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Abstract

This work proposes a predictive direct power control (P-DPC) technique of a PWM rectifier, based on a duty cycle control method, using 

a new definition of the instantaneous reactive power in the predefined cost function, able to operate under balanced and unbalanced 

grid voltages. In conventional DPC, the use of a single voltage vector during a control period leads to high power ripples and variable 

switching frequency. To overcome these problems, a duty cycle control is introduced in P-DPC to achieve performance improvement 

in terms of power ripple reduction, dynamic response and robustness against unbalanced grid voltages. Its main characteristic is the 

use of several voltage vectors applied during a control period. In effect, the duration of the selected vector is determined by minimizing 

the active power ripple during a control period. Simulation results are presented to confirm the theoretical study developed.
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1 Introduction
The use of PWM rectifiers in grid-connected power con-
version systems has grown rapidly over the past decades, 
especially in applications of variable speed wind turbine 
generators, motor drives requiring regenerative capability, 
decentralized production systems, micro-grids, ultra-fast 
battery chargers for electric vehicles, etc. [1–3]. Therefore, 
more stringent requirements are placed on PWM rectifi-
ers, especially when grid voltages are unbalanced, which 
is very common in rural areas with weak grids [4, 5].

The most popular research approach for controlling 
PWM rectifiers under balanced grid voltages is voltage 
oriented control (VOC) [6]. Many works have been done 
based on VOC to eliminate harmonic currents and DC bus 
voltage oscillations under unbalanced network. The disad-
vantage of this method is the setting of the internal current 
controllers and the strong dependence on system parame-
ters [7]. Using a modification of Voltage Oriented Control 
(VOC) based on Dual Vector Current Controllers (DVCC) 
and Phase Locked Loops (PLL), Bobrowska-Rafał et al. [8] 
studied control structure for three-phase two-level PWM 
rectifier under unbalanced grid voltage conditions. The 
performance of the double synchronous reference frame 
controller is investigated in [9, 10], and its structure is 

improved by the addition of a decoupling network for esti-
mating and mitigating undesired current oscillations.

Recently, the direct power control (DPC) is another 
high-performance control approach for PWM rectifiers. 
Compared to VOC, the DPC directly selects the desired 
voltage vector from a predefined switching table to regu-
late active and reactive powers [11]. Despite its advantages 
in terms of simple structure, high performance control 
which offers a unit power factor and a low rate of har-
monic distortion of the currents absorbed, DPC has large 
steady-state power ripples and a variable switching fre-
quency. Recent works on the DPC try to overcome these 
drawbacks. Chikouche and Hartani [12] proposed a new 
switching table to enhance the DPC of three-phase PWM 
rectifiers and achieve higher performance in terms of 
power ripple reduction and dynamic response. Predictive-
DPC of three-phase PWM rectifier using space-vector 
modulation (SVM) is developed in [13] without using pre-
defined switching table and voltage vector. The concept of 
duty cycle control is introduced in DPC by [14, 15], which 
allocates just a fraction of the control period to the voltage 
vector selected from the standard switching table in DPC, 
while a zero vector is used for the rest of time. 
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The VOC control method used in [16] provides a new 
definition of instantaneous reactive power more appropri-
ate for unbalanced grid voltages which requires positive/
negative sequence extraction of grid voltages/currents and 
complicated control. Currently, only a few works have 
addressed the problem of DPC control of PWM rectifiers 
under unbalanced network voltages. Chikouche et al. [17] 
proposed an improved DPC control technique when grid 
voltages are unbalanced using a new definition of instan-
taneous reactive power without resorting to complicated 
sequence extraction. Predictive-DPC has been offered 
recently as a powerful alternative to conventional DPC, 
because it is more precise and successful in vector selec-
tion [18]. Selecting a better voltage vector by minimizing 
a cost function consisting of power errors, provides better 
steady-state performance in terms of power ripples and har-
monic currents can be obtained. However, because only one 
voltage vector is applied during the control period, the sam-
pling frequency must be high [19]. The duty cycle control 
method was introduced in DPC to improve steady state per-
formance [14, 20, 21]. For example, the principle of active 
power ripple minimization is used to determine the dura-
tion of the selected vector from the switching table defined 
in the DPC [17]. This paper proposes an improvement by 
replacing vector selection with the cost function minimiza-
tion principle in predictive direct power control (P-DPC).

