
Hanif et al. / J Zhejiang Univ Sci A   2009 10(10):1523-1531 1523

 
 
 
 

Dynamic voltage regulation and power export in a distribution  
system using distributed generation* 

 
Aamir HANIF†, Muhammad Ahmed CHOUDHRY 

(Department of Electrical Engineering, University of Engineering and Technology, Taxila 47050, Pakistan) 
†E-mail: aamirhanif@uettaxila.edu.pk 

Received Oct. 10, 2008;  Revision accepted Feb. 17, 2009;  Crosschecked Aug. 14, 2009 
 

Abstract:    The major aim of power quality (PQ) enhancing techniques is to maintain a specified voltage magnitude at a desired 
frequency for sensitive loads irrespective of faults on the power distribution network. The dynamic voltage restorer (DVR) is a 
device used to mitigate voltage sags to regulate load voltage. This paper presents a mathematical model for leading series voltage 
injection to mitigate sags thereby achieving the improvement of the utility power factor as well as power sharing between the DVR 
and utility. The power sharing will be as per requirement to compensate the sags considering the available distributed generation 
(DG). The approach of mitigating voltage sags using the concept of leading series voltage injection is suitable for those locations 
where phase shift in the voltage will not cause any problem. The MATLAB/SIMULINK SimPowerSystem toolbox has been used 
to obtain simulation results to verify the proposed mathematical model. 
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INTRODUCTION 
 

As the non-linear loads and complexity of con-
trol systems in industrial processes grow, the power 
quality (PQ) has emerged as an important issue in 
recent years. The ever-growing complexity of the 
power system (network connecting the generating 
stations in remote locations to load centers and in-
dustrial areas) and the faults concerned make it im-
possible to always maintain the desired specifications 
with regards to voltage magnitude, frequency and 
harmonic distortion at the consumer point of common 
coupling (PCC) at the desired level (Won et al., 2003). 
The utility network while viewed from a consumer 
side can be regarded as a Thevenin voltage source in 
series with Thevenin impedance (An et al., 2006). 
Faults on parallel distribution feeders and a definite 
time required by the circuit breakers momentarily 
change the Thevenin impedance thus resulting into a 

varied voltage drop across it and hence variations in 
supply magnitude and phase. These variations can be 
positive as well as negative; i.e., a positive variation 
in voltage magnitude mean voltage swell and a nega-
tive variation mean voltage sag. 

Frequency variations are very rare as compared 
to the problems mentioned above (Hughes and Chan, 
1996). The case of harmonic distortion is also an issue 
which is not that significant as against voltage sags 
(Fayyaz Akram and Mumtaz Bajwa, 2001). 

Voltage sag is considered as one of the major 
power quality problems since the frequency of oc-
currence is very high (Ramasamy et al., 2007). 
Caused by a fault in the power system or by starting of 
large induction motors (Rai and Nadir, 2008) it is a 
momentary reduction in available supply for a short 
duration below 90% of the rated value (Bollen, 2000). 
Main characteristics of such voltage sag are its dura-
tion and magnitude of available utility voltage (Wang 
et al., 2004). Performance curves with regards to 
depth and duration of voltage sags provided by In-
formation Technology Industry Council (ITIC) and 
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Semiconductor Equipment Manufacturers (SEM) are 
shown in Wang et al.(2005). 

Voltage sags are very hazardous to control 
equipment in the process industry (McGranaghan et 
al., 1993). Any failure of control may result in the 
breakdown of process and therefore, loss of raw ma-
terial and production time and even risk to human life. 
Thus it is of utmost importance to counter them. A 
dynamic voltage restorer (DVR) is a custom power 
device (CPD) being used as the active solution for 
voltage sag mitigation (Nguyen and Saha, 2004). It is 
connected in series between the utility bus/PCC and 
the load bus as shown in Fig.1 (which is a one phase 
equivalent). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The series nature of the dynamic voltage restorer 

demands a dramatically fast and adequate mechanism 
to prevent its malfunction or destruction, in case of 
any short circuit occurring at the load side (Silva et al., 
2004). An electromechanical bypass switch, associ-
ated with a fast static switch, can be used to remove 
the DVR from the system (through isolation switches) 
by supplying alternate path for the current under ab-
normal conditions as shown in Fig.1. The static by-
pass switch is capable of providing a path to short 
circuit currents until the operation of the electrome-
chanical switch whose typical time of operation is in 
the order of 80 ms. When the supply current is in 
normal conditions the bypass switches will become 
inactive. 

