H006365.0,6.1
25 ==⋅==

=ϕ==Ω=

− VPJp

LLR fqds
 

MFO-PI controller parameters for MSC  
kp=18.6, ki=12.3, α = 0.6, mϕ =45°, error desired band for 
the PMSG speed [–6 rad/s, +6 rad/s]. 

MFO-PI controller parameters for GSC  
kp = 56.8, ki = 22.12, α = 0.7, mϕ = 45°, error desired band 
for the dc bus voltage [–0.6V, +0.6 V]. 

Approximation parameters  
44 10,10 =ω=ω −

hb , N = 3. 
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