The goal of this study is to improve P-DPC's ability to 
operate under unbalanced grid voltages while maintain-
ing its conceptual simplicity and fast response. We are 
developing a new control method, as an alternative to the 
conventional DPC control, called the "Predictive direct 
power control integrating the duty cycle control". Its main 
characteristic is the use of several voltage vectors applied 
during a control period. In this studied control method, 
a duty cycle control method is applied to the output vector 
of the P-DPC control.

The remainder of the paper is organized as follows. 
In Section 2, a modeling of the two-level PWM rectifier 
power circuit under the conditions of unbalanced network 
voltages was presented. In Section 3, a predictive direct 
power control (P-DPC) based on duty cycle control is pro-
posed for the control of three-phase two-level PWM recti-
fier. Firstly, to predict the future value of active power and 
new reactive power under unbalanced grid voltages, a suit-
able mathematical model is established and analyzed in 
detail. Active power and new reactive power are controlled 
simultaneously using a single cost function. Secondly, a duty 
cycle control technique is introduced to the predictive direct 

power control (P-DPC) to select an active vector and a zero 
vector during a control period. A detailed comparative study 
of conventional DPC and P-DPC integrating duty cycle con-
trol is carried out. Simulation and conclusive remarks are 
presented in Section 4 followed by a final Conclusion.

2 PWM rectifier model under an unbalanced network
Fig. 1 shows the power structure of three-phase PWM 
rectifier [17, 22].

The mathematical model of the PWM rectifier in the αβ 
frame is expressed by 

e Ri L
di
dt

v�� ��
��

��� � � , (1)

where vαβ , eαβ and iαβ are voltage vector components of the 
PWM rectifier, voltage vector of the grid and current vec-
tor of the grid. R and L are resistance and inductance of 
smoothing inductor.

The complex power S on the grid side can be given as

S i e P jQ� � � � �
3

2
�� ��
* , (2)

where "*" denotes the conjugate of a complex vector.
Voltages and currents can be represented as the sum of 

their respective positive sequence and negative sequence 
vectors in unbalanced network conditions, as 

e e e e e e edq
j t

dq
j t

��
� �

�� ��� � � �� � � � �  (3)

i i e i e i idq
j t

dq
j t

��
� �

�� ��� � � �� � � � � . (4)

The active and reactive power can be described as 
follows:

P S i e� � � � � �Re Re
*3

2
�� ��  (5)

Q S i e� � � � � �Im Im
*3

2
�� �� . (6)

Fig. 1 Power structure of three-phase PWM rectifier
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The new definition of reactive power is described as 

Q i enov � �� �3

2
Re

*

�� �� . (7)

The delayed phase value of the unbalanced network 
voltage can be described as 
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Active power and new reactive power can be expressed 
as in the case of unbalanced networks:
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where:
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From Eqs. (3) and (8), the derivatives of the network 
voltage vector and its lagged value can be obtained as 
follows:

de
dt

j e j e e��
�� �� ��� � �� � � � �� �  (12)

de
dt

e e e
�
� � �� ���

�� �� ��� � � . (13)

From Eq. (1), the derivative of the network current can 
be expressed as 

di
dt L

e v Ri��
�� �� ��� � �� �1 . (14)

Substituting Eqs. (12) and (13) in Eq. (5) and consid-
ering Eq. (7), the derivative of the active power can be 
obtained as follows:

dP
dt L

e v e R
L
P Qnov� � �� ��

�
�
� � �

3

2

2

�� �� �� �Re
* . (15)

Similarly, the derivative of reactive power can be 
obtained from Eqs. (7), (12), (13) and (14) as 

dQ
dt L

e v e R
L
Q P

nov
nov� �� � ��

�
�
� � �

3

2
Re

* *

�� �� �� � . (16)

3 Design of predictive-DPC based on duty cycle control
3.1 Principle of the method
Fig. 2 shows the block diagram of the proposed method. At 
the start of each switching interval, the rectifier phase volt-
ages and line currents are measured and transformed into 
the two-phase plane. The output DC bus voltage is mea-
sured and compared to a predefined reference value and 
transmitted to an IP controller to generate an active power 
reference value. For operation with unity power factor, the 
reactive power reference value is set to zero. The predicted 
values of the active power Pk+1 and the new reactive power 
Qnov,k+1 for each voltage vector component vk of the con-
verter are used by the cost function block which compares 
these predicted values with their reference values Pref and 
Qref, to generate the optimal voltage vector components 
( vα , vβ ). Then the duty cycle block determines the optimal 
duration tv of the active vector which must be added to the 
zero vector during a control period.

