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ABSTRACT Nowadays, power quality under the excessive implementation of power electronics devices
is quite challenging issue. The compensation of non-sinusoidal; reactive and harmonic; components is the
main role for power quality devices which highly depend on the robustness of the control system. Some
common control systems are implemented using Synchronous Stationary Frame (DQ) theory. This paper
proposes a new version of DQ control technique to control dynamic voltage restorer under severe transient
voltage conditions. The power system network with the new DQ control technique is studied and analyzed
under different scenarios to compensate for severe balanced and unbalanced voltage sags and swells. This
new scheme is based on extraction of positive sequence components to implement the control algorithm.
Amathematicalmodel of the dynamic voltage restorer (DVR), hysteresis voltage control, converter controller
model, new DQ scheme with complete system equations are carried out and verified using Simulink /
MATLAB. The proposed system is validated experimentally using DSpace 1104 based laboratory system.
The obtained results of the proposed compensation algorithm are compared with the results obtained from
the traditional DQ method. Simulation and experimental results are correlated and show effectiveness of the
proposed DQ control scheme.

INDEX TERMS Balance and unbalanced load, dynamic voltage restorer (DVR), instantaneous space vector,
synchronous stationary frame (DQ) theory, voltage sag, voltage swell.

I. INTRODUCTION
Medical equipment, factory automation, semiconductor-
devicemanufacturers, and papermills are among the sensitive
loads that are sensitive to power-supply disturbances [1], [2].
The increase in demand of high power quality and voltage
stability becomes a progressively critical concern with seri-
ous threat and frequently occurring power-quality problem
in today’s power grids. voltage sag, swell are now recog-
nized as severe costly consequences such as sensitive loads
tripping and production loss [3]. Voltage sag and swell are
significant power quality issues that occur frequently during
contingency, switching and unexpected load changes [4].
Severe storms and lightning on electricity lines trigger line
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to ground fault leading to voltage sag over a wide section
of electrical network. Some other factors that results in this
disturbances are short circuits at the starting of power trans-
mission line, the parallel power distribution line linked to
the point of common coupling (PCC), high inrush currents
related with the starting of large machines, abrupt changes
in load, the energizing of power transformers, and switching
operations in the power system network [5]. Voltage sag is
the temporary drop of the root mean square (R.M.S.) voltage
at a location in the electrical system below a predetermined
threshold. It is a short-duration variation of the RMSvalue
of voltage from 10 to 90% of nominal voltage over a time
longer than 0.5 cycles (10ms) of power frequency but less
than or equal to 60 seconds [6]. The terms used to define the
extent of voltage sag are frequently misunderstood [7], [8].
According to IEEE 1159-2019, a sag to 70% is permitted,
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which indicates that the line voltage is dropped to 70% of
its standard value, not dropped by 70%. A voltage dip of
70% will signify voltage reduced by 70% from the normal
100% voltage. The remaining voltage will be 30% or a sag to
30% [9]. The impacts of a sag are frequently more perceptible
than the effects of a swell. A sag with more than three cycles
is frequently observable as a reduction in voltage output. Sags
are frequently unrecognizable from brief outages because the
effects on the equipment are similar [2], [10], [11]. Comput-
ers and other sensitive equipment may encounter unexpected
shutdowns or distorted voltage waveform [6]. Even motor
starter relays and contactors can be hypersensitive to voltage
sags, resulting in process shutdown when the drop out occurs.
For over 1000 cycles, a wide disparity has been discovered,
varying from 20% to 65% sags [12].

Swells are due to large loads shutting down, quick changes
in load resistivity, and other factors. A voltage swell is an elec-
tromagnetic disturbance that occurs in two dimensions [12],
[13]. When a voltage swell occurs, the RMS voltage will
increase temporarily at a point above a specified level. Both
voltage level and length of duration influence the voltage
swell; the voltage swell’s start threshold is 110 percent, and
the length ranges from 0.5 cycles (10ms) to 60 seconds. The
repercussions of a swell are frequently more damaging than
that of a sag. The overvoltage issue results in malfunctions of
the power supply equipment, though the effect may be grad-
ual and cumulative. If the duration is longer than three cycles,
the increase in output in a voltage may be noticeable [7].

When the industries were using solid state devices, there
was no much importance for the quality of the supplied volt-
age. But when the industries replace the solid-state devices
with the power electronic devices, the quality of the voltage
supplied became the most important aspect [14], [15]. The
short scale solutions available for voltage sag and swell are
using a universal power supply (85V-264V), using Semicon-
ductor Equipment and Materials International (SEMI F47)
compliance power supply, adjusting the trip threshold, repro-
gramming the response of adjustable speed drives (ASD),
using reverse powered relays, single phase power condition-
ers, uninterrupted power supplies, constant voltage trans-
formers, drip proofing inverters etc. The large scale solutions
available are using three phase power conditioners, three
phase uninterrupted power supplies, active voltage condition-
ers, data wave, fly wheel, dynamic voltage restorer (DVR)
etc [9].

