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Abstract: Cost of various energy storage technologies is decreasing rapidly and the integration of these
technologies into the power grid is becoming a reality with the advent of smart grid. Dynamic voltage restorer
(DVR) is one product that can provide improved voltage sag and swell compensation with energy storage
integration. Ultra capacitors (UCAP) have low-energy density and high-power density ideal characteristics for
compensation of voltage sags and voltage swells, which are both events that require high power for short spans
of time. The novel contribution of this paper lies in the integration of rechargeable UCAP-based energy storage
into the DVR topology. With this integration, the UCAP-DVR system will have active power capability and will
be able to independently compensate temporary voltage sags and swells without relying on the grid to
compensate for faults on the grid like in the past. UCAP is integrated into dc-link of the DVR through a
bidirectional dc—dc converter, which helps in providing a stiff dc-link voltage, and the integrated UCAP-DVR
system helps in compensating temporary voltage sags and voltage swells, which last from 3 s to 1 min.
Complexities involved in the design and control of both the dc-ac inverter and the dc—dc converter are
discussed.

INTRODUCTION

The electric power system is considered to be composed of three functional blocks - generation,
transmission and distribution. For a reliable power system, the generation unit must produce adequate power
to meet customer’s demand, transmission Systems must transport bulk power over long distances without
overloading or jeopardizing system stability and distribution systems must deliver electric power to each
customer’s premises from bulk power systems. Distribution system locates the end of power system and is
connected to the customer directly, so the power quality mainly depends on distribution system. The reason
behind this is that the electrical distribution network failures account for about 90% of the average customer
interruptions. In the earlier days, the major focus for power system reliability was on generation and
transmission only as these more capital cost is involved in these. In addition their insufficiency can cause
widespread catastrophic consequences for both society and its environment. But now a day’s distribution
systems have begun to receive more attention for reliability assessment.

Initially for the improvement of power quality or reliability of the system FACTS devices like static
synchronous compensator (STATCOM), static synchronous series compensator (SSSC), interline power flow
controller (IPFC), and unified power flow controller (UPFC) etc are introduced. These FACTS devices are
designed for the transmission system. But now a day’s more attention is on the distribution system for the
improvement of power quality, these devices are modified and known as custom power devices. The main
custom power devices which are used in distribution system for power quality improvement are distribution
static synchronous compensator (DSTATCOM), dynamic voltage Restorer (DVR), active filter (AF), unified
power quality conditioner (UPQC) etc.

In this thesis work from the above custom power devices, DVR is used with Pl controller for the power
quality improvement in the distribution system. Here two different loads are considered, one is linear load and
the other is induction motor. Different fault conditions are considered with these loads to analyze the
operation of DVR to improve the power quality in distribution system.
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Il. THREE-PHASE SERIES INVERTER

A. Power Stage

The one-line diagram of the system is shown in Fig. 1. The power stage is a three-phase voltage source
inverter, which is connected in series to the grid and is responsible for compensating the voltage sags and
swells; the model of the series DVR and its controller is shown in Fig. 2. The inverter system consists of an
insulated gate bipolar transistor (IGBT) module, its gate-driver, LC filter, and an isolation transformer. The dc-
link voltage Vdc is regulated at 260 V for optimum performance of the converter and the line—line voltage Vab
is 208 V; based on these, the modulation index m of the inverter is given by

2v/2
V3Viekn
Where n is the turns ratio of the isolation transformer. Substituting n as 2.5 in (1), the required modulation index
is calculated as 0.52. Therefore, the output of the dc—dc converter should be regulated at 260 V for providing
accurate voltage compensation. The objective of the integrated UCAPDVR system with active power capability

is to compensate for temporary voltage sag (0.1-0.9 p.u.) and voltage swell (1.1-1.2 p.u.), which last from 3 s to
1 min [15].

i""ubl_'l'ntsl-- (1)
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B. Controller Implementation

There are various methods to control the series inverter to provide dynamic voltage restoration and
most of them rely on injecting a voltage in quadrature with advanced phase, so that reactive power is utilized in
voltage restoration [3]. Phase advanced voltage restoration techniques are complex in implementation, but the
primary reason for using these techniques is to minimize the active power support and thereby the amount of
energy storage requirement at the dc-link in order to minimize the cost of energy storage. However, the cost of
energy storage has been declining and with the availability of active power support at the dc-link, complicated
phase-advanced techniques can be avoided and voltages can be injected in-phase with the system voltage during
voltage sag or a swell event. The control method requires the use of a PLL to find the rotating angle. As
discussed previously, the goal of this project is to use the active power capability of the UCAP-DVR system and
compensate temporary voltage sags and swells.

