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This paper presents the design and real time implementation of a field-oriented control (FOC) for grid-connected variable speed 
wind turbine based on doubly fed induction generator (DFIG). The proposed method based on a hybrid Hysteresis Current 
(HC) with field oriented control (FOC) in order to control the rotor side converter (RSC). The grid-connected DFIG is executed 
using three phase locked loop (3PLL). The experimental test bench is an emulator turbine represented by direct current motor 
(DCM) which is coupled with the doubly fed induction generator (DFIG). The implementation is realized using dSPACE1104 
card below the synchronous speed. The experimental results show high performances in steady and transient states with low 
THD of stator current injected to the grid (3.7 %), satisfies the IEEE harmonic standard 519 despite the variation of the 
references. The main advantages of this control are implementation simplicity and lower switching frequency converter.

1. INTRODUCTION 

Many installed wind turbines today are equipped with 
doubly fed induction machine (DFIM). However, most of 
these machines are connected directly to the network to 
avoid the presence of converter. The major advantage of 
this configuration lies in the fact that the power rating of the 
inverters is around 25–30 % of the nominal generator 
power [1, 2]. A doubly fed induction generator (DFIG) is 
the most important generator used for variable-speed wind 
energy generation. It consists of a wound rotor induction 
generator (WRIG) with the stator windings directly 
connected to a three-phase power grid and with the rotor 
windings mounted to a bidirectional back-to-back insulated 
gate bipolar transistor (IGBT) frequency converter [3]. 

The vector control is the most common method used in 
the DFIG-based wind turbines [4]. Precise steady-state 
performance and lower converter switching frequency are 
the advantages of this method. However, it has some 
disadvantages, such as its dependence on the machine para-
meters variation due to the decoupling terms [4]. A new 
modeling approach based on the flux measurement has 
been proposed in [5] in order to conclude input-to-state 
stability and convergence to the desired equilibrium. 
Control strategies of DFIG have been discussed in details in 
literatures; direct power control (DPC) [5, 6], model predictive 
direct power control (MPDPC) [7, 8], sliding mode direct 
power control [9], Sliding mode control [10] and back-
stepping control [11]. A schematic diagram of variable 
speed wind turbine system with a DFIG is shown in Fig.1. 

Many researchers focus their studies based on field 
oriented control (FOC) using linear regulator proportional 
integrator (PI) in order to control rotor side converter (RSC) 
as mention in [5, 12–14], by calculating Kp and Ki.  
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 – Schematic diagram of wind turbine system with a DFIG. 

Linear regulator as proportional integrator (PI) needs the 
full system parameters knowledge and also involve with 
more computation. While the nonlinear regulator as 
hysteresis regulator does not need the information about the 
system parameters and also gives better dynamic response 
[15]. Most of the researchers in this area are concentrated 
on analyzing network dynamics, system transients, fault 
conditions, or grid disturbances [16, 17]. Vector control 
utilizes the dynamic state relationships of DFIG to define 
angular speed, amplitude and instantaneous position of 
current, voltage and flux linkage vectors [18]. In contrast 
scalar control method, proposition employs steady-state 
relationships to determine angular speed and amplitude of 
current, voltage and flux vectors [19]. In [20], the authors 
propose enhanced hysteresis-based current regulators for 
vector control DFIG-based wind energy conversion system 
(WECS), used to control the output currents of the rotor-
side and grid-side converters. This proposed hysteresis-
based technique has excellent steady-state performances. 
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There are two common methods for DFIGs employment 
in wind power systems such as: stand-alone installation and 
grid-connected usage. A lot of researches have been per-
formed on doubly fed induction generators operation as 
grid-connected systems [21]. A new synchronization algorithm 
for grid connection of a DFIG based on stator flux-oriented 
vector control for back to-back PWM converters in the DFIG 
has been proposed by [22]. This method gives fast starting 
and takes just 2 cycles to be performed and better robustness 
and has satisfactory performance than existing methods.   