Active and reactive powers can be calculated from 

P i ek � �� �3

2
Re

*

�� ��  (17)

Q i enov k, *
Re� � �� �3

2
�� �� , (18)

where k is the current sampling instant.
The predicted values of the active and reactive powers 

are given as follows:

dP
dt

P k P k
Ts

�
�� � � � �1  (19)

dQ
dt

Q k Q k
T

nov nov nov

s

�
�� � � � �1 , (20)

where Ts is the sampling period and (k + 1) is the next sam-
pling instant.
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By substituting Eqs. (17) and (18) in Eqs. (19) and (20), 
we will have:

P k P k
T

A
s

�� � � � �
�

1  (21)

Q k Q k
T

B
nov nov

s
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�

1 , (22)

where:
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2
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given that:
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so 
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The active and reactive powers at the next sampling 
instant (k + 1) can be calculated using Eqs. (28) and (29):

P P ATk k
s

� � �1  (28)

Q Q BTnov k nov k
s

, ,� � �1 . (29)

The new cost function is calculated as follows:

g P P Q Qref k ref nov k� �� � � �� �� �1
2

1
2

,  (30)

By replacing Eqs. (28) and (29) in Eq. (30), we get:

g P P AT Q Q BTref k
s

ref nov k
s� � �� � � � �� �2 2

, , (31)

where A and B are calculated in Eqs. (26) and (27). 
The minimization problem will be solved as follows:

dg
dv

T
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. (32)

Finally, by solving the system of Eq. (32), the optimal 
voltage vector components ( vα , vβ ) of the converter can be 
written as follows:

2

3
0

2

3

2 2L
T
X e e v e e e e v

L
T
Y e e e e v

s

s
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� � � �� �

� � � � � � � �
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�

�
��

�
�
�

e e v2 2
0

 (33)

Fig. 2 Control diagram of predictive DPC with duty cycle control under unbalanced grid voltage conditions
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3.2 Duty cycle control
In order to further reduce the power ripple due to the use of 
zero voltage vector, we introduce the duty cycle control in 
the predictive direct power control (P-DPC). In this control 
technique, the selection of an active vector and a zero vec-
tor during a control period is explained as follows. From 
Fig. 3, it is clearly seen that the zero voltage vector pro-
duces much smaller power variations than the other non-
zero voltage vectors. Therefore, to obtain a reduction in the 
power ripple, it is possible to combine the zero voltage vec-
tor with the non-zero voltage vector during a control period.

In P-DPC control, the active vector to be applied during 
a control period is selected by the cost function in Eq. (29) 
and determined by Eq. (34). Fig. 4 illustrates the changes 
in active power and new reactive power during a control 
period when both an active vector and a zero vector are 
applied. The changes in active power are ρ1 and ρ2 for the 
active voltage vector and the zero voltage vector, and the 
changes in the new reactive power are ρ11 and ρ22 , can be 
easily obtained from Eqs. (23) and (24).

From Fig. 4, the active power and the new reactive power 
at the next instant (k + 1) can be predicted as follows:

P P t t tk k
v sp v

� � � � �� �1

1 2
� �  (36)

Q Q t t tnov k nov k
v sp v

, ,� � � � �� �1

11 22
� � . (37)

The optimal duration tv of the active vector can be 
obtained by minimizing the cost function Eq. (29) at the 
next instant.

(a)

(b)

Fig. 3 Slopes of active power (a) and the new reactive power (b) 
for various rectifier voltage vectors under unbalanced grid 

voltage conditions

Fig. 4 Active and reactive power variations throughout one control 
period when applying an active vector and a zero vector
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By substituting Eqs. (36) and (37) into Eq. (29) and 

solving �
�

�
g
tv

0 , the optimal duration of the best active 

vector minimization during a control period is obtained 

as follows:
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(38)
The value of tv is set to zero if tv is negative, or tsp if tv 

is greater than tsp .
The knowledge of the voltage sector is necessary to 

determine the optimum switching states. For this, the work 
frame (α, β) is divided into six sectors as shown in Fig. 5. 
The number of sectors is determined instantaneously by 
the position of the voltage vector components given by 

� �

�
n

e
e

n�
�

�
�

�

�
� � �arctan ; , , .1 6  (39)

During a control period, the active vectors obtained by 
the P-DPC are applied for the optimal duration tv , followed 
by the appropriate zero vectors with minimal switching 
steps. Taking the following rules, vectors 

  

V V V
2 4 6
, ,� �  must 

be followed by vector 


V7 , while other vectors 
  

V V V
1 3 5
, ,� � , 

must be followed by vector 


V0 .