Pyrias Qgria

Pioaty Qrona
= Vi T
6kVa
3p X'
208 V, 60 Hz » A 150
Lo, = £ =
=l
— H
&
I g-le} m-le}
1.2 mH
+ Y Y Y\,
3500 pF == ¥, AAAS
- [~
] i ] 120 yWF== =F ==
& s &
(e e —
Furia Qyeia Factnr

F- M- -

¥
Vinjza
pwm [€ -' q:»;‘,, Eqs2) | Va| integrated
module Vinj2 and(3 controller | Qi
Qe 0 e <
7
TMS320F28335 DSP-based controller Vae Vacsp Tuesp

Fig. 2. Model of three-phase series inverter (DVR) and its controller with integrated higher order controller.
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The inverter controller implementation is based on injecting voltages in-phase with the supply-side
line—neutral voltages. This requires PLL for estimating #, which has been implemented using the fictitious
power method described in [18].

Based on the estimated 6 and the line—line source voltages, Vab, Vbc, and Vca (which are available for this
delta-sourced system) are transformed into the d—q domain and the line— neutral components of the source
voltage Vsa, Vsb, and Vsc, which are not available, can then be estimated using
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111. UCAP AND BIDIRECTIONAL DC-DC CONVERTER

A. UCAP Setup

The choice of the number of UCAPs necessary for providing grid support depends on the amount of
support needed, terminal voltage of the UCAP, dc-link voltage, and distribution grid voltages. In this paper, the
experimental setup consists of three 48 V, 165F UCAPs (BMODO0165P048) manufactured by Maxwell
Technologies, which are connected in series. Therefore, the terminal voltage of the UCAP bank is 144 V and the
dc-link voltage is programmed to 260 V. This would give the dc—dc converter a practical operating duty ratio of
0.44-0.72 in the boost mode while the UCAP is discharging and 0.27— 0.55 in the buck mode while the UCAP is
charging from the grid through the dc-link and the dc—dc converter. It is practical and cost-effective to use three
modules in the UCAP bank.

Assuming that the UCAP bank can be discharged to 50% of its initial voltage (Vuc,ini) to final voltage
(Vuc,fin) from 144 to 72 V, which translates to depth of discharge of 75%, the energy in the UCAP bank
available for discharge is given by

Vac,ini® — Vac,fin”) 11/
( uc,ini & uec fin~ ) W — min
Fucap = 1/2%165/3x [1‘1‘12 - ?22) /60

= 7128 W — min.

—

I‘:L'C;’\P = 3 * O %
1/ (5)
7

B. Bidirectional DC-DC Converter and Controller

A UCAP cannot be directly connected to the dc-link of the inverter like a battery, as the voltage profile
of the UCAP varies as it discharges energy. Therefore, there is a need to integrate the UCAP system through a
bidirectional dc—dc converter, which maintains a stiff dc-link voltage, as the UCAP voltage decreases while
discharging and increases while charging. The model of the bidirectional dc—dc converter and its controller are
shown in Fig. 3, where the input consists of three UCAPs connected in series and the output consists of a
nominal load of 213.5 Q to prevent operation at no-load, and the output is connected to the dc-link of the
inverter. The amount of active power support required by the grid during a voltage sag event is dependent on the
depth and duration of the voltage sag, and the dc—dc converter should be able to withstand this power during the
discharge mode. The dc—dc converter should also be able to operate in bidirectional mode to be able to charge
or absorb additional power from the grid during voltage swell event. In this paper, the bidirectional dc—dc
converter acts as a boost converter while discharging power from the UCAP and acts as a buck converter while
charging the UCAP from the grid.

