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ABSTRACT: This paper presents a new system for integration of a grid-connected photovoltaic (PV) system together
with a self supported dynamic voltage restorer (DVR). The proposed system termed as a “six-port converter,”
consists of nine semiconductor switches in total. The proposed configuration retains all the essential features of
normal PV and DVR systems while reducing the overall switch count from twelve to nine. In addition, the dual
functionality feature significantly enhances the system robustness against severe symmetrical/asymmetrical grid faults
and voltage dips. A detailed study on all the possible operational modes of six-port converter is presented. An
appropriate control algorithm is developed and the validity of the proposed configuration is verified through
extensive simulation as well as experimental studies under different operating conditions.

KEYWORDS: Power quality, bidirectional power flow, voltage control, distributed power generation, photovoltaic
(PV) systems, dynamic voltage restorer (DVR).

|.INTRODUCTION

With the fast depletion of conventional energy resources and increasing environmental concerns has made
renewable energy resources, such as photovoltaic (PV) and wind, progressive sources of electric power generation.
Photovoltaic (PV) energy generation provides many advantages such as being harmless for the environment and
renewable. This photovoltaic (PV) power supplied to the utility grid nowadays is gaining more and more visibility, as
the world’s power demand is increasing.Furthermore, grid-connected PV(GPV) energy generation represents a
renewable energy-growing alternative that is becoming more competitive due to the new favorable Governmental laws
and policies as recently introduced. Since power generated by a PV source is principally dc, it requires a dc—ac
inversion stage for grid-connected operation. Solid-state inverters have been shown to be the enabling technology for
putting PV systems into the grid. The control strategy is essential for the maximum dc power extraction and its proper
transfer to the grid. Inverter interfacing PV module(s) with the grid involves two major tasks. First one is to ensure that
the PV module(s) is operated at the maximum power point (MPP).This control strategy needs to fulfil the following
objectives:

1) The proper conversion of the dc input power into an ac output current that has to be injected to the grid. This current
has to exhibit low harmonic contents and must be in phase with respect to the grid voltage to perform the power
transfer at unity power factor.

2) The capacitor’s voltage regulation to a value that assures maximum power extraction from the PV array.

The main component of a grid-connected PV system is generally the three phase voltage source inverter
(VSI) having six switches in total. Its primary function is to enhance the injected active power through maximum
power point tracking (MPPT) control of PV array. On the other hand, with the increased penetration of sensitive loads,
the power quality issues in the modern distribution system have significantly increased. Most frequent and serious
disturbances in the grid voltage are sags, swells, and faults. To maintain uninterrupted voltage at load terminals,
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various custom power devices are used among which DVR is considered as the most effective and comprehensive
solution.

The proposed configuration for integrating a conventional grid-connected PV system self supported DVR is
proposed. The proposed configuration exhibits all the functionalities of existing PV and DVR system as well as
enhances the DVR operating range. It allows DVR to utilize active power of PV plant and thus improves the system
robustness against the severe grid faults. The proposed configuration could be very useful for modern load centers
where on-site PV generation and strict voltage regulation are required. System will be modeled using
MATLAB/SIMULINK.

It is likely that the modern load centers would be equipped with on-site PV generation unit(s) as well as
custom power device(s) for critical load protection. Fig. 1 shows such a system configuration where a grid-connected
PV plant injects active power through six-switch VSI (PV-VSI) while self-supported DVR performs voltage sag
compensation for sensitive loads using second six-switch VSI (DVR-VSI). During the occur rence of fault/deep
sag at the point of common coupling (PCC), these independent PV and DVR systems face major operational
limitations. In this scenario, the self-supported DVR can no longer maintain the rated load voltage due to finite
energy in dc-link capacitor. Similarly, the active power produced by PV plant cannot be supplied to the grid. One
possible solution for DVR s to keep the dc-link capacitor charged at rated value through a shunt rectier connected at
load side. However, this configuration faces large VA loading of DVR-VSI, which must be rated for both load and
shunt rectifier VA. Another way to enhance the DVR performance is to replace the dc-link capacitor with a battery
energy storage system. Although, it does not affect DVR rating but incurs additional battery maintenance issues. The
VA rating of centralized PV inverter depends on the installed capacity of PV solar panels. This inverter VA is
generally underutilized due to intermittent nature of solar power especially during late evening hours, night hours,
and early morning hours where it remains idle. On the other hand, the DVR VA rating is typically 20%—-40% of
the total load VA loading. The DVR inverter also has low-utilization factor as the voltage disturbance is a short
duration power quality issue and does not occur frequently.