In this work, we are interested by the grid-connected usage, 
because is an appropriate method for large power networks 
and consequently much researches are in hand in this area, we 
used the hysteresis current controller to obtain the switching 
command signals for rotor side converter (RSC). The main 
contribution in this work is the real time implementation for 
WECS based on DFIG using hybrid hysteresis current (HC) 
with field oriented control (FOC). The decoupling terms in 
control approach is not needed; because the hysteresis 
controllers have nonlinear nature also we don’t use the stator 
side converter (to minimize the stator power losses). 

The purpose of this paper is to build in real time a hybrid 
field oriented control (FOC) with hysteresis current 
controller using doubly fed induction generator, to provide 
good tracking of the predefined references regardless the 
wind speed changing, and to guarantee converter with unity 
power factor (zero reactive power), means that the grid side 
converter (GSC) exchanges only active power with grid. 

The rest of this paper is organized as follows; mathematical 
model of DFIG is presented in Section 2. Section 3 presents 
the field oriented control of DFIG which is based on the 
orientation of the rotor flux vector along the axis d. Section 4 
presents the topology of hysteresis current controller. The 
diagram of the implementation is elaborately described in 
Section 5. In Section 6, experimental results are shown and 
discussed. Finally, the reported work is concluded in Section 7. 

2. MATHEMATICAL MODEL OF DFIG 

The general electrical state space model of the induction 
machine obtained using the Park transformation is given by 
following equations [23, 24]: 

Stator and rotor voltages: 
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Stator and rotor fluxes: 
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The electromagnetic torque is given by: 
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where ,sd sqφ φ and ,rd rqφ φ are stator and rotor flux 
components, ,sd sqV V and ,rd rqV V are stator and rotor 
voltage components. ,s rR R are stator and rotor resistances, 

,s rL L are stator and rotor inductances, mL is mutual 
inductance, σ  is leakage factor, P is number of pole pairs, 
f is the friction coefficient. ,e rC C are the electromagnetic 
and load torque. , tu rb in eJ J and gJ  are total inertia in 
DFIG’s rotor, inertia of turbine and generator respectively, 
Ω  is mechanical speed and G is gain of gear box. 

3. FIELD ORIENTED CONTROL 

The DFIG model can be described by the following 
state equations in synchronous reference frame whose axis 
d is aligned with the rotor flux vector 0( )rq =φ  and 
( ).rd r=φ φ  

 m
rq Lq

r
LI L= −   and  .

r
sq rq

m
LI IL= −  (12) 

The arrangement of the equations gives the expressions 
of the rotor flux and the electromagnetic torque: 
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If: 0sdI =  (via rotor) .rd r rdL L=≡ φ  (15) 

(via stator and rotor) .rd r rd m sdL L L L= +≡ φ              (16) 
From equation (13) the rotor reference transversal 

current is: 
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4. HYSTERESIS CURRENT CONTROLLER 

The two-level hysteresis current control is the simplest 
non-linear controller which operates by comparing tracking 
error e(t) with the fixed hysteresis bands (± h) illustrated in 
Fig. 2a, where, e(t) is the difference between the reference 
current ( )refI t and the actual current ( )actI t  [25–27]. The 
graphical representation of the two-level hysteresis 
modulation is shown in Fig. 2b. 

     ( ) 1u t = + for  ( )< ( )act refI t I t h−  or ( )>e t h+ ,     (18) 

     ( ) 1u t = − for  ( )> ( )act refI t I t h+  or ( )< .e t h−     (19) 
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Fig. 2 – Hysteresis current control structure.                                                                 Fig. 4 – Test system. 

 
Fig. 3 – Rotor side converter control system. 

The rotor side converter (RSC) representing by FOC 
and hysteresis current topology is illustrated in details in 
Fig. 3. Stator voltage angle is calculated by using the three 
phase locked loop (3PLL) algorithm. * rdI  (rotor direct 
reference current) is the image of flux, and * rqI  (rotor 
transversal reference current) is the image of torque from 
is the image of torque from the maximum power point 
tracking (MPPT). 

The grid synchronization control technique and synchro-
nization method have been proposed as this system requires 
some care during the machine start-up and integration with 
the grid. The main aim of the synchronization control 
process is to avoid heavy start-up currents and mechanical 
stresses on the turbine shaft and other integrated components.  