A bidirectional dc—dc converter is required as an interface between the UCAP and the dc-link since the
UCAP voltage varies with the amount of energy discharged while the dc-link voltage has to be stiff. Therefore,
the bidirectional dc—dc converter is designed to operate in boost mode when the UCAP bank voltage is between
72 and 144 V and the output voltage is regulated at 260 V. When the UCAP bank voltage is below 72 V, the
bidirectional dc—dc converter is operated in buck mode and draws energy from the grid to charge the UCAPs
and the output voltage is again regulated at 260 V.
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Fig. 3. Model of the bidirectional dc—dc converter and its controller.

Average current mode control, which is widely explored in literature [19], is used to regulate the output
voltage of the bidirectional dc—dc converter in both buck and boost modes while charging and discharging the
UCAP bank. This method tends to be more stable when compared to other methods such as voltage mode
control and peak current mode control. Average current mode controller is shown in Fig. 3, where the dc-link
and actual output voltage Vout is compared with the reference voltage Vref and the error is passed through the
voltage compensator C1(s), which generates the average reference current lucref .When the inverter is
discharging power into the grid during voltage sag event, the dc-link voltage Vout tends to go below the
reference Vref and the error is positive; lucref is positive and the dc—dc converter operates in boost mode. When
the inverter is absorbing power from the grid during voltage swell event or charging the UCAP, Vout tends to
increase above the reference Vref and the error is negative; lucref is negative and the dc—dc converter operates in
buck mode. Therefore, the sign of the error between Vout and Vref determines the sign of lucref and thereby the
direction of operation of the bidirectional dc—dc converter. The reference current lucref is then compared to the
actual UCAP current (which is also the inductor current) luc and the error is then passed through the current
compensator C2(s). The compensator transfer functions, which provide a stable response, are given by

23.81
: (6)
s
Cy(s) =315+ m“”. (7)
s

O (s) = 1L.67T+

IV SIMULINK MODEL OF THE TEST SYSTEM

The simulation of the proposed UCAP-integrated DVR system is carried out in PSCAD for a 208 V,
60-Hz system where 208 V is 1 p.u. The system response for a three-phase voltage sag, which lasts for 0.1 s and
has a depth of 0.84 p.u., is shown in Fig. 4(a)—(e). It can be observed from Fig. 4(a) that during voltage sag, the
source voltage Vsrms is reduced to 0.16 p.u. while the load voltage VLrms is maintained constant at around 0.9
p.u. due to voltages injected in-phase by the series inverter.

This can also be observed from the plots of the line—line source voltages [Vsab, Vsbc, Vsca; Fig. 4(b)],
the line—line load voltages [VLab, VLbc, VLca; Fig. 4(c)], and the line—neutral injected voltages of the series
inverter [Vinj2a, Vinj2b, Vinj2c; Fig. 4(d)]. Finally, it can be observed from Fig. 4(e) that Vinj2a lags Vsab by
30°, which indicates that it is in-phase with the line—neutral source voltage Vsa. In Fig. 5(a), plots of the
bidirectional dc—dc converter are presented and it can be observed that the dc-link voltage Vfdc is regulated at
260 V, the average dc-link current Idcinkav and the average UCAP current lucav increase to provide the active
power required by the load during the sag. Although the UCAP is discharging, the change in the UCAP voltage
Ecap is not visible in this case due to the short duration of the simulation, which is due to limitations in PSCAD
software. It can also be observed from the various active power plots shown in Fig. 5(b) where the power
supplied to the load Pload remains constant even during the voltage sag when the grid power Pgrid is
decreasing. The active power deficit of the grid is met by the inverter power Pinv, which is almost equal to the
input power to the inverter Pdc_n available from the UCAP. Therefore, it can be concluded from the plots that
the active power deficit between the grid and the load during the voltage sag event is being met by the integrated
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UCAP-DVR system through the bidirectional dc—dc converter and the inverter. Similar analysis can also be
extended for voltage sags, which occur in one of the phases (a, b, or ¢) or in two of the phases (ab, bc, or ca).
However, the active power requirement is greatest for the case where all the three phases ABC experience
voltage sag.