Several power electronic devices have been developed to
improve voltage stability and overcome the harmful impacts
of voltage sag/ swell. DVR is an effective component for
compensation of voltage disturbance that is commonly uti-
lized in practice [16]–[18]. Among the power electronics
devices, DVR is a switching device that induces synchronous
voltage and can be thought of as a series active power filter.
To have an economic and efficient power supply, DVR is
used. It’s a power electronic FACTS device used for com-
pensation of voltage sags and swells in electrical power dis-
tribution [19]. The first DVR system with static VAR devices,

whichwas installed in 1996 inAnderson, South Carolina, was
a 12.47 kV system.

DVR help in resolving problems of a power system that
has voltage disturbances. it is an active inverter that adjusts
the voltage, either through a transformer or without a trans-
former in series and in synchronization with the grid at the
PCC [20], [21]. Calculation of the compensation voltage is
done by comparing the reference load voltage and the actual
voltage of the grid. under a voltage sag or swell, the con-
troller identifies the magnitude and phase of the compensated
voltage required. the generated reference voltages are sent to
the modulator to generate the switching pulses. These pulses
would shoot the DVR switches, and the voltage from theDVR
would be injected into the PCC to substitute for the voltage
disturbances. Therefore, DVR can be considered or presumed
as a filter that separates the grid from the load and compensate
for any voltage sag or swell. Thus, the end user would not
be able to sense or get effected with the problem of voltage
disturbance induced by the utility [4].

The main concern in utilizing DVR is the efficient control
of DVR when injecting real and reactive power [22]. In a
DVR, the main functions of the control system are to identify
the voltage drops or swells, to generated voltage reference
signal, controlling converter and the protection of the sys-
tem [21], [23]. The quality and accuracy of the detection
methods will have a big impact on the performance of the
control algorithm. For example, the detection algorithms like
Discrete Fourier Transform (DFT), Fast Fourier Transform
(FFT), and Kalman filtering (KF) are used to accurately
predict voltage disturbances in the supply voltage [23], [24].
These algorithms are called detection algorithms. The KF is a
decent way to figure out which sags are balanced and unbal-
anced. Clark’s transformation and Park’s transformation are
used by the Synchronous Rotating Frame (SRF) to identify
sag and swell [25]. The Park’s transformation or DQ trans-
form can only be used to figure out balanced three phase sags.
The multiple DQ transform is a different method that can be
used for harmonics and unbalanced sag conditions. Multiple
DQ transform was made easier by having separate modules
for retrieving positive and negative sequence components
from fundamental and harmonic waves [26], [27]. Though
easy extraction of sequence components, this methodology
is incompatible for single phase system, fails to identify the
unbalance sag and swell voltages and it has complex proce-
dure to get the reference voltage to control the DVR. The DQ
has advantage of short duration for detection of sag/swell in
a three-phase system.

This paper proposes a modified DQ method for DVR
control. The proposed detection technique is based on a
time-domain algorithm for identifying positive sequence
component of grid voltage. This DQmethod rely on detection
technique of sequence components which doesn’t constitute
both adaptive mechanism (like PI controller) and signal filter-
ing [26], [28]. This provides less computational time leading
to fast response of the control system with decent stability
and wide range of operating conditions including extreme
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sags and swells. Unlike other method, the proposed method
is compatible for both balanced and unbalanced systems.
In addition, this control method achieves almost zero tracking
error in all abnormal-operating conditions. The control sys-
tem is mathematically represented and verified in simulation
as well as experimentally validated. Finally, the proposed
control is compared to the traditional DQ method to confirm
the superiority of the proposed method.

The paper is organized in the sections as followed.
Section II provides discussion on DVR. Section III describes
the proposed DQ algorithm. The experimental setup is
described in Section IV. Section. The result illustration as
well as a discussion is presented in section V. The perfor-
mance of the proposed DVR control system is summarized
in Section VI.

II. DYNAMIC VOLTAGE RESTORER (DVR)
To restore the load side voltage to the desired amplitude and
waveform, injection of compensation voltage with desired
magnitude and frequency is necessary [16]. The system can
inject up to 50% of nominal voltage, but only for a short time
(up to 0.1 second). However, most voltage sags are much
less than 50 percent. This is said to be Dynamic voltage
restoration or regulation. The regulating device is said to be
DVR [29]. DVRs may provide good solutions for end-users
subject to unwanted power quality disturbances [30]. Figure 1
shows a basic DVR power system circuit supported with
control circuit to inject compensated voltage for maintaining
the voltage at desired value [24], [31]. DVRs usually installed
on a critical feeder supplying the active power through DC
energy storage and the required reactive power is generated
internally [4].

