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Abstract— There is always a necessity to protect the voltage
sensitive industrial systems from Power Quality (PQ) issues
to prevent the loss of product quality and revenue. Generally,
custom power devices take the responsibility to mitigate these
PQ problems, restore the voltage and thus maintain the PQ
standards. Dynamic Voltage Restorer (DVR) is one among
the custom power devices which offers an economical
compensation of load voltage under abnormal supply voltage
conditions. The voltage injected in series by the DVR
compensates the load profile during PQ events; appropriate
voltage injected by the DVR in series with supply protects the
load and restores the voltage to pre-defined values. The
required injected voltage is generated by the inverter circuit
in the DVR system. The most commonly used DVR inverter is
the full-bridge inverter which consists of four switches. The
Semi-Z-Source (SZS) inverter based DVR which offers same
injection capability with only two- switches is compared with
the full-bridge inverter. The in-phase compensation
technique is employed in both the DVRs for injecting
required voltage into the grid. The efficiency, quality of the
injected voltage and load voltage are studied. This paper
presents  simulation results in MATLAB/Simulink
environment to validate thecomparison.

Keywords—Power Quality (PQ), DVR, voltage sag, Full-
bridge (FB) inverter, Semi-Z-Source (SZS) inverter, in-phase
compensation, voltage injection capability

I. INTRODUCTION

Nowadays, the industrial loads are becoming voltage
sensitive and any deviation from the pre-defined quality
of power results in temporary shut downs, equipment
damage and deteriorated end products. The Power
Quality (PQ) issues such as voltage sag, swell, flicker,
harmonics, notches etc causes loss of production and
loss of revenue[1]-[4].

With the advent of power electronics, a new class of
power electronic based voltage support solutions are
offered by CUPS such as Distributed Static
Compensator (DSTATCOM), Dynamic Voltage
Restorer (DVR), Unified Power Flow Controller
(UPQC) and they bring considerable and measurable
improvement in the power quality. The inclusion of
these compensating type CUPS in the power line is a
prerequisite for profitable operations in the critical
industries. During unhealthy supply voltage conditions,
these devices help to improve power quality by
restoring the load voltage profile [5], [6] .
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Among the CUPS, the most economical compensation
is provided by the DVR [7]. DVR is a series connected
compensating device which maintains the load profile
to pre- specified standards by injecting appropriate
voltage in series with the supply voltage. The DVR
structure consists of dc-link and energy storage,
converter, filter, injection transformer, bypass
equipment and disconnection equipment as shown in
Fig.1[8]. The real power source in the DVR is the
energy sources such as Battery, SMES
(Superconducting magnetic energy storage), super
capacitors, flywheel, fuel cell etc [9]. The type of the
energy storage determines the type of converter in the
DVR circuit [10]. The ac energy source such as
flywheel requires ac-ac conversion or ac-dc-ac
conversion. If the energy source supplies dc power such
as battery, fuel cell etc, the converter type is dc to ac or
inverter. The most commonly used inverter in the DVR
system is Full Bridge (FB) inverter [11]. The FB
inverter based DVR finds application in low voltage to
high voltage distribution system. [12],[13].

Mechanical by-pass

&

Disconnection
.

——- Thyristor
= ! by-pass
; '\ switch

Supply 4" "

Injection
transformer

Filter

Voltage
Source

Energy
| converter

Storage

Dc-lir;k
Fig.1 Basic structure of DVR



0.5

Proceedings of 2018 International Conference on Emerging Trends and Innovations in Engineering and Technological Research (ICETIETR)

The independent single phase connection available
makes the FB inverter suitable for both single-phase and
three-phase DVR system. The SZS inverter based DVR
reported in [14] offers a possibility of replacing the FB
inverter based DVR. The SZS inverter based DVR
achieve same injection capability as the FB inverter
based DVR, with just two semi- conductor switches.
The size of the SZS inverter is minimized as the Z-
source network is present in the ac-side, compared to
the traditional Z-source network. However, there is no
shoot- through condition present in the SZS inverter as
in the traditional Z-source inverter. The dead-time
control of switches is not required in the SZS inverter
and it makes the control of the inverter simple. The SZS
inverter can output voltage which is completely
sinusoidal with proper control. This rule out the
aforementioned benefits of the SZS inverter makes the
DVR more effective than the FB inverter based DVR.
This paper presents a comparison of the FB and SZS
inverter based DVRs. The parameters of comparison are
the injection voltage quality, distortion caused by the
filter in FB inverter based DVR, load voltage THD and
the efficiency of the DVR. The description about the FB
inverter based DVR and SZS inverter based DVR are
presented in next section. The simulations carried out in
MATLAB/Simulink software validate the feasibility
and practicality of the SZS inverter based DVR.

