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A Vector Hysteresis Current Control Applied on Three-Level Inverter. 
Application to the Active and Reactive Power Control of Doubly Fed 
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Abstract – This paper presents a new vector hysteresis current control (V.H.C.C), which is 
applied on a three-phase three-level voltage source inverter (VSI). The proposed control 
technique is used to control the active and reactive power of wind turbines by means of 
controlling the rotor currents of the doubly fed induction generator (DFIG). It gathers the three 
current errors into a single space vector quantity. In this case, the magnitude of the error vector is 
limited within boundary areas of a square shape and also the line current interactions are avoided 
in the three phase system. Furthermore, the application of the three zero voltage vectors reduces 
the mean switching frequency of the three phase three-level inverter. Copyright © 2007 Praise 
Worthy Prize S.r.l. - All rights reserved. 
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Nomenclature 

sqsd vv ,  d-q stator voltage components;    

sqsd ii ,   d-q stator current components; 

sqsd φφ ,  d-q stator flux components; 

rqrd vv ,  d-q rotor voltage components; 

rqrd ii ,   d-q rotor current components; 

rqrd φφ ,  d-q rotor flux components; 

βα rr vv ,  α - β  rotor voltage components; 

βα rr ii ,  α - β  rotor current components; 

βα ee ,   α - β  error current components; 

ss QP ,   active and reactive power at the stator side; 

sω    stator angular frequency; 

rω     rotor angular frequency; 
T    electromagnetic torque; 

sR    stator resistance; 

sL    stator inductance; 

rR    rotor resistance; 

rL    rotor inductance; 

mL    mutual inductance; 
p    number of pole pairs;   

 
 
 

I. Introduction 
Because of the increasing rate of pollution and 

degradation of the environmental conditions, wind 
energy is becoming one of the most important 
renewable energy sources in European countries, US, 
and Asia. It could play a key role in solving the 
worldwide energy crisis, especially after the increases 
of the fuel prices during 1970’s [1]. Due to its freely 
available, clean and renewable character, it can take a 
large part in electricity production.  

Over the past decade, the installed wind power 
capacity in the world has been increasing more than 
30% [2], [3]. Nowadays, the market for variable speed 
wind turbines is oriented to the design of high power 
wind generation systems (1 MW and more). 

The electronic interface dealing with wind generator 
control is basically a back-to-back two-level converters; 
however this kind of power converter is seldom used 
for high power applications. 

As a result, multilevel converters using pulse-width 
modulation are being increasingly preferred for high 
power applications [4], [5] such as wind power 
generation. The multilevel structure not only increases 
the power rating but also reduces stress across the 
switches and improves the voltage waveforms with 
lower harmonic content. The most popular structure of 
the multi-level voltage source inverter (VSI) is the 
neutral point clamped converter (NPC) proposed in 
1981 by Nabae and al [4]. 

In order to control inverter currents, many 
contributions have been done in recent decades. The 
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classifications of current controllers have been 
presented in [6]-[8]. Among them three classes of 
controllers have been developed: hysteresis controllers, 
linear PI controllers and predictive dead-beat controllers 
[9]. The current control using three independent 
hysteresis comparators is widely used due to its simple 
implementation. Moreover, beside the fast dynamic 
response, it does not require any knowledge of the load 
parameters [6], [9]-[11]. However the limit cycle 
oscillations, random switching and phase current 
interactions [8], [13] and [14] have been considered as 
the main drawbacks of the conventional hysteresis 
controllers.   

Recent works [14]-[17] are focused on the hysteresis 
current controllers for multilevel drives, but only for 
single-phase multilevel inverters.  

In this paper, a new vector hysteresis current control 
(V.H.C.C) is presented, for three phase three-level VSI. 
This three-level VSI supplies a rotor winding of the 
doubly fed induction generator (DFIG). The proposed 
control technique controls the active and reactive 
powers of the wind turbine based on the DFIG by 
controlling its rotor currents. In contrast to the 
conventional hysteresis where the three independent 
current errors are used, the control scheme gathers them 
into a single space vector quantity. In this case the 
magnitude of the error vector is limited within boundary 
areas of a square shape. Moreover the line current 
interactions are avoided in the three phase system and 
the application of the three zero voltage vectors reduces 
the switching frequency of the three phase three-level 
VSI. The control strategy is theoretically explained and 
verified by simulations. 