FIGURE 1. Basic circuit of power system with DVR.

A. OPERATION MODES OF DVR
Based on the functioning, a DVR modes of operation are
divided in to three modes, which are, Protection, Standby and

voltage injection [21], [32]. In protection mode, exceeding
the load current over permissible value due the short circuit or
large inrush current, DVRwill be isolated from the power sys-
tem using switches, SW2 and SW3 as shown in Figure 1 and
thus providing an alternative path for the load current flow
through SW1 [32], [13].

In standby mode, the low voltage winding of the booster
transformer is shorted by the converter and full load current is
passed through the primary of the booster transformer. In this
mode of operation, the DVRwill not inject any compensation
voltage into the power system network.

This mode of operation is initiated when a disturbance in
voltage is detected and ends when the voltage is recovered to
its normal operating condition.

B. COMPENSATION METHODS
Voltage compensation methods are selected based on the
DVR power rate, load types, situations, fault types and so
on [14]. The compensation methods are divided into pre-sag,
in-phase, and energy minimized. In pre-sag, the controller
monitors the supply voltage and identify any voltage fluc-
tuations, then generates and injects the difference of volt-
age. As a result, the load voltage remains unchanged as the
pre-sag voltage.

In-phase compensation approach, the injected voltage and
voltage of supply are in phase with each another [33]. This
approach is not suitable for sensitive loads as phase shift
occur during most voltage sag scenarios. On the other hand,
it is suitable for linear loads when the voltage magnitude is
significant.

The main drawback of the pre-sag and in-phase methods is
to provide real power at the DC-link. This can be overcome
by Energy-minimised (EM)method, as the exchange of active
power is not carried out during the compensation stage. It can
be stated specially for sag mitigation that real power is nei-
ther injected into the network or absorbed from the power
supply [21].

C. DVR CONTROL TYPES
DVR control schemes are divided into two categories: linear
and nonlinear [35].

When working with static power converters, linear con-
trol is usually used as the conventional method. This con-
trol is widely used in the power quality systems such as to
implement compensation of voltage or current disturbances,
to protect critical equipment from failing, to reduce financial
loss [36], [37]. Medical and industrial systems that are sensi-
tive and important should be protected in a reliable and cost-
effective manner.

Nonlinear controllers are more appropriate than linear
controllers. One significant disadvantage of the nonlinear
controller is that derivative operations can create issues with
electromagnetic interference on inverter switching, resulting
in substantial control errors. actually, a high pass filter can
be used to substitute the derivative behavior, which improves
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performance while attenuating high frequency noise in sen-
sors and cables [35], [38].

D. CONTROL STRATEGIES AND ALGORITHMS OF DVR
The detection of voltage disturbances is the major empha-
sis of the DVR’s control system. Specifically with sensitive
loads, the detecting system should be fast enough to identify
the voltage disturbance accurately for assessment of DVR
performance [22]–[23]. As shown in Figure 2, various meth-
ods for voltage disturbance detection have been proposed,
including RMS, Peak Value, DFT, Fourier Transform (FT),
Wavelet Transform (WT), Windowed Fast FT (WFFT), ABC
to DQ axis transformation, KF, Phase-Locked Loop (PLL),
and SRF [39], [41]. The benefits and drawbacks of the most
serious voltage disturbance detection techniques are provided
in Table 1.

FIGURE 2. Schematic diagram of the proposed system with DVR.

E. PROPOSED SYSTEM DESCRIPTION
The proposed configuration shown in Figure 3 includes a
supply (grid) voltagewith grid impedance, a three-phase load,
an injection transformer, and the DVR system. The DVR
system comprises of a Voltage Source Inverter (VSI) powered
by aDCpower sourcewith a dc link capacitor, and a harmonic
passive filter. A three-phase balanced, and unbalanced load is
considered in this system [39], [41].

1) ENERGY STORAGE UNIT AND DC-LINK CAPACITOR
The energy storage system (ESS) and the dc link capacitor
are two essential components in a DVR system that supplies
the active power required to protect against prolonged dis-
ruptions. The dc link capacitor is an energy storage device
that generates high-power short-time pulses to offer dynamic
response [12], [22]. A DVR’s ESS is generally made up of
a battery. Table 2 illustrates the energy and power density
of typical capacitors and batteries, as well as their life cycle
count and discharge times.