A DVR can mitigate voltage sags by injecting 

voltages of appropriate magnitude and phase angle so 
that the load bus voltage remains within the permis-
sible limits. The injected voltage may or may not be in 
phase with any other variables of the main circuit, i.e., 
supply voltage, load current, load voltage, etc. (Piatek, 
2006). 

Small voltage sags can usually be restored 
through reactive power only, but for larger voltage 
sags, it is necessary to inject active power into the 
system by the DVR to correct the voltage sags 
(Hosseini et al., 2008). Therefore there are two main 
classifications as far as active power contribution 
from DVR is concerned. In the first type, only reac-
tive power compensation is done by injecting a volt-
age in quadrature with the load current, which means 
no active power contribution. In the second case, 
active power available from any distributed genera-
tion resource is utilized to inject a voltage that com-
pensates the load voltage to a required level. The 
phase angle between the injected voltage and load 
current hence does not need to be 90°. The reference 
voltage for the DVR to track (Fig.1) is given by the 
relationship (Zhang et al., 2000) 

 
* *

D L T ,V V V= −                           (1) 
 

where *
DV  is the reference voltage for DVR to track, 

*
LV  is the desired load voltage, and TV  is the utility/ 

terminal voltage available at the point of a common 
connection. 

The phase angle of desired load voltage in Eq.(1) 
can theoretically have any value. It is suggested in 
Ghosh and Ledwich (2002) with an example and 
without mathematical proof that the phase angle of 
desired load voltage should lag the phase of the 
available terminal voltage. Otherwise, reverse power 
flow through the rectifier-supported DVR may dam-
age the rectifier unit. 

This paper evaluates the possibility of leading 
voltage injection by a DVR with mathematical equa-
tions and then performs validations with the results 
obtained from MATLAB/SIMULINK SimPower-
Systems simulations. The benefits of leading voltage 
injection are also discussed. In addition to exploring a 
possibility regarding power export using a DVR with 
calculations, simulation results for validation have 
been presented at length. 

Fig.1  Conceptual diagram of one phase of a dynamic 
voltage restorer (DVR) with its protection components
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PROPOSED MATHEMATICAL MODEL FOR 
LEADING VOLTAGE INJECTION 

 
The steady-state phasor diagram of a system in 

which a leading voltage is injected by the DVR is 
shown in Fig.2, where available terminal voltage and 
DVR injected voltage phasors add up to make load 
voltage phasor. Choi et al.(2000) have presented a 
similar approach with limitations on voltage rating of 
DVR and arbitrary phase-angle of utility voltage. 
However, choosing the utility voltage as a reference 
solves this problem as the reference generation for 
DVR can track the phase-angle of utility and generate 
reference waveform accordingly. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
In phasor notation, the load voltage can be writ-

ten as 

L T D ,V V V= +                           (2) 
 

where VL is the load voltage phasor with phase angle 
α after injection, VT is the utility voltage available at 
the point of a common connection taken as a refer-
ence (i.e., phase angle is zero), VD is the DVR injected 
voltage with a phase angle β, and IL is the load current 
which lags the load voltage by an angle θ. 

The phase angle between the terminal voltage 
and load current is thus α−θ and that angle between 
the DVR injected voltage and load current is β−α+θ. 

From Fig.2 it is clear that 
 

2 22 2
L T D D( cos ) sin ,V V V β V β= + +      (3) 

L Dsin sinV α V β.=           (4) 
 
Eqs.(3) and (4) result into the following equa-

tions for the magnitude of injection voltage from 
DVR and the phase angle of load voltage: 

  
2 2 2

D T L Tcos sin .V V β V V β= − ± −        (5) 

 
The negative sign within the 2nd term in the 

right-hand side of Eq.(5) is discarded as a magnitude 
should remain positive. 

 

D

L

arcsin sin .
V

α β
V

⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠
                   (6) 

 
As sine is a dual value function in the range of 0° 

to 180°, Eq.(6) may produce invalid results. Another 
relationship for α from Fig.2 can be obtained as 

 

D

T D

sin
arctan .

cos
V β

α
V V β

⎛ ⎞
= ⎜ ⎟⎜ ⎟+⎝ ⎠

             (7) 

 
Note that inverse tangent algorithms catering for 

the sign of numerator and denominator values should 
be used; otherwise, Eq.(7) may also produce incorrect 
results. 

Active and reactive power flow equations at 
utility bus (PT, QT), load bus (PL, QL) and power 
injected by DVR (PD, QD) can be written as follows: 

 
PT=|VT||IL|cos(−α+θ),                    (8) 
QT=|VT||IL|sin(−α+θ),                     (9) 
PD=|VD||IL|cos(β−α+θ),               (10) 
QD=|VD||IL|sin(β−α+θ),                 (11) 
PL=|VL||IL|cos θ,                           (12) 
QL=|VL||IL|sin θ.                            (13) 

 
The above equations are written using the active 

sign convention for sources and the passive sign 
convention for load. Therefore, positive values of 
active/reactive powers for sources mean power de-
livery and negative values imply absorption of ac-
tive/reactive power. 