II. Description of the wind energy 
conversion system  

A simplified diagram of the wind energy conversion 
system is illustrated in figure 1. It consists of a wind 
turbine, a gearbox, a DFIG, and back-to-back three-
level converters. The stator winding of the DFIG is 
directly connected to the grid, whereas the rotor 
winding is fed by back-to-back three-level PWM 
converters. The grid side converter is connected to the 
grid via three chokes to improve the current harmonic 
distortion. The rotor side converter controls the power 
flow to the grid by controlling the rotor currents of the 
DFIG. The direct and quadrature rotor current 
components allow a decoupled control of active and 
reactive powers. The quadrature current component 
controls the active power, whereas the direct current 
component controls the reactive power. 

The presented work focuses only on the control of 
the rotor side converter.    
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Fig. 1. Simplified diagram of the wind conversion system 

III. Dynamic model of the doubly fed 
induction machine 

A commonly used model for the doubly fed 
induction machine (DFIM) is the Park model. The 
electrical equations of the DFIM in the Park reference 
frame are given as follows [18], [19]: 
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The stator and rotor flux are given as: 
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In these equations, Rs, Rr, Ls and Lr are respectively 

the resistances and the inductances of the stator and the 
rotor windings, Lm is the mutual inductance. 

rdsqsdrqrdsqsdrqrdsqsd iiiivvvv φφφ ,,,,,,,,,, and rqφ  

are the d and q components of the stator and rotor 
voltages, currents and flux, whereas rω is the rotor 
speed in electrical degree.      

The electromagnetic torque is expressed as: 
 

 )i.i.(pT sdsqsqsd φφ −=  (5) 
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Stator and rotor variables are both referred to the 
stator reference Park frame. With the following 
orientation, the d component of the stator flux is equal 
to the total flux whereas the q component of the stator 
flux is null (Fig. 4.a).  

 
 0, == sqssd φφφ  (6) 

 
By replacing (6) in (3) and (5), the electromagnetic 

torque can be given as follows: 
 

 sdrq
s

m i
L
LpT φ=  (7) 

 
Assuming that the resistance of the stator winding Rs 

is neglected, and referring to the chosen reference 
frame, the voltage equations and the flux equations of 
the stator winding can be simplified in steady state as 
follows: 
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From (9), the equations linking the stator currents to 

the rotor currents are deduced below:  
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The active and reactive powers at the stator side are 

defined as: 
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Tacking into consideration the chosen reference 

frame, the above power equations can be written as 
follows: 
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Replacing the stator currents by their expressions 

given in (12), the equations below are obtained: 
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The block diagram of the DFIG model in Park 

reference frame is depicted in figure 2, assuming a 
constant stator voltage (vs).  
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Fig. 2. Block diagram of the DFIM model 

IV. The proposed vector hysteresis 
current control (V.H.C.C) 

IV.1. Control of the rotor side converter 

The block diagram of the rotor side converter control 
is shown in figure 3. The active and reactive powers are 
compared to their references, and then two PI 
controllers are used. The outputs of the two PI 
controllers represent the direct and quadrature 
components of the current references. The rotor currents 
of the DFIG are compared to their references after being 
sensed and transformed to αβ  reference frame using 
equation (14). The two DC capacitors, which supply the 
three-level VSI, are assumed with great value in order 
to neglect the DC capacitor unbalance. 
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Fig. 3. Block diagram of the rotor side converter control 
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The electrical rotor angle rθ  is defined by the angle 
between the rotor axis and the d axis (Fig. 4.a). It is 
computed by using the electrical stator angle sθ  and the 
mechanical angle mθ  as it is shown in figure 4.b. 
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Fig. 4. Determination of the electrical angles in Park reference frame. 

IV.2. Three-phase three-level voltage source inverter  

The three phase three-level VSI has three switching 
commutation cells; each one contains four IGBT and 
two neutral clamping diodes (Fig. 5).  
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Fig. 5. Three-phase three-level VSI 
 

The voltage outputs of the three-level VSI can be 
expressed as follows: 
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The voltage outputs of the three-level VSI can be 

written in the αβ  reference frame as follows: 
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The 27 possible combinations of switching states 

result in 27 voltage vectors. Among them three are zero 
voltage vectors (ZVV) ( 1470 v,v,v

rrr
), and 24 are non-

zero voltage vectors (NZVV). The proposed control 
strategy requires only 21 voltage vectors shown in 
figure 6 since the six redundant inverter switching states 
are not used. 

