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ABSTRACT: 
In this paper, voltage sag is compensated by the DVR (Dynamic Voltage Restorer) in distribution systems. This device 
is applied between the sensitive load and the supply in order to inject voltage in series to correct the voltage sag. 
Subsequently, all the other various DVR compensation techniques in the distribution system are explained. Due to the 
restriction of the energy storage in DVR’s capacitors, it is essential to minimize the active power injected by the DVR. 
Thus, a minimum active power injection method is proposed to compensate the voltage sag. Performance of this 
method is evaluated under balanced and unbalance voltage sag in a distribution system. 
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1.  INTRODUCTION 

Voltage amplitude is one of the significant factors 
that determines the power quality measures [1], and 
voltage sag is a critical power quality issue [2-4]. There 
are various sensitive loads in distribution systems that 
might be at risk while sag happens on load voltage [5, 
6]. Occurrence of the voltage sag is perilous for high-
tech industries [7]. Correcting the load voltage 
magnitude during the voltage sag is a challenging task. 
Therefore, the Dynamic Voltage Restorer (DVR) is 
used to correct the voltage sag in the distribution 
system [8-10] and also reduces the damaging effect of 
voltage sags on sensitive loads [11, 12]. Thus, the 
power quality can be improved by using DVR in the 
distribution  system [13, 14]. If for any reason, a fault 
occurs in the system and severe voltage sag happened 
on sensitive load, it will cause an outage of sensitive 
load from the system [15]. One method for correcting 
the voltage sag is injection of series voltage by DVR. 
The DVR is basically controlled voltage source that has 
been installed between source and sensitive load. DVR 
must be able to detect voltage sag and control the 
inverter to restore the voltage properly [5]. There are 
three general strategies to compensate voltage sag and 
avoid tripping of the load, which includes: pre-sag, in-
phase and minimal energy [16, 17]. 

The compensation capacity is one of the most 
important characteristics of DVR, which depend on the 
maximum    injected voltage and produces active power 
by DVR. Due to the limitation in energy storage 

capacity, injected energy by DVR should be minimized 
[5]. Furthermore,, a new control methodology is 
proposed to control a single-phase capacitor-supported 
DVR [18]. A robust minimal energy strategy has been 
introduced to compensate the voltage sag [19-24]. In 
this strategy, DVR must absorb active power from 
network for shallow voltage sage, which is needed 
expensive additional equipment. Recently, minimum 
active power injection method has been proposed to the 
solution of this problem [25]. Also, a minimum energy 
compensation strategy by considering the voltage 
limitation of equipments [26] and optimal cost of 
energy [27] have been presented for analysis of the 
DVR structure. 

In this method, active power injection became zero 
during the shallow voltage sags and minimized during 
the deep voltage sags.  

In this study, minimum active power injection 
method has been applied to compensate voltage sag by 
DVR. Performance of this method is evaluated under 
balance and unbalance voltage sag in a distribution 
system.  

 
2.  DVR MODEL  
In this paper, DVR has been designed by a 13-level 
cascade inverter having 6 H-Bridge Inverter blocks for 
each phase. Production of one cycle (three phase 
voltage) by H-Bridge Inverter blocks is presented in 
"Fig. 1". Also, cascade inverters model and its IGBT 
firing circuit presented in "Figs. 2 and 3 ". Designed 
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DVR is simulated by using MATLAB/SIMULINK 
software. The produced voltage after crossing the RLC 

filter converts to three phase sine wave voltages to 
compensate the voltage sag. 

 

 
Fig. 1. Three phase voltage waveform of the cascaded inverters 

 

 
Fig. 2. 13-level cascade inverter of phase "a" 

 

 
Fig. 3. Fire IGBT circuit of Cascade inverters 
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3.  DVR IN DISTRIBUTION SYSTEM 

"Fig. 4" shows a DVR in the distribution system 
that is located between critical load and the source. If a 
fault occurs in other lines, voltage sag happens on 
sensitive load. The probabilities of prevalence of the 
single line-to-ground faults, line-to-line faults, double 
line-to-ground faults, and three-phase faults are in 70, 
15, 10, and 5 percent, respectively [28].  

Thus, DVR injects voltage in series to maintain 
nominal load voltage. Basically, energy storage 
sources, inverter, RLC filter, and coupling transformer 
forming the structure of DVR as shown in "Fig. 4". 

 

 
 

Fig. 4. Schematic of the DVR in distribution system 
 

4.  CONTROL STRATEGIES OF DVR 
Generally, control strategies of DVR are divided 

into three main categories: 1- Pre-sag, 2- in-phase, and 
3- Minimal energy 

  
4.1.  Pre-sag Control Strategy 

In this method, load voltage is exactly regained into 
the same amount of voltage before the fault. Thus, 
improved voltage has same magnitude and phase of 
voltage before the fault [13]. Phasor diagram of this 
method is shown in "Fig. 5". 