Eq.(10) implies that active power contribution 
from DVR shall remain positive as long as the cosine 
term remains positive. Mathematically, this condition 
can be expressed as 

 

90 90 .β α θ− ≤ − + ≤ °                  (14) 

Fig.2  Phasor diagram of a system with leading voltage 
injection 
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The equations developed above clearly set out 
guidelines for dynamic voltage restoration using 
leading voltage injection. 

The choice of β is driven by the active power 
available at the DVR input and its value can be in-
creased or decreased accordingly. 

It is evident that for a similar sag depth, an in-
crease in β will result in a higher required injection 
voltage. However, this will reduce the requirement of 
active power from DVR and increase the reactive 
power contribution from DVR. This result is signifi-
cant as distributed energy resources (DER) like solar 
and wind are dependent on the environment and 
available active power may change over a large range, 
provided that there is not enough storage capacity. 
The injection voltage phase angle can then be varied 
to achieve the saving of available active power and 
prevent the collapse of DVR voltage.  

 
 

POWER EXPORT 
 

If there is sufficient distributed energy capacity 
present and the load power factor is kept near unity 
with the help of power factor correction devices, 
phase-angle of the load current will become the same 
as that of the load voltage. Then the angle difference 
between injected voltage and load current will be β–α. 
To have β–α at 90° or greater, VT has to be greater than 
VL in magnitude, which is not possible. Hence, for a 
unity power factor load, no value of β will produce a 
phase angle difference of 90° or greater between in-
jected voltage and load current, thereby ensuring a 
positive power injection every time. If β is increased, 
the magnitude of VD increases and α also increases. A 
point will be reached when α attains the value of 90°, 
active power from the terminal side becomes zero, 
and DVR will be providing all the load active power 
as well as reactive power to the utility. 

If β is further increased such that α becomes 
greater than 90°, the utility active power will become 
negative. It indicates that power is being supplied by 
the DVR to the utility which is also supplying com-
plete load active power. 

Maximum active power supplied to the utility by 
the DVR occurs when both α and β attain the value of 
180°. At this point, some of the maximum power is 
picked up by the load and the rest is exported to the 

utility. This is a new concept on its own, as power 
export to utility is generally characterized by a shunt 
connection to the bus. Another point to emphasize is 
that current magnitude during the variation of power 
export by DVR remains the same; variation in power 
is obtained by changing the voltage magnitude and 
phase angle. Maximum voltage required during this 
variation is twice the rated load voltage minus the sag 
voltage on the terminal side. 

This arrangement will also work even if there is 
no voltage sag; maximum voltage required to inject 
maximum power in the system will be twice the rated 
load voltage, and maximum power will be twice the 
rated load power, half of which will be taken up by the 
load and the other half will be exported to utility. 

Active power contribution from DVR is possible 
only if energy storage reservoir is considered on the 
DVR side. The DC bus of DVR may be supplied with 
energy from the main supply through a rectifier- 
supported DVR or from engine-driven generators. 
Alternate energy resources like solar, wind or fuel 
cells can also be utilized as energy source at the DC 
bus in DG-supported DVR. In the absence of an en-
ergy reservoir, the DC bus includes capacitors in 
DVR which will have limited ability to mitigate 
power quality problems. However, we have assumed 
that PV source with battery storage is connected to the 
DC bus of DVR to have regulated DC voltage. PV 
source consists of solar panels with a charge control 
module which works in a voltage regulation mode of 
charging. 

Hardware implementation of the scheme may be 
realized on a microcontroller through which the load 
and supply voltage parameter estimation and the 
proposed strategy of leading voltage injection can be 
implemented. Phase locked loop (PLL) software may 
be used to generate appropriate reference signals 
corresponding to the utility voltage. After the detec-
tion of the sag, the PLL records the pre-sag voltage 
phasor while the controller detects the sag voltage and 
phase shift. The reference signal goes to the pulse 
width modulator implemented in the microcontroller. 
The modulator will then direct the gate signals to the 
switching devices in the voltage source inverter (VSI) 
according to the modulated signal to have the regu-
lated load voltage (Vilathgamuwa et al., 2002; Choi et 
al., 2005). In this study, the voltage sag mitigation 
strategy and the power export concept are illustrated 
by the simulation examples shown in the next section. 