The small hexagon figure 6.b is defined by the six 
vectors ( 654321 v,v,v,v,v,v

rrrrrr
), all these vectors have the 

same magnitude 6/E . The medium hexagon figure 

6.c is defined by the six vectors 
( 1312111098 v,v,v,v,v,v

rrrrrr
), all vectors have the same 

magnitude 2/E . The large hexagon figure 6.d is 
defined by the six vectors ( 201918171615 v,v,v,v,v,v

rrrrrr
), 

these vectors have the same magnitude 3/2E . 

β

0v
r

13v
r

8v
r

9vr

10vr

11v
r

12v
r

7v
r

α

β

19v
r

20vr

15v
r

16v
r

17vr

18v
r

14v
r

1v
r

2v
r3vr

4vr

5v
r

6vr

)100(1v
r

)110(2v
r

)010(3v
r

)011(4v
r

)001(5vr )101(6vr

α

β

)000(v0
r

 
(a) The three hexagons.  (b) Small hexagon. 
 

)101(13 −vr

)110(8 −vr

)101(9 −v
r

)110(10 −v
r

)101(11 −vr

)110(12 −v
r

)111(7v
r

β

α
α

β

)111(19 −−v
r )111(20 −vr

)111(15 −−v
r

)111(16 −vr)111(17 −−v
r

)111(18 −v
r

)111(14 −−−v
r

 
(c) Medium hexagon                          (d) Large hexagon 
 

Fig. 6. Three-level voltage inverter vectors in αβ frame 

IV.3. Principle of the proposed hysteresis control  

The reference current and the measured rotor current 
of the DFIG can be both expressed using the space 
vector representation as follows:  
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By the same way, the error vector defined by 

rr iie −= * can be given in αβ  reference frame by the 
following expression: 

 
 βα ejee +=  (18) 

 
The tip of the reference current vector *

ri
r

is located 
in the center of area AI. The tip of the measured current 
vector ri

r
 can be located in one of the fourth areas (AI, 

AII, AIII, AIV), according to the three hysteresis 
bands 321 ,, hhh , as it is illustrated in figure 7 

Table I gives the membership conditions of the error 
vector tip to the four possible areas. 
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TABLE I 
MEMBERSHIP CONDITIONS OF THE ERROR VECTOR TIP TO THE FOUR 

AREAS 
Conditions Areas 

2/1he <α & 2/1he <β  AI 

2/2/ 21 heh << α & 2/2/ 21 heh << β  AII 

2/2/ 32 heh << α & 2/2/ 32 heh << β  AIII 

2/3he >α & 2/3he >β  AIV 
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Fig. 7.The four possible areas of the error vector tip 
 

As it is displayed in figure 8, the three areas AI, AII and 
AIII are limited by hysteresis boundaries 321 h,h,h , and 
area AIV has no up limit )2/hx( 3> . Each of the three 
areas AII, AIII and AIV is divided into four sectors. Area 
AI represents one sector, which is named S5. The sectors 
are numbered from 1 to 13. Figure 8 shows an example 
of one sector from each area. The error vector tip can be 
located in one of the thirteen sectors, according to the 
sign of βα , components of the error vector. Table II 
gives the membership conditions of the error vector tip 
to the thirteen possible sectors. 

 
TABLE II 

MEMBERSHIP CONDITIONS OF THE ERROR VECTOR TIP TO THE 
THIRTEEN SECTORS 

 
AI AII AIII AIV 

-     - S5 S1 S6 S10 
+     -  S5 S2 S7 S11 
-     + S5 S3 S8 S12 
+     + S5 S4 S9 S13 

Areas 
eα     eβ 

 
 

Once the sector is determined, one among the 21 
voltage vectors must be applied to push the rotor 
currents of the DFIG to their references within the 
hysteresis boundaries. The suitable choice of the 
voltage vectors depends mainly on the location of the 
error vector tip (Fig. 8). 
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Fig. 8. Error vector tip location in the thirteen possible sectors 
 

In the case where the error vector tip is located in the 
area AII, one of the small hexagon voltage vectors will 
be applied. By the same way, if the error vector tip is 
located in the area AIII, one of the medium hexagon 
voltage vectors will be selected. Otherwise, one among 
the large hexagon voltage vectors will be applied, if the 
error vector tip is located in the area AIV. 