 

 
Fig. 5. Phasor diagram of pre-sag control 

 

This Compensation method causes the least 
disturbance in the load, because the phase voltage did 
not change during the sag [5]. In this strategy, a PLL 
(Phase Locked Loop) should be synchronized to load 
voltage. As soon as fault occurs in the system, PLL is 
locked and phase of voltage can be restored. In this 
method, phase of voltage is returned before a fault. 
However, higher voltage should be injected by the 
DVR [5]. Equivalent circuit of DVR can be seen in 
"Fig. 4". Vth, VS and Zth indicate thevenin voltage, 
voltage sag and thevenin impedance of the system 
respectively.  

 
4.2.  In-phase Control Strategy 

In this strategy, the voltage injected by DVR is 
minimized. In in-phase compensation strategy, the 
phase of voltage is jumped and creates the eddy and 
transient currents which cause the outage of sensitive 
loads from network. Therefore, this method can't be 
used for critical loads [5]. Phasor diagram of this 
method is shown in "Fig. 6". The only advantage of this 
method is the minimization of injected voltage 
amplitude and injected apparent power by DVR. 
However, injected active power by DVR is still higher 
than the pre-sag control strategy. In this method, the 
injected active power is presented in (1). 

 

 
Fig. 6. Phasor diagram of in-phase control 

 
.cosI ).V-(V 3 LSLdvrP  (1) 

 
4.3.  Minimal Energy Control Strategy  

This method is based on the elimination of active 
injected power. In this strategy, voltage injected by 
DVR should be perpendicular to load current until the 
injected active power becomes zero. Phasor diagram of 
this method is shown in "Fig. 7". In this diagram δ and 
α are angles of VL and Vdvr respectively, and also φ is 
the angle between the IL and VL. Subsequently, α is 
extracted with (2). 

  2/ (2) 

Calculating the value of α, δ is obtained by 
following: 
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)/cos.(cos 1
SL VV    (3) 

Equation (3) leads the following inequality: 

SL VV cos.  (4) 

 
Fig. 7. Phasor diagram of minimal energy method 

 
Reviewing (3), if cosφ is specified to be considered 

for special load and VL is assumed 1pu for shallow 
voltage sag, and then active power injection by DVR 
would be zero. However, considering inequality (4), 
injected active power by DVR cannot be zero for the 
deep voltage sag. 

 
5.  MINIMUM ACTIVE POWER INJECTION 
STRATEGY  

In this method, active power Injection by DVR will 
be zero for shallow voltage sag and will be minimized 
for deep voltage sag. Diagrams of Pdvr-Vdvr (for power 
factor 0.8 and different voltage sag) are presented in 
"Fig. 8". It is obvious that minimum of active power 
injection is zero for Vsag=0.2pu, and is negative about 
voltage sag less than 0.2. However, it is not zero for 
voltage sags higher than 0.2. Considering the diagrams 
in "Fig. 8", for voltage sag less than 0.2, minimum 
value of Pdvr becomes negative. Therefore, active power 
should be absorbed from the system by DVR. To 
absorb the active power by DVR, extra energy storage 
equipments are required, which is costly [27]. 
 

 
Fig. 8. Active power injection_voltage injection 
 
Load power can be described in (5). 

 )( .cos.IV = P LLL   (5) 

Bus power during sag can be expressed by (6): 
 )-( .cos.IV = P LSS   (6) 

So, active power injection will be calculated by the 
following:  

 )-( .cosV - )( cos = P-P = P SSLdvr   (7) 

According to the phasor diagram of Fig. (7), α can 
be expressed by the relationship (8): 

 )V / .sin(V sin = dvrL
-1   (8) 

Also value of δ can be obtained by (9): 

 )]V .)/(2VV-V+[(Vcos= SL
2

dvr
2

L
2

S
-1  (9) 

If the value of )V .)/(2VV-V+(V SL
2

dvr
2

L
2

S  

equals to D, and replace (8) and (9) in (7), the active 
power injection will be obtained form of the (10):  

 ])-D(1).sin(+D )..[cos(V -)cos( =P 2
Sdvr   

(10) 

Diagrams of Pdvr _ Vsag based on SDVR=0.37pu and 
cosφ=0.8 is shown in "Fig. 9", which has been resulted 
from (10). Negative values of Pdvr are considered to 
zero as it doesn’t need to absorb active power from 
DVR. 

 

 
Fig. 9. The minimum active power injection_voltage 
sag (for SDVR=0.37pu)   
 

However, as its shown in "Fig. 8", active power 
injection by the DVR is considered to be zero for 
voltage sag less than 0.2 and will be minimized injected 
active power for voltage sag more than 0.2. 

For control block of minimum active power 
injection, PF=0.8 and SDVR=0.37pu is considered in this 
study.  

When sag occurs in the distribution  system, for 
balanced voltage sags produce only a positive sequence 
but for unbalance voltage sags both positive and 
negative sequence is produced [29]. For the presented 
block diagram in Fig. 10, Vdvra,ref, Vdvrb,ref and Vdvrc,ref 
determine the required voltage that should be injected 
to the network by DVR. The  firing  pulses  to  the  
IGBTs  are obtained  by  comparing the reference sine 
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waveform (Vdvra,ref, Vdvrb,ref and Vdvrc,ref) and the  PWM  
triangular carrier signals.  