Hanif et al. / J Zhejiang Univ Sci A   2009 10(10):1523-1531 1527

Table 1 gives a summary of design specifications 
and component values for the simulated examples. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

SIMULATION RESULTS 
 

The block diagram of simulation setup is shown 
in Fig.3. A simulation of one phase of a system 
compensated by DVR was carried out for 85% sag by 
keeping different injection voltage angles in the 
MATLAB/SIMULINK SimPowerSystems environ-
ment. The DVR consists of a pulse width modulated 
insulated gate bipolar transistor (IGBT) based in-
verter supplied from a DC bus with a filter connected 
at the output of the inverter. The filter output is con-
nected to the primary winding of a 1:1 transformer 
whose secondary is connected in series between the 
point of common connection and load bus. Two dif-
ferent cases have been simulated: 
Case 1    The load is assumed to be an inductive load 
with the 70.7% lagging power factor. Active power 
rating of the load is 500 kW and reactive power is also 
500 kvar. The results are graphically presented in 
Figs.4a, 7a, 8a, and 11a, where all the concerned 
quantities are plotted against the injection voltage 
phase angle β. 
Case 2    The load is assumed to be compensated by a 
power factor correction device and the power factor is 
100%. Active power rating of the load is 500 kW. The 
results are shown in Figs.4b, 7b, 8b, and 11b, where 

all the concerned quantities are again plotted against 
the injection voltage phase angle β. 

 
 
 
 
 
 
 
 
 

 
Fig.4a shows the magnitude variation of re-

quired DVR voltage, and its effect on load voltage 
magnitude which is held almost constant at the re-
quired level of 240 V while the terminal voltage value 
is also indicated. Fig.4b shows the same quantities for 
Case 2. 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
In addition to the measurements taken for the 

steady state values of voltage and power for different 
injection voltage phase angles, the dynamic response 
of DVR, utility and load with respect to their voltage 
and power was also examined by considering 85% 
sag. However, time simulation of voltage dip and its 
mitigation with a 45° injection voltage phase angle is 
shown only in Figs.5a and 5b for Cases 1 and 2. Other 
plots for different injection voltage phase angles can 
be obtained on a similar analogy. 

Table 1  A summary of design specifications 
Value/Range  Component/Parameter  

description Case 1 Case 2 
Rated voltage (V) 240 240 
Maximum apparent power (kV·A) 707 500 
Maximum load current (A) 2945.8 2083.3 
Load power factor  0.707 lag-

ging 
unity 

DC bus voltage (V) 500 500 
System frequency (Hz) 50 50 
Maximum sag depth  0.85 0.85 
Sag detection and mitigation time 
(ms) <20 <20 

Injection transformer turn ratio 
(inverter side: power circuit side) 1:1 1:1 

Control action  PWM PWM 
Filter type LC low pass LC low pass
PWM: pulse width modulator 

 

Fig.3  Block diagram showing DC source as DG injecting 
voltage in series with utility supply 
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Figs.5a and 5b show 85% sag initiated at 0.04 s 

in the utility voltage which is kept until 0.1 s, with a 
duration of 0.06 s. The peak value of utility voltage 
under normal circumstances is 339.4 V, whereas it is 
288.4 V during sag. In case of leading voltage injec-
tion during sag, DVR responds by injecting 51 V to 
compensate the sag in the utility voltage.  

Voltage injection after sag termination is zero as 
evidenced from Fig.5. DVR is connected between the 
utility and load to inject compensation voltage in-
stantly to restore load voltage to its rated value. The 
first two cycles of injected voltage shown in Fig.5 are 
prior to the DVR connection. They are used to ener-
gize primary winding of the injection transformer of 
DVR circuit. According to the simulations, the load 
voltage is evidently restored in 10 ms against a target 
of 20 ms (one cycle); it is shown by equipment sen-
sitivity curves (also known as power susceptibility 
curves) of control equipment supplied by ITIC and 
SEM. 

Figs.6a and 6b also show time simulation of sag 
and its mitigation. In this case, 85% sag is initiated at 
0 s which persists for 0.25 s (12.5 cycles). DVR was 
connected between utility and load at 0.04 s during 
sag to inject compensation voltage equal to 51 V to 
restore load voltage to its rated value. Again, the first  

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

 
two cycles of DVR injected voltage shown in Figs.6a 
and 6b are prior to the DVR connection.  