The system response for a three-phase voltage swell, which lasts for 0.1 s and has a magnitude of 1.2
p.u., is shown in Fig. 6(a)—(e). It can be observed that during voltage swell, the source voltage Vsrms increases
to 1.2 p.u., whereas the load voltage VLrms is maintained constant at around 1 p.u. due to voltages injected in-
phase by the series inverter. This can also be observed from the plots of the line—line source voltages [Vsab,
Vsbc, Vsca; Fig. 6(a)], the line—line load voltages [VLab, VLbc, VLca; Fig. 6(b)], and the line—neutral injected
voltages of the series inverter [Vinj2a, Vinj2b, Vinj2c; Fig. 6(c)].

Finally, it can be observed that Vinj2a lags Vsab by 150, which indicates that it is 180 out of phase
with the line—neutral source voltagt? Vsa as required by the in-phase control algorithm.
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Fig. 4. (2) Source and load RMS voltages Vsrms and VI:Frhs during sag.(b) Source voltages Vsab (blue), Vshc

(red), and Vsca (green) during sag.(c) Load voltages VLab (blue), VLbc (red), and VLca (green) during sag.(d)

Injected voltages Vinj2a (blue), Vinj2b (red), and Vinj2c (green) during sag.(e) Vinj2a (green) and Vsab (blue)
waveforms during sag.

In Fig. 7(a), plots of the bidirectional dc—dc converter are presented and it can be observed that the dc-

link voltage Vfdc is regulated at 260 V, the average dc-link current Idcinkav and the average UCAP current
lucav change direction to absorb the additional active power from the grid into the UCAP during the voltage
swell event. The overshoot in lucav and Idclnkav during startup at 0.1 s and during mode changes at 0.15 and
0.35 s is due to the mismatch between the breaker action and the compensator action in PSCAD, which is a
modeling problem present in the simulation results.
Again, due to PSCAD limitations, which restrict the duration of the simulation, the increase in Ecap due to
charging of the UCAP during the voltage swell is not visible. This can also be observed from various active
power plots where the power supplied to the load Pload remains constant even during the voltage swell when
the grid power Pgrid is increasing.

It can be observed from the inverter power Pinv and inverter input power Pdc_in plots that the
additional active power from the grid is absorbed by the inverter and transmitted to the UCAP. Therefore, it can
be concluded from the plots that the additional active power from the grid during the voltage swell event is
being absorbed by the UCAP-DVR system through the bidirectional dc—dc converter and the inverter.
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Fig. 6. (a) Source and load rms voltages Vsrms and VLrms during swell. (b) Source voltages Vsab (blue), Vshc
(red), and Vsca (green) during swell. (c) Load voltages VLab (blue), VLbc (red), and VLca (green) during swell.
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waveforms during swell.
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Fig. 7. () Currents and voltages of dc—dc converter duriﬁg swell. (b) Active and reactive power of grid, load,
and inverter during a voltage swell.

CONCLUSION

In this work, a fast and cost effective Dynamic Voltage Restorer (DVR) is proposed for mitigating
the problem of voltage sag or dip and other fault conditions in industrial distribution systems, specially
consisting of the induction motor load. A controller which is based on feed foreword technique is used which
utilizes the error signal which is the difference between the reference voltage and actual measured load
voltage to trigger the switches of an inverter using a Pulse Width Modulation (PWM) scheme. Here,
investigations were carried out for various cases of load at 11kv feeder. It is clear from the results that the
power quality of the system with induction motor as load is increased in the sense that the THD and the
amount of unbalance in load voltage are decreased with the application of DVR. The effectiveness of DVR
using PI controller is established both for linear static load and induction motor load.