II. SYSTEM DESCRIPTION

The FB based DVR is the most commonly used
inverter circuit in the DVR systems and is shown in
Fig.1. The FB inverter is preferred in high voltage
systems over other inverter topologies. It consists of
four switches, two each in one leg of the inverter [15] .
The switches are operated complementarily in one leg
and the anti-parallel switches are turned on and off
simultaneously. Sinusoidal pulse width modulation
(SPWM) technique is used for generating the switching
pulse for the FB inverter switches. The simultaneous
turning on and off of switches in same leg brings the
risk of short-circuiting of the dc supply voltage or
shoot-through condition in the FB based DVR due to
the finite turn-on and turn-off time

TABLE I
System Parameters of FB inverter based DVR

Values

230 V and 50 Hz

Parameters

Rated
frequency

Voltage and

Load 800 +j600 VA

Injection Transformer 1:1,230 V, 1.6 kVA

Dec-link 200V
Full Bridge Inverter voltage, Vg,
Switching 50kHz
frequency
Filter Capacitor 1uF
Inductor 2mH

associated with the IGBT switches. However, dead-time
control is provided for eliminating the shoot-through

Condition and makes the system control complex. The
dead-time control introduces fifth and seventh
harmonics in the output voltage [16]. This deteriorates
the quality of the injected voltage which in turn reflects
on the DVR voltage and load voltage. In contrary, the
output voltage of the FB inverter is pulsating in nature
and requires filter circuit for achieving the sinusoidal
output voltage. Normally, second order LC filter
follows the FB inverter in inverter-side filtering scheme
of the DVR. In line-side filtering, the filter components
are present across the secondary winding of the
transformer. The filter components affects the
magnitude and phase of the injected voltage
fundamental component and may even result in control
glitches in the DVR[17].

The parameters of the FB based DVR used in the
MATLAB/Simulink software simulation is given in the
Table
L. The FB inverter is realized using ideal IGBT
switches. For obtaining sinusoidal output voltage, the
filter capacitor and inductor values are selected as 1uF
and 2mH respectively. The switching frequency of the
DVR control is 50 kHz. The DVR system considered is
isolated type with a transformer of turns ratio 1:1.The
load power is taken as 1kVA in all the simulations.

The SZS inverter based DVR is presented in detail in
[14] and is given in Fig.2. The SZS inverter proposed
by Cao et.al in[18] is in corporate in to the DVR system
for the generation of required injected voltage. The
steady-state equations governing the SZS inverter and
further details are explained in the literature [18]-[20].
The SZS inverter is capable of producing output voltage
range same as the FB inverter with only two switches.
IGBT and MOSFET are the choices of switches in the
SZS inverter. The SZS inverter only occupies less space
than the traditional Z-source inverter as the Z-source
network is present in the ac-side. It also possess the
doubly ground characteristic which makes the SZS
inverter popular for solar and fuel cell based DVR.In
SZS inverter switches are present in two different legs
which eliminate the risk of shoot- through condition and
avoid the need for dead-time control.
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Fig.2 DVR topology with SZS inverter

The simple control is required to turn-on and turn-off
the switch complementarily. The voltage gain of the
SZS inverter is given by equation (1). The non-linear
voltage gain demands
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a non-linear reference for the modulation technique.
A revised modulation strategy termed as Modified
Sinusoidal Pulse Width Modulation(MSPWM) is
employed for the SZSinverter [19], [21],[22]

Vo/Vdc =1-2D/1-D Y

The same output range of the SZS as that of FB inverter
for same input voltage leads to the comparison of the
two topologies of DVR. The existing in-phase
compensation technique is utilized for the injection of
the voltage. There are different controls associated with
the DVR. In this paper feed forward control mechanism
is used to maintain the load profile constant and is
shown in Fig.3[21]. The simulation parameters of the
SZS inverter are given in Table II. In FB inverter based
DVR and SZS inverter based DVR, the dc supply
voltage is selected such that the DVRs give 50%
injection capability. The dc supply voltage of both
inverters are designed such that it is enough for the 50%
compensation capability and does not allow reverse
power flow through the anti-parallel diodes in the IGBT
or MOSFET. The supply voltage, transformer and load
specifications are the same as in Table I for the SZS
inverter based DVR simulation. The switching
frequency of the two DVR systems is also kept the
same. The SZS network is designed with these
parameters and the detailed design is given in[18]-[20].