5. STUDY CASE 

Figure 4 shows a diagram of wind energy conversion 
system. In the upper right a is described the DFIG sub-system, 
composed of a 3.5 kW. And in the upper left b emulator 
turbine represented by 3 kW direct current motor (DCM). 

6. EXPERIMENTAL RESULTS AND DISCUSSION 

This is achieved by properly matching the phase angle, 
frequency, and magnitude of the grid voltage and the stator 
induced voltage irrespective of whether it is a stator-voltage 
or stator-flux oriented frame used for modeling the generator. 
Instead of a traditional control scheme using a phase-locked 
loop (PLL), the rotor d-q reference current is generated 
with grid voltage as the reference so as to induce identical 
voltage in the stator as that of the grid. The machine is 
started by a driving torque and the switch between stator 
and the grid can be closed for synchronization. However, 
appropriate timing of switch closure plays a critical role in 
satisfying the magnitude condition of synchronization. 

Figure 5 presents the experimental test bench for Wind 
Energy Conversation System (WECS). The DFIG used in 
this real time implementation is a 3.5 kW (whose parameters 
are described in Table 1) not designed especially for 
generation. And direct current motor (DCM) as shown in 
Figs. 5–9, who’s represented wind turbine simulator, to 
reproduce the aerodynamic torque of a wind turbine. The 
lower part of Fig. 4 is composed of a data acquisition 
system connected to the control board. The FOC algorithm 
is implemented on real time board (dSPACERTI1104) from 
Texas Instrument with a TMS320F240 DSP (20 MHz) and 
a microprocessor Power PC 603e (250 MHz); with a 
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sampling time (fixed step); the controller is executed at 20 kHz. 
The connections between the dSPACE1104 card and the 
power converter are carried out by an interface card, which 
adapts the control signal levels. The current and voltage are 
ensured by the (Fluke i30S) and (ST1000-II) sensors, whereas, 
both the rotor position and speed are given by a 1024-pulse 
incremental encoder implemented on the dc motor shaft (as 
shown in Fig. 3). After having synchronized and connected 
the DFIG to the grid using PLL (phase locked loop). 
Several tests have been carried out to study the performance 
of the supply-side converter in both transient and steady-state 
conditions, including bidirectional power flow with lagging, 
leading and a unity displacement factor. The results are 
given showing the step-current response for the DFIG for 
sub- operation (or hypo-synchronous), as follows.  

 

 

Fig. 5 – Experimental test bench (1 – PC, 2 – speed sensor, 3 – power 
analyzer, 4 – oscilloscopes, 5 – inverter (SEMIKRON), 6 – current 

sensors, 7 – voltage sensors, 8 – dSPACE1104, 9 – DCM, 10 – DFIG). 

Figure 6 shows the hypo-synchronous mode, below the 
synchronous speed (< 1 500 rpm). It can be seen a 
proportionality between rotor speed and rotor currents in 
terms of rotor frequency. Figure 6a displays the speed 
increasing from 980 rpm to 1 480 rpm and then the speed 
decreasing with the same speed value (1 480 rpm to 980 rpm. 
Figure 6b presents only the speed increasing (from 900 rpm 
to 1 300 rpm) and the increasing period equal to 2 s. It clear 
that the rotor frequency is increasing fr [Hz]. Figure 6c shows 
only the speed decreasing (from 1 050 to 700 rpm) and also 
the decreasing period equal to 2 s. It clear that the rotor 
frequency is decreasing fr [Hz]. 

 
Fig. 6 – Rotor current and variation of rotor speed 

(hypo-synchronous mode). 