To reduce the switching frequency, the ZVV must be 
applied. This will be carried out only when it is certain 
that the action of the rotor voltage vector has the natural 
tendency to push the error vector tip towards the 
hysteresis boundary areas. This can be easily verified by 
checking up both conditions: 

 0. <
dt
ede α

α   and 0. <
dt
ed

e β
β  (19) 

However, if conditions (19) are not verified, the 
selection of the NZVV must be done to reverse the 
natural tendency of the current error trajectory. In this 
case, the suitable NZVV has to drive the error vector 
toward hysteresis areas. For area AI, the ZVV ( ovv ) is 
the appropriate voltage vector to be selected since it 
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keeps the error vector tip inside it. For other areas, the 
selection rule of the appropriate voltage vector follows 
the conditions (19). 

To understand the selection rule of the appropriate 
voltage vector, in the three areas (AII, AIII, and AIV), the 
sector S1 of area AII, which corresponds to the case 
where both current error αβ  components are negative 
is taken as an example. Figure 9 and table III explain 
the selection rule for sector S1. We denote that:  

0=
dt
ed i means 0<

dt
ed i  

1=
dt
ed i means 0>

dt
ed i   
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Fig. 9. Error vector tip location in sector S1. 
 

TABLE III 
SWITCHING TABLE FOR SECTOR S1 

Case 
dt

deα  
dt

deβ
 

Applied 
Vector 

1 0 0 V2 

2 1 0 V2 

3 0 1 V1 

4 1 1 ZVV 

 
From table III: 
1-For case 1, which corresponds to the increase of 

both α and β components, the appropriate voltage 
vector to move the error back to the hysteresis boundary 
is 2v
r

. 
2-For case 2, which corresponds to the decrease of 

α component and the increase of β component, the 
voltage vector 2v

r
 remains the best choice since there is 

no voltage vector that has an effect only on 
theα component. 

3-For case 3, which corresponds to the increase ofα  
component and to the decrease of β component, the 
voltage vector 1v

r
is the best choice since it has an effect 

only on theα component. So 1v
r

is applied only when 
theα  component error is moving alone in the wrong 
way.  

4-For case 4, which corresponds to the decrease of 
bothα and β components, the error is naturally 
converging to the right direction and there is no need to 
apply the NZVV, so the ZVV is selected. 

The selection between the three ZVV is determined 
in a way to minimise the switching frequency, by 
adopting the principle to switch only one inverter leg at 
once. Tables IV, V, VI and VII display the switching 
tables for each sector in areas AI, AII, AIII and AIV 
respectively.   

TABLE IV 
 SWITCHING TABLE FOR AREA AI 

dt
deα  

dt
deβ  S5 

0 0 ZVV 

1 0 ZVV 

0 1 ZVV 

1 1 ZVV 

 
TABLE V  

SWITCHING TABLE FOR AREA AII  

dt
deα  

dt
deβ  S1 S2 S3 S4 

0 0 V2 V3 V1 ZVV 

1 0 V2 V3 ZVV V4 

0 1 V1 ZVV V6 V5 

1 1 ZVV V4 V6 V5 

 
TABLE VI 

 SWITCHING TABLE FOR AREA AIII 

dt
deα  

dt
deβ  S6 S7 S8 S9 

0 0 V8 V9 V13 ZVV 

1 0 V9 V10 ZVV V11 

0 1 V8 ZVV V13 V12 

1 1 ZVV V10 V12 V11 

 
TABLE VII 

 SWITCHING TABLE FOR AREA AVI 

dt
deα  

dt
deβ  S10 S11 S12 S13 

0 0 V16 V17 V15 ZVV 

1 0 V16 V17 ZVV V18 

0 1 V15 ZVV V20 V19 

1 1 ZVV V18 V20 V19 

V. Simulation results 
The proposed V.H.C.C technique has been tested on 

a three phase three-level VSI, which supplies the rotor 
side of the DFIG. The delivered active and reactive 
powers from the wind turbine to the grid are controlled 
by means of controlling the rotor currents of the DFIG. 
The simulation of the overall system shown in figure 3 
has been carried to verify the performances of the 
proposed control technique. All simulation results are 
obtained at a fixed speed of the DFIG ( rpm1624 ), a 
fixed hysteresis bands (h1=0.45, h2=0.47, h3=0.49) and 
a 600 VDC bus. 