III. DVR CONTROL SYSTEM

The control of the DVR consists of the following
steps- voltage disturbance detection, reference voltage
generation, inverter control, modulation and switching
pulse generation constitutes the DVR control system
[21].

TABLE I
System Parameters of SZS inverter based DVR
Parameters Values
Dc-link voltage, 200V
SZS Inverter

Vde
Switching 50kHz
frequency, f;.,
Capacitor C; | 3.9uF
and C,
Inductor L;and 320 uH
L,

VDVR regd

Voltage
Controller |

e ———

Fig.4 Feed forward controller

The amount of supply voltage deviation from pre-
defined standards is the prime factor that decides
whether the DVR should operate or not. The DVR
continues to stay in the standby mode under healthy
supply conditions. The DVR shifts to its active mode of
compensation whenever the detection unit detects a
voltage disturbances as sag, swell or harmonics.

The reference voltage generation unit generates the

DVR reference voltage (vDVR™) for restoring the load
profile under the detected voltage quality problems. The
DVR should be operated in such a way that it generates
an alternating voltage that completely tracks the DVR
reference voltage. The DVR operation is successful
only when the DVR actual voltage equals the DVR
reference voltage in terms of magnitude,

phase and frequency, given the compensation strategy
in- phase method.

In this paper, feed forward control of the DVR is
adopted. In feed forward control, the DVR reference
voltage from the reference generation unit is scaled
down by a factor equal to dc-link voltage to provide the
modulating signal for the PWM technique which is
succeeded by the modulation and switching pulse
generation unit The comparison between the
modulating wave and the carrier wave produces the
switching pulses for the DVR inverter. The switches of
the inverter are operated with these switching pulses
and the voltage generated is injected in series to the
supply voltage to mitigate the unhealthy condition from
affecting the sensitive loads.

IV. COMPENSATION OF VOLTAGE SAG

The FB inverter based DVR and SZS inverter based
DVR efficiently restore the load voltage under PQ
events. The simulation results in Fig.4 and Fig.5
respectively show the compensation of load voltage by
FB inverter based DVR and SZS inverter based DVR
under voltages condition. The load compensation for 40
% voltage sag from time 0.1 s to 0.2 s is presented in
the simulation results .In both the DVR topologies, the
actual DVR voltage tries to follow the reference
voltage. In FB inverter based DVR, there is a phase-
shift and magnitude difference in the fundamental
component of the DVR voltage compared to the
reference DVR voltage as shown in Fig.6. This
deviation from the reference DVR voltage is due to the
filter components .The phase-shift compensation can be
carried out using the lag/lead compensators[22].
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Fig.4 Load voltage restoration during sag using in-phase
compensation method by FB inverter based DVR.

However, adaptive lag/lead compensation is
required as the Equivalent Series Resistance (ESR)
of the filter components are temperature dependent.
The higer harmonic content penetration to the
injected voltage in line-side filtering scheme of
DVR rules out that option too [17]. In SZS inverter
based DVR, the reference voltage and actual DVR
voltage coincide as shown in Fig.7 The exact
tracking of the reference voltage makes the
performance of the SZS inverter based DVR better
than the FB inverter based DVR. The elimination of
filter avoids the possible control glitches, error in
compensation and bulkiness of the DVR inverter.

V.COMPARISONOF THE DVR TOPOLOGIES BASEDONFB
INVERTERAND SZS INVERTER

In FB inverter based DVR and SZS inverter based
DVR, the voltage injection is in-phase with the
utility voltage. The in-phase compensation
technique gives effective
minimum injected voltage.
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Fig.5 Load voltage restoration during sag using in-phase
compensation method by SZS inverter based DVR.
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Fig.6 Reference and actual DVR voltage of FB inverter based
DVR

It also gives the advantage of reduced dc-link
voltage rating. The pharos diagram of in-phase
technique used in the DVR topologies based on FB
inverter and SZS inverter is given in Fig.8. The
notations Vs, Vo and Vpyr gives the voltages of source,
load and DVR respectively. The input supply voltage
and current are phase shifted by ©. The in- phase
compensation exchanges both real and reactive power
[14], [23]. As the FB inverter and SZS inverter restores
the load voltage using in-phase compensation, the
injected voltage magnitude is same in both the DVR
topologies. However, the quality of the injected voltage
varies with the type of inverter used. The sag depth is
varied from 0.1 to 0.5 and the injected voltage THD of
the DVR topologies based on FB inverter and SZS
inverter is plotted in theFig.9.
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Fig.7 Reference and actual DVR voltage of SZS inverter based DVR.