A battery and a capacitor can be used together to meet
the energy requirements of a DVR, as indicated in Table 2.
The application determines the size of an energy storage

FIGURE 3. Flow chart for control strategies of DVR.

device [45]. The average energy storage requirements for
power grid levelling, power quality, and specialized appli-
ances are presented in Table 3. A DVR system’s energy
storage capacity must be sufficient to fulfil the power quality
and custom device requirements for a few seconds and cycles,
respectively [37], [45].

The energy stored in a capacitor is given in the following
equation as a function of capacitance and voltage.

E =
1
2
Q ∗ V(J) E =

1
2
C ∗ V2(J) (1)

The capacitance of the dc link was calculated as follow.

E =
2 ∗ E

V2 (J) (2)

2) LC FILTER DESIGN
To decrease harmonics caused by the pulse with modula-
tion (PWM) voltage waveform, the output side of the DVR’s
inverter is connected to an LC filter. The cutoff frequency for
an LC filter is designed to eliminate the output voltage wave-
form’s lowest order harmonics [46]. The cutoff frequency or
resonant frequency is dependent on the filter capacitance and
inductance, as presented in equation (4) [47]. The capacitor
value should be chosen so that the resonant frequency is less
than one-third of the switching frequency of the inverter

ωn =
1

√
LLPFCLPF

(
rad
sec

) (3)

fn =
ωn

2π
=

1

2π
√
LLPFCLPF

(Hz) (4)
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TABLE 1. Voltage disturbance detection techniques benefits and
weakness.

TABLE 2. Difference between capacitor and batteries.

TABLE 3. Stored energy capability requests by applications.

3) INJECTING TRANSFORMER
The DVR uses three single-phase injection transformers,
as shown in Figure 4, to inject the three phase voltages
created by the voltage source inverter [45]. To maximize the
output voltages produced by the inverter, the secondary side
(low voltage side) of each transformer is coupled in a wye
arrangement [45].

FIGURE 4. Injecting transformer.

The following important factors has to be considered while
designing the injection transformer [13].

4) DC VOLTAGE COMPONENT DESIGN
A proper selection between the air gap and the magne-
tizing current is required for an efficient injecting trans-
former [10], [45]. When the DC voltage V0 is applied across
the primary of the injecting transformer, dc current I0 will
flow through the primary winding Np leading to the dc flux
circulating in the core, resulting in a dc flux density Bdc. This
dc flux density is evaluated by following

Bdc =
0.4πNpI0

Ig +
(
lm
µm

) (5)

where lm andµm aremean length of the core and permeability
of the core respectively. Practically this dc flux is comple-
mented by the ac flux Bac_max and is evaluated as

Bac_max =
V

KfAcNp
(6)

where V is the RMS value of the supply voltage, K is the
coefficient of the wave form, f is the fundamental frequency
of the supply voltage and Ac is the cross-sectional area of
the core of the transformer. The sum of the dc flux den-
sity (Bdc) and ac maximum flux density (Bac_max) should
be less than the rated maximum flux density of the core
Bmax as

Bdc + Bac_max < Bmax (7)

If the above condition is violated then the transformer may
reach to the saturation condition.

5) CALCULATION OF RATED AC VOLTAGE
The voltage applied to the primary of the DVR transformer is
combination of voltages at different frequencies [24], [48].
The sum of the maximum flux densities (at the different
frequency components) should be less than the permissible
maximum value of the ac flux density Bac_max_eqa and is given
by

Bac_max_equ = B1max cos (ωt + δ1)+ B2max
× cos (2ωt + δ2) . . .Bnmax cos (nωt + δn)

(8)
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where B1max, B2max . . .Bnmax are themaximumflux densities
of voltages at multiple frequency components x = 1, 2 . . . n
respectively.

The maximum flux density at the fundamental frequency
voltage component is given by

B1max =
|V1|X104

KfAcNpf1
(9)

Similarly at different frequencies of f2, f3, . . . ffn the maxi-
mum flux densities B2max, B3max . . . .Bnmax can be evaluated.
At every half cycle of the least frequency value, flux den-
sity reaches its maximum and this value mostly depends on
the least frequency component. Therefore, fundamental fre-
quency is opted and the equivalent voltage is can be expressed
by substituting fh= hf1. Then the equation above is changed
to

Bhmax =

(
|V1|
h

)
X104

KfAcNpf1
(10)

where h = 2, 3, . . . n. it can be observed that the Bhmax is
the function of fundamental frequency. Design of the inject-
ing transformer considering all the frequency component is
a very complex and hectic. Hence equivalent fundamental
component is evaluated by considering all components with
the followin

Bac_max_eqa =

∣∣V1equ∣∣X104
KfAcNpf1

(11)

By substituting equation (10-12) in equation (9) we can calcu-
late the RMSvoltage for the injecting transformer represented
by

V1equ = |V1| +
∑n

h=2

|Vh|
h

(12)

where V1equ is the primary voltage referred to the secondary
of the injecting transformer.