4 Simulation results
The new predictive DPC control approach using duty 
cycle control, based on the previous relationships, has 
been implemented on MATLAB/Simulink software, 

Fig. 6. The simulation was run under the same unbal-
anced grid voltage conditions and with the same param-
eters of the PWM rectifier used in the conventional and 
improved DPC control, Table 1. The simulation results are 
given in Fig. 7.

The difference between the two DPC controls namely 
the improved DPC and the proposed P-DPC lies in the 
robustness and the ability to keep the ideal trajectories 
despite the disturbances imposed by the unbalanced net-
work. In this simulation test, the magnitude of the negative 
sequence voltage vector is assumed to be 10% of the posi-
tive sequence voltage vector at t = 0.4 s, Fig. 7 (a). It can be 
seen that when the network is unbalanced in the case of the 
predictive-DPC, the three-phase currents of the network 
exhibit a quasi-sinusoidal waveform and significantly bet-
ter than those presented in the case of the improved DPC, 
Fig. 7 (b). We notice the same remark for the currents 
in the αβ axes, Fig. 7 (c). We also notice that the unbal-
anced network does not affect the stability and the regu-
lation of the DC bus voltage of the predictive-DPC with 
the duty cycle control, Fig. 7 (d). To compare the effect of 
the same disturbance on the improved DPC and the pro-
posed predictive-DPC, we use the normalized error of the 
DC output voltage produced by the disturbance on the two 
DPC controls. It is noticed that the normalized error is 
almost zero for the two structures, namely proposed pre-
dictive-DPC and improved DPC, unlike the conventional 
DPC, Fig. 7 (e). This shows that the proposed predictive 
DPC also offers good DC voltage control during voltage 
unbalance. Fig. 7 (f) shows that the grid current is in phase 
with the grid voltage in the case of the proposed predic-
tive-DPC, thus providing unity power factor. The predic-
tive-DPC control adjusts well the active power in all sec-
tors when the load power decreases, Fig. 7 (g). It is clearly 
seen in Fig. 7 (h), that the reactive power is held at zero in 
order to obtain unity power factor. There is a significant 
attenuation of the active and reactive power ripples in the 
case of the predictive-DPC control. It can be clearly seen 
that the predictive-DPC also achieves decoupled control of 
active and reactive powers and remains insensitive to volt-
age unbalance, which shows that the proposed analytical 
approach is quite rigorous. 

The grid current harmonic spectrum for conventional 
DPC, improved DPC and proposed P-DPC under unbal-
anced grid voltage conditions, is shown in more detail in 
Fig. 7 (i). It is clearly seen that the current is highly dis-
torted in the conventional DPC (Fig. 7 (b)) and the THD Fig. 5 Vector diagram of PWM rectifier
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reaches 8.95%. On the contrary, the THD in improved 
DPC is only 3.90% after using the new definition of reac-
tive power as the control variable. A THD in proposed 
P-DPC is as low as 2.56%, which is much lower than the 
results obtained by the other DPC controls. Finally, sim-
ulation results show that predictive-DPC using duty cycle 
control brings improvement on system performance and 
robustness compared to conventional DPC and improved 
DPC during voltage unbalance.

5 Conclusion
In this work, we presented the predictive direct power 
control (P-DPC) strategy using duty cycle control for a 

two-level PWM rectifier under unbalanced grid voltage 
conditions. To compensate simultaneously the DC bus 
unbalance and grid unbalance, while improving the power 
factor, P-DPC control has been applied to control the 
PWM rectifier, where it is possible to predict the behavior 
of the system at each sampling instant for different control 
actions, and to choose the most optimal vector to apply it 
to the system at the next instant. In the studied P-DPC con-
trol using the duty cycle control method, the duration of 
the selected active vector is obtained based on the princi-
ple of minimizing the active power ripple during a control 
period. Simulation results show that this control strategy 
achieves reduced power ripples and lower current THD 
while maintaining higher and faster dynamic response 
than conventional DPC. Moreover, it offers an improve-
ment on the waveform of the absorbed currents and a sig-
nificant regulation of the active and reactive instantaneous 
powers and the DC bus voltage.

Table 1 Rectifier parameters

The input phase voltage: V = 125 V / f = 50 Hz

The input inductance: L = 37 mH

The input resistance: R = 0.3 Ω

The output capacitor: Cdc = 1100 μF

The output voltage: Vdc = 350 V

Fig. 6 Simulink model of predictive-DPC based on duty cycle control of PWM rectifier under unbalanced network
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