By combining the above two applications, in this paper, a new six-port converter-based system configuration is
proposed for integrating on-site PV generation unit and DVR as shown in Fig.2. The proposed configuration
eliminates the requirement of two separate inverters for PV and DVR applications, reduce the switch count of
conventional system by 25% and most importantly overcomes the above mentioned operational limitations
associated with conventional PV and DVR systems.

The proposed configuration could be very useful for low to medium power load centers/factories with sensitive
loads and considerable onsite pv generation capacity (more than 50% of the load requirement). under this
consideration, the VA rating of PV system will govern the overall VA rating of six-port converter, which means
that equally rated (as of PV system) DVR is available for load voltage regulation. In the literature, the six-port
converter is reported as a replacement of traditional back to back converters for dual motor drives, rectifier-
inverter systems, uninterruptible power supplies, UPQC , and for microgrid applications. Fault ride through
enhancement of DFIG- based wind energy conversion system using nine switch-based converter is also reported
recently. Nevertheless, the proposed configuration of Fig. 2 retains all the essential features of traditional 12 switch
system in Fig. 1. It replaces the two dissimilar VSIs with one integrated converter while reducing the overall
semiconductor count, gate drive, and control circuitry (by 25%). Furthermore, the configuration allows bidirectional
active power flow between six-port converter, PV plant, and utility grid, a feature that provides seamless sag
compensation to protect sensitive loads during severe voltage dips at PCC. The proposed work is evaluated by
detailed simulation study and finally, validated experimentally.
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Fig.1 On-site PV generation and sensitive load protection using self-supported DVR system.
II.LITERATURE SURVEY

Abdul Mannan Rauf, member of IEEE, and Vinod Khadkikar, member of IEEE in their IEEE transaction
paper title, “Integrated Photovoltaic and Dynamic Restorer System Configuration” in this paper a new system
configuration for integrating a grid-connected photovoltaic (PV) system together with a self-supported dynamic voltage
restorer (DVR). In this literature, the six port converter is reported as a replacement of traditional back to back
converters for dual motor drives, rectifier-inverter systems, uninterruptible power supplies, UPQC, and for microgrid
applications. They have proposed the system terming as a “six port converter”, consisting of nine semiconductor
switches in total [1]. M. Ramasamy and S. Thangavel in their journal of science engineering title, “Optimal Utilization
of PV Solar System as DVR (PV-DVR) for a Residence or Small Industry” in this journal the simulation of PV array
operated DC-DC boost converter fed DVR has been carried out for balanced and unbalanced voltage variation
compensation in the distribution system. In addition to the voltage regulation they stated that the DVR reduces the
energy consumption and potential panel tariff around 2900 $ per year. The control of DVR is achieved by using
minimal energy injection technique. The obtained THD value of load voltage is below permissible limit of 5%. Thus,
they have mainly aimed to reduce the energy consumption of three-phase utility grid [2]. Mrs. Ramalakshmi and Mrs.
Jerril Gilda, “Grid Connected PV/Wind (GCPW) Hybrid System with Improved Power Quality,” in International
Journal of Advanced Research in Electrical, Electronics and Instrumentation Engineering has proposed a Photovoltaic
based Dynamic Voltage Restorer to handle voltage sag and swells which are the major problems in Power Quality.
Grid Connected Photovoltaic/Wind turbine (GCPW) hybrid system can be used to supply continuous power to the
loads. It is observed that the extraction of the maximum power from PV array is obtained using MPPT system. The
MPPT algorithm has been implemented. Photovoltaic based Dynamic Voltage Restorer has been configured of PV
system with low and high power DC-DC Boost Converter, PWM Voltage Source Inverter, Series injection transformer
and semiconductor switches [3]. G. D. Rai, author of standard book title, "Non Conventional Energy Sources By
Khanna Publication, Delhi, Fourth Edition " in this book author explain the basics of photovoltaic panel [8]. B.H.
Khan, author of standard book title “Non-Conventional Energy Sources, “Tata McGraw -Hill Publishing Company
Limited, New Delhi, Second Edition” in this book author explain the basics of solar energy and its characteristic in
simple way [9]. Arindam Ghosh, author of standard book title “Power Quality Enhancement Using Custom Power
Devices by Springer Publication, New York, 2002 Edition,” in this book author has explained in detail about the
characteristics and structure of Dynamic Voltage Restorer [10].
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111. STANDARDS FOR THE INTERCONNECTION OF PHOTOVOLTAIC SYSTEM TO THE GRID