The above discussion suggests DVR has many parameters
like DVR components, design parameters and different con-
trol methods that has to be perfectly opted while designing
DVR system.

III. NEW DQ ALGORITHM
In abnormal operating conditions, symmetrical components
(positive and negative sequence components) appear in the
system voltages affecting the load voltages. Based on the
appearance of negative sequence components, the proposed
control system is intended to separate the positive sequence
components from the system voltage by the proposed detec-
tion technique. These positive sequence components are
transformed into dq coordinates to generate the reference
of load voltages. The reference voltages are compared to
the actual load voltages to generate firing signals of voltage
source inverter (VSI) switches using Hysteresis voltage con-
trol [49].

This proposed detection technique allows instantaneous
and continuous detection of positive sequence components

and compensation for disturbances in the load voltages. It also
aids to set up the desired voltage amplitude with appropriate
period of compensation.

The control system consists of a reference signal gener-
ation technique and voltage controller. The reference signal
generation technique is a new version of DQ method. The
traditional DQ method has deficiency under unbalanced con-
ditions. Similar to the traditional DQ method, the modified
DQ method has phase locked loop (PLL) and Park transfor-
mation [26], [28]. A detection technique of positive sequence
components and a peak finder technique are included in
the modified DQ method. Algorithm of the technique is
elaborated as follows.

A. DETECTION OF POSITIVE SEQUENCE COMPONENTS
The detected grid voltages during abnormal conditions have
positive, negative and zero components as shown in Figure 5.
The technique aims to separate three phasors that have equal
magnitudes, displaced by 120◦ and rotate anticlockwise,
which are the positive sequence components [50].

FIGURE 5. Symmetrical components of grid voltages.

As stated earlier, this technique is based on time domain.
The time period is related to the phase angle as:

tdis =
phase angle

360◦
×

1
f

(13)

where tdis is the displacement period between two voltage
phasors, f is the frequency. The symmetrical three-phase
voltages of ungrounded system can be expressed as:

Vabc (t) =



Va cos (ωt + θ)

Vb cos
(
ωt + θ −

2π
3

)
Vc cos

(
ωt+ θ +

2π
3

)



= V(1)


cos

(
ωt + θ (1)

)
cos

(
ωt + θ (1) −

2π
3

)
cos

(
ωt + θ (1) +

2π
3

)


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+V(2)


cos(ωt+θ (2))

cos(ωt+θ (2) −
2π
3
)

cos(ωt+θ (2) +
2π
3
)

 (14)

The equation of symmetrical components is converted into
time-domain to extract the positive sequence components as
follow:

V (1)
(abc) (t) =

V(1)a (t)
V(1)b (t)
V(1)c (t)

 =
 V(1) (t)
V(1) (Tα)
V(1)

(
Tβ
)
 (15)

V (1)
(t) =

1
3

(Va (t)+ Vb(Tα)+ Vc(Tβ ) (16)

Tα =
240◦

360◦
∗
1
f

Tβ =
120◦

360◦
∗
1
f

(17)

where V (1)
(t) is the time domain representation of the posi-

tive sequence component for the three phase grid voltages,
tdis−α and tdis−β are the time phase shift of the symmetrical
component. Where, Tα = t − tdis−α and Tβ = t − tdis−β .
Figure 6 illustrate the extraction of grid voltage positive
sequence component.

FIGURE 6. Extraction method of positive sequence components.

B. THE MODIFIED DQ TECHNIQUE
In the modified DQ technique a phase locked loop (PLL)
is utilized to synchronize the signal to the grid fundamental
voltage, v(1)g−abc (t). Then the Park’s transformation is used
to transforms these voltage components to DC components
(vd, vq) is derived in (18), as shown at the bottom of the next
page.
To obtain the amplitudes of the reference signals at the desired
voltage amplitude, peak finder is applied to v(1)d as following

v(1)d = V∗desired
v(1)d

v(1)d

(19)

To transform the reference signal in abc coordinate system,
inverse Parks transformation is applied as follow:

vL−abc,ref (t)

=

 vLa,ref (t)vLb,ref (t)
vLc,ref (t)



=

√
2
3



cos (ωt + θ ) − sin (ωt + θ )

cos
(
ωt + θ −

2π
3

)
− sin

(
ωt + θ −

2π
3

)
cos

(
ωt + θ +

2π
3

)
− sin

(
ωt + θ +

2π
3

)


×

[
v(1)d
v(1)q

]
(20)

To explain the superiority of new DQ scheme compared to
traditional DQ method, block diagrams for reference voltage
generation in both schemes of new and traditional DQ are
shown in figure 7 and 8 respectively. In modified DQ we can
observe that the low pass filters are eliminated leading to less
computation and fast response of the control system.