Converting voltages to d-q axis, both positive and 
negative sequence components are existed for 
unbalance voltage sag: 

 
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where T is: 
   












/3)2sin(wt/3)2-sin(wtsin(wt)

/3)2cos(wt/3)2-cos(wtcos(wt)
=T




 
(12) 

 
The main frequency component of VS is converted 

into Vsd,dc, Vsq,dc while negative sequence component 
part of VS is transferred to Vsd,ac, Vsq,ac. Then, after 

passed through HPF filters, their ac parts are extracted. 
Relevant dc part (Vsq and Vsd) can be taken out from 
the difference between output signals of HPF.  

VLm can be obtained using the following: 

   ]V + [V 2
sq

2
sdLmV  

(13) 

Subtracting VLm from VLm,ref (usually is considered 
1.0 pu) and passing through a controller PI, Vdvrd,ref is 
obtained. To compensate voltage sag, DVR has both dc 
and ac active power components. The ac component is 
given into negative sequence part while the dc active 
power will be obtained using the (14) [27]. 

 .IV + .IV = P qdc dvrq,ddc dvrd,dc dvr,  (14) 

Vdvrd, dc and Vdvrq, dc is as follows:  

dc sd,Lddc dvrd, V-V = V  ,  V-V = V dc sq,Lqdc dvrq,  (15) 

 
Fig. 10. Upgraded control system for minimum active power injection method 

 
Magnitude of fundamental components of 

fundamental components (Vsm) is expressed by 
following: 

   ]V + [V 2
dc sq,

2
dc sd,smV  

(16) 

 All the  the above quantities are based on per unit 
values. 

 
6.  SIMULATION RESULTS 

Designed system and DVR are simulated by 
MATLAB/SIMULINK software.  

Magnitude of load voltage should be maintained 
on 1.0pu during the occurrence the sag in system 
voltage. In this simulation, fault occurred at t=0sec and 
duration of voltage sag is considered 0.16sec. The 

relevant parameters of system and DVR are presented 
in Table1.  

 
Table .1 Parameters of system and DVR 

 
Furthermore, Simulation results are divided to 

following sections: 
 

6.1.  Shallow Balance Voltage Sag 
Balance voltage sag (VS=0.9pu) is shown in Fig.11.a 

which injects the voltage of 0.19pu by DVR (Fig. 11.b) 

Load 
voltage 

Load 
power 

Stored 
voltage 

LS RS CS 

400volt 100KVA 270volt 1.5mH 1 Ω 500μF 
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compensates the load voltage that is shown in Fig. 
11.c. As mentioned above, injected active power by 
DVR becomes zero for shallow voltage sags that is 

presented in "Fig. 11.d". Real value of active power 
injection in "Fig. 11.d" is quite negligible. 

 
 

 
Fig. 11.  Shallow Balance Voltage Sag 

 (a) Voltage sag (b) injected voltage (c) compensated load voltage (d) active power injection 
 
6.2.  Deep Balance Voltage Sag 

As other cases, balanced voltage sag of 0.75pu is 
presented in "Fig. 12.a". For deep voltage sag, zero 
active power injection is impossible (for SDVR=0.37pu). 
Nevertheless, by injecting the maximum voltage by 
DVR, injected active power is minimized as displayed 
in "Fig. 12.b". Furthermore, compensated load voltage 
is shown in "Fig. 12.c". In this case, total active power 
injection is about 9.2KW which is shown in "Fig. 12.d". 

6.3.  Shallow Unbalance Voltage Sag 
For Fig. 13.a, unbalance voltage sag occurred on 

sensitive load in which voltage phase of ‘a’ dropped to 
0.21pu and voltage phase of ‘b’ and ‘c’ falling down to 
0.11pu. To compensate unbalance voltage sag, required 
injecting voltage by DVR can be seen in Fig. 13.b. Plot 
of Fig. 13.d confirms that for unbalance shallow 
voltage sag, active power injection got to be zero.
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Fig. 12.  Deep Balance Voltage Sag  

(a) Voltage sag (b) injected voltage (c) compensated load voltage (d) active power injection 
 

 
Fig. 13. Shallow Unbalance Voltage Sag  

(a) Voltage sag (b) injected voltage (c) compensated load voltage (d) active power injection 
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7.  CONCLUSION 

While sag occurs in distribution systems, DVR can 
be employed to compensate the load voltage. Basically, 
DVR injects voltage in series to compensate sag in a 
voltage. There are three different control methods to 
correct the load voltage for DVR, but minimization of 
active power injection by DVR is essential due to the 
restriction of storage energy in DVRs capacitors. Thus, 
in this paper, minimum active power injection strategy 
is proposed to control the injected active power by 
DVR. In this method, active power injection became 
approximately zero during the shallow voltage sags and 
is minimized during the deep voltage sags. The 
nonlinear simulation results approve the performance 
of this method under balanced and unbalance voltage 
sag in a distribution system. 
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