Fig.7 indicates the phase angle of load voltage 
and current against the variation of injection voltage 
phase angles for Cases 1 and 2. Plots of load voltage 
and current phase angles coincide in Fig.7b as these 
are in-phase for a compensated load. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig.7  Phase angle variation of load voltage and current 
with injected voltage phase angles. (a) Case 1, inductive 
load; (b) Case 2, resistive load 
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Fig.5  Dynamic voltages with a 45° injected voltage phase 
angle. (a) Case 1; (b) Case 2. 85% sag is initiated at 0.04 s in 
the utility voltage which is kept until 0.1 s, with a duration of 
0.06 s 
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Figs.8a and 8b present the active power plots for 
different DVR voltage phase angles for Cases 1 and 2, 
respectively. As clearly seen from Fig.8a, DVR active 
power becomes negative at a specific phase angle of 
injected voltage; this is the same interval during 
which terminal active power becomes greater than 
load active power. It is the point where reverse power 
flow occurs through the inverter. In contrast, Fig.8b 
shows that DVR active power never becomes nega-
tive and at a specific angle and beyond, supply active 
power to the terminal, whose power turns negative.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Usually in DC capacitor supported DVR and 
rectifier-supported DVR, the reverse power flow 
issue can raise the DC-link (bus) voltage large enough 
to damage the DC storage capacitors and/or switching 
devices (e.g., rectifier circuit in rectifier-supported 
DVR). To tackle reverse power in these two types of 
DVR, a discharge resistor or battery to the DC ca-
pacitor is usually shunted. As a result, connecting a 
discharge resistor or battery is a back-up solution to 
the unavoidable excess voltage rise when reverse 
power flows towards DVR. In our case we are using 
PV source with a battery storage system to supply 
regulated DC voltage to the DC capacitor. Hence we 
have already built the protection of reverse power 
flow.  

Although voltage swell mitigation is not dis-
cussed in this paper, protection against its effect on 

the DC storage capacitor is provided in DG-supported 
DVR. Voltage swell causes the inverter of DC ca-
pacitor supported DVR and rectifier-supported DVR 
to absorb active power from distribution line, which 
charges up the DC storage capacitors and increases 
their voltage levels. An excess voltage rise will 
damage the DC storage capacitors of both types of 
DVR and switching devices of rectifier-supported 
DVR. In our case, battery (of PV source with a battery 
storage system) is connected in parallel with the 
storage capacitor and absorbs active power flowing 
from the utility/distribution line thus protecting the 
DC storage capacitor. 

DVR in its compensation mode also helps in 
smoothing active and reactive power drawn by the 
load, as shown in Figs.9 and 10. Other plots for dif-
ferent injection voltage phase angles can be obtained 
on a similar analogy. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.10a indicates that both the DVR and utility 
are contributing reactive power to meet load reactive 
power demand during sags as well as under normal 
circumstances. By contrast, Fig.10b shows that the 
load does not absorb reactive power because it is 
compensated by power factor correction measures 
and all the reactive power supplied by the DVR flows 
towards the utility to support the utility grid to meet 
its reactive power requirement. 
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Fig.8  Active power variation with injected voltage phase 
angles. (a) Case 1, inductive load; (b) Case 2, resistive load 
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Fig.9  Active power variation with a 45° injected voltage 
phase angle. (a) Case 1; (b) Case 2 
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Fig.11 describes the reactive power contribution 

from all elements for Cases 1 and 2. Fig.11a indicates 
that any growth in injection voltage will increase the 
reactive power contribution from the DVR side till a 
specific angle, but a further increase will again bring 
about a reduction. 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig.11b depicts the reactive power exchange 
between the DVR and terminal as the load reactive 
power is being compensated by power factor correc-
tion. DVR will always supply reactive power in the 
angle interval of interest; however, this will start to 
decrease after a certain angle has been achieved. 
 
 
CONCLUSION 

 
It is evident from the calculations and simula-

tions that DVR can contribute towards the mitigation 
of sags as well as share power in a manner which suits 
a specific customer. In case of abundant availability 
of generated power from a distributed energy resource, 
maximum power can be shared, while in case of 
scarcity, minimum power sag mitigation can be  
managed. 

In addition, a new concept of power export 
through a series generator is presented, whose power 
export capability is managed by injected voltage 
magnitude and phase angle instead of current. Note 
that the DVR current always remains constant in 
magnitude and is equal to the load current. This may 
act as a useful tool when there is power generated at 
consumer premises without adequate storage and the 
consumer may get the benefit of price obtained 
therein. In developing countries, where there is al-
ways shortage of power on the grid, electric utilities 
may benefit from injection of power from the con-
sumer side. However, the approach of mitigating 
voltage sag using the leading series voltage injection 
concept is suitable for those locations where the phase 
shift in the voltage will not cause any problem. 
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