Active reactive power references are respectively set 
to Ps

* = -2 kW, Qs
* = 0 VAR.  

The simulation parameters of the DFIG are: 
Nominal power: 7.5 kW, nominal speed 1500 rpm, 

pairs of pole number: p=2, inertial: 0.3125Kg.m2, 
viscous coefficient: 6.73.10e-3N.m.s-1, stator resistance:  

βα ,=i  
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Rs=0.455 Ω , stator inductance: Ls=0.084H, rotor 
resistance: Rr=0.062 Ω , rotor inductance: Lr=0.081H, 
mutual inductance: Lm=0.078. 
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Fig. 10. Simulation waveforms of the V.H.C.C applied on the rotor 
side three-level converter 

(a)  Reference and measured active powers of the DFIG.      
(b)  Reference and measured reactive powers of the DFIG. 
(c)  Rotor and stator currents of the DFIG.            
(d)  Supply voltage and stator current of the DFIG. 
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Rotor current trajectory of the DFIG  

Fig. 11. Current error trajectory in the three areas AI, AII and AIII 
And the rotor current trajectory of the DFIG 
Figure 10 illustrates the simulation waveforms of the 

system shown in figure 3. It is clearly shown from 
figures 10.a and 10.b, that the active and reactive 

powers of the DFIG follow respectively their 
references.  

Figure 10.c illustrates the stator and rotor currents of 
the DFIG. It is obvious, that the rotor current frequency 
is lower than the stator current frequency. It is clearly 
denoted from figure 10.d, that the stator current and the 
supply voltage are in π  phase, hence the DFIG injects 
an active current to the grid.  

Figure 11 shows the current error trajectory in area 
AI, AII AIII and AIV and also the rotor current trajectory 
of the DFIG, which is circular in the βα plane.  
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Fig. 12. Simulation waveforms of: 
(a)  Areas in which the error vector tip can be located. 
(b)  Sectors in which the error vector tip can be located. 
(c)  The applied vector. 
(d)  One phase-to-phase voltage of the DFIG rotor 
 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-3000

-2000

-1000

0

1000

t (sec)

P
*,

 P
 (W

)

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-20

-10

0

10

20

t (sec)

is
a,

 ir
a 

(A
)

 

 

P
P*

isa ira

(a) 

(b) 

Ps
* Ps

 

ira isa
 

time (s) 

time (s) 

s 
s 

 
  

Fig. 13. Simulation waveforms in case of a step-change in the active 
power 

(a)  Reference and measured active powers of the DFIG. 
(b)  Rotor and stator currents of the DFIG. 
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Fig .14. Simulation waveforms in case of step-change in the reactive 
power.  

(a)  Reference and measured reactive powers of the DFIG. 
(b)  Rotor and stator currents of the DFIG. 
 

Figures 12.a and 12.b display the area and the sector 
in which the error vector tip can be located, whereas the 
applied voltage vector is shown in figure 12.c. The 
phase-to-phase voltage of the three-level VSI is shown 
in figure 12.d. 
 

Figures 13 and 14 show the simulation waveforms 
with step changes in active and reactive power 
respectively. It is obvious from figures 13.b and 14.b 
that the active and reactive power control is directly 
linked to the control of the DFIG rotor currents.  

VI. Conclusion 
For controlling the active and reactive powers of the 

wind turbine based on doubly fed induction generator, a 
new vector hysteresis current control (V.H.C.C) has 
been presented in this paper. The control scheme is 
applied on a three-phase three-level VSI that supplies 
the rotor winding of the DFIG controlling by that its 
rotor currents.  

 The proposed control technique gathers the three 
current errors into a single space vector quantity. Hence 
the magnitude of the error vector is limited within a 
boundary area of a square shape, and also the line 
current interactions are avoided in the three phase 
system. Moreover, the application of the three zero 
voltage vectors reduces considerably the switching 
frequency.  

The simulation results of the overall system with the 
proposed control technique show good performances. 
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