The IEEE [10] and the IEC [8] standards put limitations on the maximum allowable amount of injected dc current
into the grid. The purpose of limiting the injection is to avoid saturation of the distribution transformers [7]. However,
the limits are rather small (0.5% and 1.0% of rated output current), and such small values can be difficult to measure
precisely with the exciting circuits inside the inverters. This can be mitigated with improved measuring circuits or by
including a line-frequency transformer between the inverter and the grid. Some inverters use a transformer embedded in
a high-frequency dc—dc converter for galvanic isolation between the PV modules and the grid. This does not, however,
solve the problem with dc injection, but makes the grounding of the PV modules easier. Table | gives the standards for
interconnecting Photovoltaic system with the grid.

IV. PROPOSED INTEGRATED PV-DVR SYSTEM CONFIGURATION

The proposed system configuration is shown in Fig. 2. In this configuration, nine semiconductor switches are
used to realize PV and DVR operations simultaneously. The main difference between the proposed configuration and
the system given in Fig. 1 is the dual output six-port converter whose six out-ports is divided into two set of outputs.
The left three ports connected to PCC are designated as the output of PV-VSI, whereas the right three ports {x,y,z}
are designated as output of DVR-VSI. Here consider the switches with its numbering. Switches S4—-S6 are shared
between PV and DVR VSiIs. Based on the grid condition and PV plant status, the six-port converter can operate in one
of the various operational modes as given in the Table II.

ISSUES IEC61727 [8] IEEE1547 [10] EN61000-3-2 [9]
Nominal Power 10 kw 30 kW 16 A*230V =3.7
kW
Harmonic Currents (3-9) 4% (2-10) 4% (3) 2.30A
(Order-h) Limits (11-15) 2% (11-16) 2% (5) 1.14A
(17-21) 1.5% (17-22) 1.5% (7)0.77A
(23-33) 0.6% (23-34) 0.6% (9)0.40A
(>35) 0.3% (11)0.33A
(13)0.21A

(15-39)2.25/h

Even harmonics in these ranges shall be less than 25% of the odd harmonic

Approximately 30% of

limits listed. harmonics
Maximum Current -
THD
pf at 50%of rated 0.90 -
power
DC current injection Less than 1% of rated output current | Less than 0.5% of rated output current | <0.22 A corresponds
to a 50W half wave
rectifier

Voltage range for
normal operation

85%-110%
(196 V - 235 V)

88%-110%
(97 V- 121 V)

Frequency range for
normal operation

50 +1Hz

59.3 Hzt0 60.5 Hz

Table | — IEEE Standards for interconnecting Photovoltaic system with the grid
A. Mode-1 (Healthy Grid Mode)

Mode-1 reflects the normal operation of six-port converter when the grid voltage is at nominal value and
PV plant is operating at standard atmospheric condition (SAC). During Mode-1, PV-VSI injects the active power
generated by PV plant in the grid while DVR-VSI remains inactive as the grid is healthy.
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B. Mode-2 (Fault Mode)

Mode-2 corresponds to a condition when there is a three-phase fault at PCC. During this mode, PV-VSI
remains inactive while DVR-VSI injects the maximum compensating voltages (V anc*).-

C. Mode-3 (Sag Mode)

Mode-3 considers the operation of six-port converter during voltage sag at PCC. In this mode, the DVR-VSI
performs the pre-sag compensation to avoid premature tripping of critical load due to large phase jump. Since the grid
voltage is nonzero, the PV plant contributes to inject limited active power based on the maximum current capacity, i.e.,
both DVR and PV-VSI (all nine switches) are active during Mode-3.

D. Mode-4 (No PV Generation)

Mode-4 corresponds to the operation of six-port converter when PV plant does not provide any active power
and remains inactive (during early morning hours, late evening hours, fully cloudy day, and throughout night hours). In
the absence of PV plant, the role of PVV-VSI is reversed. It remains idle as long as the grid is operating at rated voltage
and draws active power from grid during sag intervals to keep the dc-link capacitor charged at rated value.