FIGURE 7. Modified DQ method.

FIGURE 8. Traditional DQ method.

C. HYSTERESIS VOLTAGE CONTROLLER
A hysteresis voltage controller is applied to generate the
switching signals for voltage source inverter. The hysteresis
controller is preferred over traditional controllers like PWM,
SVPWM because of its advantages of effective dynamic
response, good accuracy, low cost and can be implemented
easily [41]. The disadvantages of traditional techniques like
switching losses with high switching frequency electromag-
netic interference issues due to higher order harmonics,
decrease in available voltage are overcome in the hysteresis
control method [49], [51].

The generated voltage references are compared with the
actual load voltages. The error between reference and actual
voltage values are processed through the hysteresis band to
produce the firing signals of inverter IGBT switches as shown
in figure 9.

IV. EXPERIMENTAL SETUP
Figure 10 illustrates the experimental setup for the proposed
DVR system. It consists of two circuits, a power circuit and
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FIGURE 9. Hysteresis voltage controller.

FIGURE 10. Experimental setup.

a control circuit. A three-phase AC voltage source, a trans-
former, VSI fed by a DC power supply and 1kVA load com-
prises the complete experimental circuit. The control circuit
is based on employing dSPACE DS1104 control board. The
supply and load voltages are measured using voltage sensors
(LV25-P). To meet the criteria of the control board, voltage
signals are scaled down to less than or equal to 10V.

TABLE 4. System parameters.

The system parameters are presented in Table 4.

V. RESULTS AND DISCUSSIONS
Series results at different scenarios of severe operation con-
ditions are obtained to verify the validity of the proposed new
schemes based on DQ technique as follow:

A. CASE 1: 20% BALANCED SAG
Under the condition of balanced 38 grid voltage with severe
sag of 20%, figure 11 represents simulated results of the
grid voltage having sag 20% from 0.8 second along with
the load voltage and compensated voltage for traditional DQ
control method, where the distortion in the load voltage wave
is significantly observed. Simulated results of the balanced
condition of 38 grid voltage with severe sag of 20% in the
grid voltage from 0.8 second along with the load voltage
and compensated voltage controlled by new version of DQ
method are shown in figure 13, here the distortion in the load
voltage wave is very less when compared to the traditional
DQ method of control. It can be observed that the response
on the control of the DQ is so fast that the instant of injecting
compensation voltage is almost at the instant of 0.8 sec.

FIGURE 11. Simulation results of grid voltages, load voltage and DVR
voltages (traditional DQ) under balanced 3ϕ grid voltage sag of 20%.

Figures 14 and 12 depict the experimental results of grid
voltage, load voltage and compensated voltage with tradi-
tional DQ control and new version of DQ control respectively.
In experimental method of new DQ the sag was initiated
at 0.1 second and the compensated voltage was perfectly
injected at the instant of 0.1 second. Both the experimental
results of traditional and novel control are complimenting the
simulated results.
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FIGURE 12. Experimental results of grid voltages, load voltage and DVR
voltages (traditional DQ) under balanced 3ϕ grid voltage sag of 20%.

FIGURE 13. Simulation results of grid voltages, load voltage and DVR
voltages (modified DQ) under balanced 3ϕ grid voltage sag of 20%.

Under the balanced condition with severe 20% voltage sag,
the load voltage in per unit and load frequency for tradi-
tional and new DQ method are compared in Figure 15 under

FIGURE 14. Experimental results of grid voltages, load voltage and DVR
voltages (modified DQ) under balanced 3ϕ grid voltage sag of 20%.

a balanced scenario with 20% voltage sag. It shows, with
tradition DQ, the voltage sags from 0.81 to 0.86 sec, with
a maximum of 0.2 PU at 0.835 sec, whereas the load volt-
age is stable and no sag observed with the modified DQ
method, indicating that the modified DQ controller is fast
enough to identify the sag and compensate the sag voltage
instantly. With the traditional DQ, load frequency fluctuation
is detected during 0.8 sec to 0.97 sec, with amaximum change
of 0.2 Hz at 0.875 sec. however, modified DQ technique
has no significant variation in frequency from the nominal
value of 50 Hz, indicating that the controller is effective in
maintaining the stability of the system.