Figure 7 presents the transient and steady states of rotor 
and stator currents with variation of rotor speed by action to 
the DCM, which produces a higher aerodynamic torque that 
means a lower wind velocity applied into the DFIG. In this 
case the rated speed is 1 420 rpm. Figure 7a presents a 
transient and steady states respectively of rotor currents and 
rotor speed, the transient state is applied from 0 s into 1 s, 
the rotor currents have sinusoidal form and lower frequency, 
and the rotor speed equal to 1 000 rpm. The steady state is 
applied from 1 s into 3 s, it can be seen the rotor frequency 
increasing due to the variation of the rotor speed. Figures 
7b and Fig. 7c display the transient states respectively of 
rotor currents and rotor speed with another value equal to 
500 rpm. Figures 7e present the transient and steady states 
respectively of stator currents which have the sinusoidal 
forms. Figures 7f shows the magnitude increasing of rotor 
currents from 3 to 5 A. 

 

Fig. 7 – Transient and steady states of rotor and stator currents 
with variation of rotor speed. 

Figures 8a and 8b present the transient and steady states 
respectively of magnitude increasing of rotor reference 
transversal current  I*

rq[A] from –7 A to –5 A , and the rotor 
reference direct current equals to 0 A . In Fig. 8b, it can be 
seen the good tracking of the measured current Irq meas [A] 
and few current error with a neglected overshoot. Also, the 
negative value of reference transversal current means a 
negative torque, this case is generator mode. Figures 8c 
shows the stator currents Is abc[A]  and the stator voltage 
Vsb [A] , it is clear that the stator current Isb [A] and stator 
voltage Vsb [V] are 180° out-off phase, which proves that 
only the active power flows to the grid (that means: the 
generator mode; which stator reactive power Qs [var] equal 
to 0 var . Figures 8d, e and f display the rotor reference 
transversal current variation by applying a negative value 
(means negative torque Ce (N·m) from –7 A to –3 A (Figs. 8e 
and f), zero value applying to the reference direct current 
I*

rd [A] to ensure exchange only the stator active power 
(Qs = 0 var). 
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Fig. 8 – Tracking performance of rotor currents and the generator mode. 

Figures 9 obtained from the power quality analyzer that 
shows the stator current THD (THD_Is abc [A]) equal to 
3.7 %; less than 5 % satisfies the IEEE harmonic standard 
519. 

 
Fig. 9 – Experimental measures obtained from power quality analyzer 

(THD of stator currents). 

Figure 10a displays steady state of the performance of 
reference direct current. It is clear that the rotor sinusoidal 
measured current Ira meas [A] follows exactly its reference 
I*

ra [A]. By using the hysteresis current controller with 
hysteresis band equals ΔI = ±0.001A this band is sufficient 
to follow the reference sinusoidal current. Figures 10b 
shows a simultaneity variation of reference direct and 
transversal currents, it can be seen a good tracking of 
measured current with a neglected overshoot. It can be seen 
also an exchange of stator active power by keeping zero 
value of reference direct current. 

 
Fig. 10 – Robustness tests by variation 

of reference transversal current to ensure the unity power factor.  

Table 1 
Parameters of the DFIG 

Rated power: 3.5 kW 
Stator resistance: Rs = 2.3 Ω 
Rotor resistance: Rr = 6.95 Ω 

Stator inductance: Ls = 0.04 H 
Rotor inductance: Lr = 0.036 H 

Mutual inductance: Lm = 0.061 H 
Rated voltage: Vs = 220/380 V 

Number of pole pairs: P= 2 
Rated speed: N = 1420 rpm 

Friction coefficient: fDFIG = 0.00 N.m/s 
The moment of inertia J = 0.2 kg.m2 

7. CONCLUSION 
This paper presents the real time implementation of high 

performance FOC for a grid-connected doubly fed induction 
generator. The proposed approach is tested using an 
experimental test bench which consists from an emulator 
turbine represented by DCM and DFIG. The control 
strategy has been validated experimentally, the results 
obtained shows a good tracking of the predefined references 
regardless the wind speed changing. In this work, grid side 
converter (GSC) exchanges only active power with grid to 
guarantee unity power factor. The stator current injected 
into the grid have low total harmonic distortion (THD) 
equal to (3.7 %) satisfies the IEEE harmonic standard 519. 
The proposed method presents implementation and lower 
switching frequency converter. In future work, to improve 
the power quality, the DFIG will be used as an active filter. 
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