The THD of FB inverter side voltage is more than
permissible. However, with the aid of transformer winding
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Fig.8 Phasor diagram of in-phase compensation

Inductance the THD is within the permissible limits
when injected. The SZS inverter gives less than 5%
THD even without filter circuit and transformer
inductance.

The quality of the load voltage during the
compensating mode of DVR is another aspect of
comparison. The FB inverter outputs a sinusoidal
voltage with the aid of filter circuit whereas the SZS
inverter gives a sinusoidal voltage without filter circuit.
The THD of the load voltage for the two DVR
topologies are compared in Fig.10 for different sag
depth [6]. It can be observed from Fig.10 that the load
voltage THD is less for the SZS inverter based DVR
compared to the FB inverter based DVR. The SZS
inverter offsets the FB inverter based DVR as the filter
circuit is absent in the former and the THD of the latter
is more.

DVR and SZS inverter based DVR for different
modulation index of the inverter [14].The modulation
index(M) of the inverters depends on the sag depth. The
modulation index assumes a constant value
depending on the sag depth and the inverter operates to
give the required sinusoidal output voltage for series
injection.

—O— Full bridge inverter based DVR

Y- Semi-Z-Source inverter based DVR
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Sag Depth (p.u)

Fig.9 THD of DVR injected voltage
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Fig.10 Load voltage THD vs sag depth

Fig. 11 gives the comparison of the efficiency of FB inverter

VI. CONCLUSION

A comparative study of SZS inverter based DVR with
the conventional FB inverter based DVR is carried out
in this paper. The injection capability of the DVR
topologies based on FB inverter and the semi-Z- source
inverter remains same for the given input dc energy
source as the output voltage range of both the inverters
are same. However, the semi-Z- source inverter
achieves the required sinusoidal output voltage with
only two switches. The control of the switches is simple
with uncomplicated steps. The non- linearity of the
voltage gain demands a non-linear reference waveform
in the semi-Z- source inverter compared to the SPWM
used in FB inverter. There is no risk of short circuiting
of the dc supply and problems created by filter
components in the semi-Z-source.

Inverter based DVR. The harmonics in the injected
voltage and load voltage are less for the SZS inverter
based DVR .The efficiency associated with both the
DVR topologies are comparable. Considering the aspect
of quality of voltage injected, size of the inverter, filter
circuit, efficiency and number of switches, the SZS
inverter based DVR is an effective replacement for the
conventional FB inverter based DVR.

100

90

—— Semi-Z-Source inverter based DVR

80F *
70F

Full bridge inverter based DVR

60}
50

Efficiency (%)

401 ‘.‘"‘
30F ‘I‘
20f
10

01 02 03 04 05 06 07 08 08 1
Modulation index (M)

Fig.11Efficiencycurve



0.5

Proceedings of 2018 International Conference on Emerging Trends and Innovations in Engineering and Technological Research (ICETIETR)

(1]

[13]

[14]

[13]

[16]

[17]

(18]

REFERENCES

T. Jauch, A. Kara, M. Rahmani, and D. Westermann, “Power
quality ensured by dynamic voltage correction,”4BB Rev., pp.
25-36,1998.

P. Dachler and R. Affolter, "Requirements and solutions for
dynamic voltage restorer, a case study," 2000 IEEE Power
Engineering Society Winter Meeting.Conference Proceedings
(Cat. No.OOCH37077), 2000, pp. 2881- 2885vol.4.

V. K. Ramachandaramurthy, C. Fitzer, A. Arulampalam, C.
Zhan, M. Barnes, and N. Jenkins, “Control of a battery
supported dynamic voltage restorer,” [EE Proc. - Gener.
Transm. Distrib., vol. 149, no. 5, p. 533,2002.

M. Vilathgamuwa, A. A. D. Ranjith Perera, S. S. Choi and
K. J. Tseng, "Control of energy optimizeddynamic voltage
restorer," Industrial Electronics Society,1999.

IECON '99 Proceedings. The 25th Annual Conference of the
IEEE, San Jose, CA, 1999, pp. 873-878 vol.2
R. C. Dugan and R. C. Dugan, Eds., Electrical power
systemsquality,2nded NewY ork:McGraw-Hill,2003.