In this paper, the concept of integrating UCAP-based rechargeable energy storage to the DVR system

to improve its voltage restoration capabilities is explored. With this integration, the DVR will be able to
independently compensate voltage sags and swells without relying on the grid to compensate for faults on the
grid. The UCAP integration through a bidirectional dc—dc converter at the dc-link of the DVR is proposed.
The power stage and control strategy of the series inverter, which acts as the DVR, are discussed. The control
strategy is simple and is based on injecting voltages in-phase with the system voltage and is easier to
implement when the DVR system has the ability to provide active power. A higher level integrated
controller, which takes decisions based on the system parameters, provides inputs to the inverter and dc—dc
converter controllers to carry out their control actions. Designs of major components in the power stage of
the bidirectional dc—dc converter are discussed.
Average current mode control is used to regulate the output voltage of the dc—dc converter due to its
inherently stable characteristic. The simulation of the UCAP-DVR system, which consists of the UCAP, dc—
dc converter, and the grid-tied inverter, is carried out using PSCAD. Hardware experimental setup of the
integrated system is presented and the ability to provide temporary voltage sag and swell compensation in all
three phases to the distribution grid dynamically is tested. Results for transient response during voltage
sags/swells in two phases will be included in the full-version of this paper. Results from simulation and
experiment agree well with each other thereby verifying the concepts introduced in this paper. Similar
UCAPbased energy storages can be deployed in the future on the distribution grid to respond to dynamic
changes in the voltage profiles of the grid and prevent sensitive loads from voltage disturbances.

REFERENCES
[1]. C. Sankaran “Power Quality”, CRC Press 2002.
[2]. K.R. Padiyar “Facts controllers in power transmission and distribution” new age international (P)

Ltd publishers, 2007.

[3]. N.G. Hingorani, Flexible AC Transmission",IEEE Spectrum, vol. 30, pp. 40-44,1993.

[4]. N.G. Hingorani and L Gyugyi, Understanding FACTS — Concepts and Technology of Flexible AC
Transmission Systems, IEEE Press, New York, 2000.

[5]. N.G. Hingorani, “Introducing Custom Power", IEEE Spectrum, vol. 32, pp. 41-48, 1995.

[6]. Guide for Application of Power Electronics for Power Quality Improvement on
Distribution Systems Rated 1 kV to 38 kV, IEEE P1409 Distribution Custom Power Task Force,
2003.

[7]. Masoud Aliakbar Golkar, “Power Quality in Electric Networks: Monitoring and Standards” the
second world engineering conference, pp. 137-141 July 2002.

[8]. Michael D. Stump, Gerald J. Keane “The role, of custom power products in enhancing power quality

at industrial facilities”, Energy Management and Power Delivery, vol. 2, pp. 507-517, International

www.ijlemr.com 398 | Page



International Journal of Latest Engineering and Management Research (IJLEMR)
ISSN: 2455-4847
www.ijlemr.com || REETA-2K16 || PP. 392-399

[9].

[10].

[11].

[12].

[13].
[14].

[15].

[16].

[17].

[18].

[19].

[20].
[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

Conference 1998.

D. Daniel Sabin, Senior Member, IEEE, and Ambra Sannino, IEEE “A Summary of the Draft IEEE
P1409 Custom Power Application Guide” Transmission and Distribution Conference and Exposition,
IEEE PES, vol. 3, pp. 931-936, 2003.

C. Alvarez, J. Alamar, A. Domijan Jr., A. Montenegro, and Song, “An investigation toward new
technologies and issues in power quality,” in Proc. 9th Int. Conf. Harmon. Qual. Power, vol. 2, pp.
444-449, 2000.

Yash Pal, A. Swarup, Senior Member, IEEE, and Bhim Singh, Senior Member, IEEE “A Review of
Compensating Type Custom Power Devices for Power Quality Improvement” IEEE Power India
Conference, pp. 1-8, 2008.

Bingsen Wang, Giri Venkataramanan and Mahesh Illindala, “Operation and Control of a Dynamic
Voltage Restorer Using Transformer Coupled H-Bridge Converters”, IEEE transactions on power
electronics, vol. 21, pp. 1053-1061, July 2006.

R. Ibrahim, A.M.A. Haidar, M. Zahim, “The effect of DVR location for enhancing voltage sags”
Intelligent and Advanced Systems (ICIAS), International Conference pp. 1-4, 2010.