B. CASE 2: 70% BALANCED SWELL
For balanced 3 phase grid system another severe condition
considered is 70% swell. Figure 16 depicts the simulation
results of the grid voltage, load voltage and compensation
voltage of a balanced three phase grid system with 70%
severe swell. The swell in the grid is starting at 1.1 sec-
ond and with the traditional DQ method the load voltage is
still with distortions and slight swell in one or two phases
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FIGURE 15. [Upper] pu load voltage, [Lower] load frequency under
balanced 3ϕ grid voltage sag of 20%.

FIGURE 16. Simulation results of grid voltages, load voltage and DVR
voltages (traditional DQ) under balanced 3ϕ grid voltage swell of 70%.

of load voltages as seen in Figure 16. Whereas, simulation
results of grid voltage, load voltage and compensation volt-
age for severe 70% swell controlled by new DQ method
are represented in Figure 18. With the novel DQ control
the compensation voltage is initiated at exactly 1.1 second,
more over the load voltage has shown a good voltage pro-
file with less distortion and no swell sections in any of the
phases.

Experimental results of three phase balanced grid voltage
with 70% swell with traditional DQ controlmethod are shown
in Figure 19. in this experiment the swell is initiated at
0.075 second. The load voltage is displaying the effects of
distortion and still some effect of swell is observed in some
phases, as seen in the simulation results of traditional DQ
control method. On contrary to the traditional DQ method
the novel DQ method shows better voltage quality with low

FIGURE 17. Experimental results of grid voltages, load voltage and DVR
voltages (traditional DQ) under balanced 3ϕ grid voltage swell of 70%.

FIGURE 18. Simulation results of grid voltages, load voltage and DVR
voltages (modified DQ) under balanced 3ϕ grid voltage swell of 70%.

distortions and no swell in the load voltage. The grid volt-
age, load voltage and compensation voltage for 70% swell
conditions of a balanced three phase grid are represented in
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FIGURE 19. Experimental results of grid voltages, load voltage and DVR
voltages (modified DQ) under balanced 3ϕ grid voltage swell of 70%.

FIGURE 20. [Upper] pu load voltage, [Lower] lower load frequency under
balanced 3ϕ grid voltage swell of 70%.

Figure 17. the compensated voltage is initiated exactly at the
instant of 0.075 sec.

The per unit load voltage and load frequency of tradi-
tional and new DQ method are compared and displayed in
Figure 20. The traditional DQmethod has voltage swell from
1.12 sec to 1.15 sec, but with the modified DQ method the

FIGURE 21. Simulation results of grid voltages, load voltage and DVR
voltages (traditional DQ) under unbalanced 3ϕ grid voltage sag of 20%.

load voltage has shown stable characteristics with no swell.
This means, the modified DQ has fast compensation response
during the 70% balanced swell condition. For load frequency
with traditional DQ, frequency change is observed during
1.1 to 1.25 sec with a maximum change of 0.175 Hz at
1.16 sec. On contrary, the proposed DQ method has shown a
good control with maximum frequency variation of 0.05 Hz.
New DQ has shown fast and effective control of the load fre-
quency characteristics with balanced severe swell condition.

C. CASE 3: 20% UNBALANCED SAG
In this unbalanced case, one of the phases is affected with
20% sag. The simulation results of this unbalance condition
with grid voltage, load voltage and compensation voltage
with traditional DQ are shown in Figure 21. the sag in single
phase is initiated at instant of 2 second because of which
load voltage waveform is shown with distortion and the
corresponding compensation voltage is injected at the same
instant of sag initiation. When the proposed DQ control is
implemented to compensate the 20% sag in one of the phase,
the load voltage waveform shows less distortion and good
profile of voltage. Simulatedwave forms ofGird voltage, load
voltage and corresponding compensation voltage with the
proposed DQ control under 20% sag in one phase is presented
in Figure 24. the compensation voltage under this unbalance
condition is injected at the instant of 2 second.

Experiment result of traditional DQ control for unbalanced
20% sag condition is presented in Figure 22. On the other
hand, the experimental result of new DQ control for 20% sag
under unbalanced condition shows instantaneous injection of
compensation voltage at 0.26 sec resulting in good quality of
load voltage as shown in Figure 24.

Under condition of unbalance 20% sag the per unit load
voltage and load frequency of traditional and newDQmethod
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FIGURE 22. Experimental results of grid voltages, load voltage and DVR
voltages (traditional DQ) under unbalanced 3ϕ grid voltage sag of 20%.