In the case of severe or deeper sag depths where the current requirement exceeds the switch current rating, the
dc-link regulation cannot be performed.
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Fig.2. Proposed configuration of integrated PV and DVR systems

V. OPERATING PRINCIPLE AND MODULATION SCHEME FOR SIX-PORT CONVERTER

The six-port converter has three switches shared between PV and DVR-VSIs. It, therefore, faces restriction on
the allowable switching states. The two output ports on the same leg can have four possible connections.
1) Both outputs connected to +V,. (for phase-a: S;-ON, S;-ON, and S;-OFF);
2) both to 0 V (for phase-a: S;-OFF, S;-ON, and S;-ON);
3) left port to +V. and right port to 0 V (for phase-a: S;-ON, S;-OFF, and S;-ON); and
4) left port to 0 V and right port to +Vy. (for phase-a: S;-ON, S;-ON, and S;-ON).
The last combination, however, cannot be realized as it will result in direct short-circuiting of dc link. To
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achieve modulation, both the reference signals are compared with a common carrier for generating the gate pulses. In
the common carrier band, the modulation reference signal of left port is placed above that of right using third harmonic
injection method with no impact on output (line voltages) of six-port converter. To prevent the dc-link short circuit
(due to combination 4), the crossover between two modulating reference signals should be avoided.

Two types of operations of six-port converter are possible to overcome the aforementioned limitation.

1) Equal frequency (EF)operation, where both set of outputs (i.e., Vpv.ane and Vgu.xyz) Must operate at same frequency
with small inter phase difference.

2) Variable frequency (VF) operation, of both set of outputs. This operation is more flexible as there is no constraint on
the output frequency and could be useful for harmonic compensation. However, the sum of modulation references for
left and right port must not exceed unity. VF operation requires doubling of dc-link voltage to prevent reference
crossover.

During the normal mode, PV-VSI injects active power into grid while DVR-VSI is idle (Mode-1). The
modulation index is unity for PV-VSI and zero for DVR-VSI. During sag (Mode-3) the PV-VSI continues to inject
active power similar to Mode-1, but at a reduced modulation index, as the PCC voltage is reduced due to voltage sag.
This facilitates the DVR-VSI to attain higher modulation index (required to compensate the sag). The increase in DVR-
VSI reference is always accompanied by the corresponding decrease in PV-VSI reference and hence the crossover does
not happen. Thus, the proposed configuration naturally overcomes the limitation of reference crossover.

Mode PV Status Grid Condition Six Port Converter Operation
PV-VSI DVR-VSI
1 Active Healthy Active Idle
Vieepu =1 (Ppv.vsi>0) (PQovr-vsi =0)
2 Active Fault Idle Active
Vpcc—pAuzO (Pev.vsi =0) (PQovr-vsi =PQLoaD)
3 Active Sag Active Active
0.1<Vpeepu <0.95 (Ppv.vsi>0) (PQovr-vsi <PQLoap)
4 Inactive Any of the above three Active Active
(Ppv.vsi <0)

Table Il - Proposed configuration of integrated PV and DVR systems: Different modes of operation

VI. PROPOSED TOPOLOGY

PARAMETERS VALUES
Grid Voltage (L-L) (rms) Vpase 415V
Line Frequency 50 Hz
Nominal PV power (Base kVA) 10 kVA
Nominal Load Power 10 kVA
Nominal Load Power Factor 0.8 lagging
DC Link Voltage 700 V
DC Link Capacitance 3000 pF
Maximum Shunt Current, (Ish-max) 20 A
Series transformer rating/turns ratio 10 KVA/L:1
Filter inductor L¢and capacitance C¢ 5 mH and 50 pF
Grid Impedance Zjine 0.5 +j0.05Q

TABLE Il - SYSTEM PARAMETERS USED FOR SIMULATION STUDY

To achieve the above operation in the proposed configuration, the pulse width modulation (PWM) technique is
used. The switching operation is as given in the Table II. The Simulink model in MATLAB provides a graphical user

Copyright to JIRSET

DOI:10.15680/1JIRSET.2015.0506067 10015




ISSN(Online): 2319-8753
ISSN (Print): 2347-6710

International Journal of Innovative Research in Science,
Engineering and Technology
(AN 1SO 3297: 2007 Certified Organization)

Vol. 5, Issue 5, May 2016

interface, user can call the standard library module from where the necessary blocks and components are selected and
are properly connected to form the dynamic system model.

VII. CONCLUSIONS

The proposed configuration is the integration of a conventional grid-connected PV system and a self supported
DVR. The proposed work exhibits all the functionalities of existing PV and DVR system as well as enhances the DVR
operating range. It lets DVR to utilize active power of PV plant and thus improves the system robustness against severe
grid faults. The proposed integration can operate in different modes based on the grid condition and PV power
generation. The modes discussed here are the healthy mode, sag mode, and PV inactive mode. The simulation study
demonstrates the effectiveness of the proposed configuration and its practical feasibility to perform under different
operating conditions. The proposed configuration can be very useful for modern load centers where on-site PV
generation and strict voltage regulation are required.
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