S. S. Choi, B. H. Li, and D. D.Vilathgamuwa, “Dynamic Voltage Restoration with Minimum Energy
Injection,” IEEE Trans. Power Syst, vol. 15, pp. 51-57, Feb. 2000.

Fawzi AL Jowder “Modeling and Simulation of Different System Topologies for Dynamic Voltage
Restorer” Electric Power and Energy Conversion Systems, EPECS '09. International Conference,
IEEE, pp. 1-6, 2009.

John Godsk Nielsen and Frede Blaabjerg “Control Strategies for Dynamic Voltage Restorer
Compensating Voltage Sags with Phase Jump”, Applied Power Electronics Conference and
Exposition, IEEE, vol. 2, pp. 1267-1273, 2001.

M. H. Haque, "Compensation of Distribution System Voltage Sag by DVR and DSTATCOM", IEEE
Porto Power Tech Conference, vol. 1, 2002.

M A Hannan and A Mohamed, “Modeling and Analysis of a 24- Pulse Dynamic Voltage Restorer in a
Distribution System”, Student Conference on Research and Development proceedings, Shah Alam,
Malaysia, pp. 192-195, 2002.

D.N.Katole Research scholar: Department of Electrical Engg. G.H.Raisoni College of engineering
Nagpur, Maharashtra, India. “Analysis and Mitigation of Balanced Voltage Sag with the Help of
Energy Storage System” ICETET pp. 317-321, 2010.

H.P. Tiwari and Sunil Kumar Gupta “Dynamic Voltage Restorer against Voltage Sag” International
Journal of Innovation, Management and Technology vol. 1, no. 3, pp. 232- 237, 2010.

Francisco Jurado, Member, IEEE, and Manuel Valverde University of Jaen, “Fuzzy logic control of a
dynamic voltage restorer” IEEE-ISIE, vol. 2, pp. 1047-1052, 2004

Paisan Boonchiaml, Nadarajah Mithulananthan, Rajamangala University of Technology Thanyaburi
Thailand, “Detailed Analysis of Load Voltage Compensation for Dynamic Voltage Restorers”
TENCON, IEEE region 10 conference, pp. 1-4, 2006.

A.Teke K.Bayindir M.Tumay Department of Electrical and Electronics Engineering, Cukurova
University, Adana, Turkey “Fast sag/swell detection method for fuzzy logic controlled dynamic
voltage restorer” generation transmission and distribution IET, vol. 4, pp. 1-12, 2010.

B. Ferdi, S. Dib, R.Dehini University of Bechar,Algeria. “Adaptive PI Control of Dynamic Voltage
Restorer Using Fuzzy Logic” Journal of Electrical Engineering: Theory and Application Vol.1, pp.
165-173, 2010.

P.Ajay-D-Vimal Raj, M.Sudhakaran, S.Senthil Kumar, Sapta Rishi Roy, T.G.Palanivelu “multi level
inverter based dynamic voltage restorer with pi and fuzzy logic controller” NSC, pp. 65-70,
December 2008.

G. Yalcinkaya, M.J.H Bollen, P.A Crossley, “characterization of voltage sags in industrial
distribution system”, IEEE transaction on industrial applications, vol.34, pp. 682-688 july- aug. 1998.
C.S Chang, Y.S Ho, “The Influence of Motor Loads on the Voltage Restoration Capability of the
Dynamic Voltage Restorer”.Power System Technology, Proceedings, PowerCon, International
Conference, vol. 2, pp. 637-642, 2000.

M.J.H Bollen, Centre for Electr. Energy, Univ. of Manchester Inst. of Sci. & Technol.  “The
influence of motor reacceleration on voltage sag” Industry Applications vol. 31 no. 4, IEEE
Transactions on Jul/Aug 1995.

H.P. Tiwari, Sunil Kumar Gupta, Ramesh Pachar “Study of Major Issues and Their Impact on DVR
System Performance” International Journal of Computer and Electrical Engineering, Vol. 2, No. 1,
February,

www.ijlemr.com 399 | Page