FIGURE 23. Simulation results of grid voltages, load voltage and DVR
voltages (modified DQ) under unbalanced 3ϕ grid voltage sag of 20%.

are compared in Figure 25. With traditional DQ method, the
load voltage has a sag of 0.2PU starting at 0.2 sec, whereas
with the modified DQ method the load voltage has very low

FIGURE 24. Experimental results of grid voltages, load voltage and DVR
voltages (modified DQ) under unbalanced 3ϕ grid voltage sag of 20%.

FIGURE 25. [Upper] pu load voltage, [lower] load frequency under
balanced 3ϕ grid voltage sag of 80%.

value of sag with less than 0.1 PU during 2.01 to 2.035 sec
and recovered to the nominal value of 1 PU. This shows the
efficacy and fast compensation of the proposed method. For
load frequency with the traditional DQ, large fluctuations
during 2 sec to 2.15 sec are observed with a maximum change
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FIGURE 26. simulation results of grid voltages, load voltage and DVR
voltages (traditional DQ) under unbalanced 3ϕ grid voltage swell of 70%.

of 0.15 Hz at 2.05 sec, with the Modified DQ technique the
load frequency has shown very small fluctuations less than
0.075 Hz during 2 sec to 2.15 sec. This demonstrates the
modified DQ technique’s efficient control.

D. CASE 4: 70% UNBALANCED SWELL
Under the study of unbalanced condition with 70% swell in
one of the phases, the simulated wave form of grid voltage,
load voltage and compensation voltage with traditional DQ
are presented in Figure 26 under this situation the load voltage
have the severe distorted nature with one phase still exists
with slight swell without complete compensation. On the
other hand we can observe good compensation with new DQ
method of control. The simulation results of grid voltage, load
voltage and compensation voltage with new DQ method for
unbalance 70% swell is shown in Figure 28.

Figure 27 shows the experimental results of unbalanced
three phase grid with 70% swell with traditional DQ con-
trol method. Load voltage under this condition is having
more distortion with swell still existing in the waveform.
Figure 29 represents the experimental results of grid voltage,
load voltage and compensated voltage injected at 0.11 sec.
Under this new DQ control the load voltage has improved
voltage profile with fully compensated swell.

With the condition of unbalance 70% swell the per unit
load voltage and load frequency of traditional and new DQ
method are compared in Figure 30. It explains, with tradi-
tional DQ method load voltage swell at 2.3 sec, with the
change of 0.275PU. whereas with the modified DQ method
for the load voltage swells the proposed DQ controller imme-
diately responded to compensate the voltage to less than
0.1 PU during 2.3 to 2.34 sec. For load frequency with the
traditional DQ, change in frequency is observed through
2.275 to 2.45 sec with a maximum change of 0.15 Hz at
2.3 sec. whereas, in Modified DQ method the load frequency

FIGURE 27. Experimental results of grid voltages, load voltage and DVR
voltages (traditional DQ) under unbalanced 3ϕ grid voltage swell of 70%.

FIGURE 28. Simulation results of grid voltages, load voltage and DVR
voltages (modified DQ) under unbalanced 3ϕ grid voltage swell of 70%.

change is less than 0.075 Hz during 2.275 to 2.45 Hz. This
shows that the modified DQ has shown very fast attributes in
detecting swell within a duration of 0.05 sec.
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FIGURE 29. Experimental results of grid voltages, load voltage and DVR
voltages (modified DQ) under unbalanced 3ϕ grid voltage swell of 70%.

FIGURE 30. [Upper] pu load voltage, [lower] load frequency under
balanced 3ϕ grid voltage swell of 70%.

From the results of both balanced and unbalanced three
phase grid system with considered severe conditions of sag
and swell, the experimental results validate the simulation
result. The novel DQ control method shows good response
in improving the voltage quality with less distortion in load
voltage after the compensation.

VI. CONCLUSION
This paper inspects the control of DVR with modified DQ
algorithm to generate reference voltage signals to control
the DVR. The proposed DVR control method relies on a
modified version of DQ theory with a detection method for
the positive and negative sequence components. The mod-
elled simulations are carried out in MATLAB Simulink and
the results were validated with Experimental setup carried
out on DSPACE 1104 module. The results are shown good
correlation between simulation and experimental results.

The control of modified DQ method is compared with
the traditional DQ control technique under the conditions of
severe sag and swell. The performance of the controllers is
also compared during balanced and unbalanced situation with
severe cases of sag and swell. The comparative results suggest
that the new modified DQ control method shows effective in
compensating voltage during severe sag swell in balance and
unbalance conditions with advantages of
• Less computational effort.
• Faster response.
• Less transient oscillation in the fundamental frequency
under unbalanced voltage sag and swell.
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