N. H. Woodley, “Field experience with Dynamic Voltage
Restorer (DVR/sup TM/MV) systems,” 2000, vol. 4, pp.2864—
2871.

K. Piatek, “A New Approach of DVR Control with Minimised
Energy Injection,” 2006, pp.1490—-1495.

Chi-Seng Lam, Man-Chung Wong and Ying-Duo Han,
"Stabilitystudy on dynamic voltage restorer (DVR),"
Proceedings. 2004 First International Conference on Power
Electronics Systems and Applications, 2004., Hong Kong,
China, 2004, pp. 66- 71.

Huann-Keng Chiang, Bor-Ren Lin and Kuan-Wei Wu, "Study
of dynamic voltage restorer under the abnormal voltage
conditions," 2005 International Conference on Power
Electronics and Drives Systems, Kuala Lumpur, 2005, pp. 308-
312.

A. Kara, P. Dahler, D. Amhof and H. Gruning, "Power supply
quality improvement with a dynamic voltage restorer (DVR),"
Applied Power ElectronicsConference and Exposition, 1998.
APEC '98. Conference Proceedings 1998., Thirteenth Annual,
Anaheim, CA, 1998, pp. 986-993vol.2..

P. Kanjiya, B. Singh, A. Chandra, and K. Al-Haddad, “SRF
Theory Revisited; to Control Self-Supported Dynamic Voltage
Restorer (DVR) for Unbalanced and Nonlinear Loads,” IEEE
Trans. Ind. Appl., vol. 49, no. 5, pp. 2330-2340, Sep.2013.
Ming Fang, A. 1. Gardiner, A. MacDougall and G. A.
Mathieson, "A novel series dynamic voltage restorer for
distribution systems," Power System Technology, 1998.
Proceedings. POWERCON '98. 1998 International Conference
on, Beijing, 1998, pp. 38-42vol.1.

B. Y. Bae, D. K. Lee and B. M. Han, "Development of high-
performance single-phase line-interactivedynamic voltage
restorer," 2007 Australasian Universities Power
Engineering Conference, Perth, WA, 2007, pp. 1-6. V. K.
Remya, P. Parthiban, V. Ansal, and A. Nandakumar, “Single-
Phase DVR with Semi-Z-Source Inverter for Power
Distribution Network,” Arab. J. Sci. Eng., Nov.2017.

N. Mohan, T. M. Undeland, and W. P. Robbins, Power
electronics: converters, applications, and design, 3rd ed.
Hoboken, NJ: John Wiley & Sons,2003.

Nambo Hur, Kwanghee Nam, and Sangchul Won, “A two-
degrees-of-freedom current control scheme for deadtime
compensation,” IEEE Trans. Ind. Electron., vol. 47, no. 3, pp.
557-564, Jun.2000.

B. H. Li, S. S. Choi, and D. M. Vilathgamuwa, “Design
considerations on the line-side filter used in thedynamic
voltage restorer,” /EE Proc. - Gener. Transm. Distrib., vol.
148, no. 1, p. 1,2001.

D. Cao, S. Jiang, X. Yu, and F. Z. Peng, “Low-Cost Semi-Z-
Source Inverter for Single-Phase Photovoltaic Systems,”
IEEE Trans. Power Electron., vol. 26, no.12, pp. 3514-3523,
Dec.2011.

T. Ahmed, T. Soon, and S. Mekhilef, “A Single Phase
Doubly Grounded Semi-Z-Source Inverter for Photovoltaic
(PV) Systems with Maximum Power Point Tracking
(MPPT),” Energies, vol. 7, no. 12, pp. 3618— 3641, Jun.
2014.

(19]

(20]

(21]

(22]

S. Mekhilef and T. Ahmed, “Semi-Z-Source inverter topology for
grid-connected photovoltaic system,” IET Power Electron., vol. 8,
no. 1, pp. 63-75, Jan.2015.

M. Farhadi-Kangarlu, E. Babaei, and F. Blaabjerg, “A
comprehensive review of dynamic voltage restorers,” Int. J. Electr.
Power Energy Syst., vol. 92, pp. 136-155, Nov.2017.

Changjiang Zhan et al., “Dynamic voltage restorer based on
voltage-space-vector PWM control,” IEEE Trans. Ind. Appl., vol.
37, no. 6, pp. 1855-1863, Dec. 2001.

V. Ansal, K. Ravikumar and P. Parthiban, "Transformerless
Dynamic Voltage Restorer for voltage sag mitigation," 2016
Biennial InternationalConference on Power and Energy Systems:
Towards Sustainable Energy (PESTSE), Bangalore, 2016, pp.1-4.



