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Abstract

To design an Interline Dynamic Voltage Restorer using Z-source inverter
which is able to compensate voltage sag and voltage regulation at critical load
terminals. The converter is composed with the minimum number of switching
devices and will be controlled to achieve a high reliability and robustness
during transient and steady state operating condition. The converter is
connected between AC mains and load through a series transformer. The
Interline Dynamic Voltage Restorer (IDVR) consists of several DVRs
connected in different distribution feeders in the power system. The DVRs in
the IDVR system share common energy storage. When one of the DVR
compensates for voltage sag compensation mode appearing in that feeder,
other DVRs replenish the energy in the common DC-link dynamically. Thus,
one DVRs in the IDVR system works in voltage sag compensation mode
while other DVRs in the IDVR system operate in power flow control mode.
This paper proposes compensation as PI controller and Hysteresis controller.
The hysteresis controller is most efficient with comparison of PI controller.

Keywords: Hysteresis controller, Interline DVR, Power quality, PI controller,
Z-Source Inverter.

Introduction
Ongoing expansion and growth of electric utility, loads are becoming more sensitive
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with either short-term or long-term voltage disturbances in the form of voltage sags.
This problem to be overcome by several novel techniques to mitigation of voltage sag,
swell and harmonics content. The Interline Dynamic voltage restorer using Voltage
Source inverter (VSI) [1] [2], is injecting ac voltage with series injecting transformer
with a inverter. Custom power is a technology-driven product and service solution
which embraces a family of devices to provide power-quality enhancement functions.
Among the several novel custom-power devices, the dynamic voltage restorer (DVR)
[3] [4] is the most technically advanced and economical device for voltage-sag
mitigation in the distribution systems. The traditional inverter problems are overcome
by introduction of Z-source inverter (ZSI). Z-source inverter [8] [10] [11] overcomes
the conceptual and theoretical barriers and limitations of the traditional voltage-source
converter (abbreviated as V-source converter) and current-source converter
(abbreviated as I-source converter) and provides a novel power conversion concept.
The conventional DVR [4] functions by injecting ac voltages in series with the
incoming three-phase network, the purpose of which is to improve voltage quality by
adjustment in voltage magnitude, wave shape, and phase shift. These attributes of the
load voltage are very important as they can affect the performance of the protected
load. Voltage injection with an appropriate phase advance with respect to source side
voltage can reduce the energy consumption [3]. However, the energy requirement
cannot be met by the application of such phase-advance technique alone for
mitigating deep voltage sag of long duration, as it is merely a way of optimizing
existing energy storage. If the dc link of the DVR can be replenished dynamically by
some means, the DVR will be capable of mitigating deep sags with long durations.

This paper provides a way to replenish the energy in the common dc-link energy
storage dynamically using z-source inverter. The z-source inverter is operated at an
either buck or boost mode. The IDVR system consists of several DVRs protecting
sensitive loads in different distribution feeders emanating from different grid
substations, and these DVRs share a common dc link. The interline power-flow
controller (IPFC) proposed in [5] addresses the problem of compensating a number of
transmission lines at a given substation. The IPFC scheme provides a capability to
transfer real power directly between the compensated lines, while the reactive power
is controllable within each individual line.

The control system of a DVR plays an important role, with the requirements of
fast response in the face of voltage sags and variations in the connected load.
Generally, there are two control schemes, open loop [5] and closed loop [6], which is
used in the DVR applications. This paper presents an extensive analysis to develop
suitable control strategies for the DVRs in the IDVR scheme. The proposed IDVR
control system consists of a PI controller and hysteresis controller for a individual
DVR with comparison result using Matlab / Simulink. It mainly focuses on replacing
the voltage source inverter with Z-source inverter as its advantages are described in
further sections.

Basic Operation of IDVR
The Interline Dynamic voltage restorer (IDVR), which is installed between the supply
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and critical load; can restore the load voltage to the pre-fault voltage during voltage
sag. The IDVR consists of several DVRs connected a different distribution feeders in
the power system. The DVRs in the IDVR system share common energy storage
between the feeders. When one of the DVR compensates for voltage sag
compensation mode appearing in that feeder, the other DVRs replenish the energy in
the common DC-link dynamically. Due to these factors and as the two feeders of the
IDVR system in Fig. 1 are connected to two different grid substations, it is reasonable
to assume that the voltage sag in Feeder 1 would have a lesser impact on Feeder 2. To
restore load voltage, DVR should inject the equivalent of dropped voltage, which
represents the voltage difference between the pre-fault and fault voltage through
series connected transformer. Voltage restoration of DVR needs to inject active power
and energy from DVR to distribution system. However, the capability of energy
storage that usually consists of capacitors in DVR is limited. Therefore, it must be
considered how the injection energy can be minimized and the load voltage can be
made close to the pre-fault voltage.

The design of the DVR allows real and reactive power to be either supplied or
absorbed when operating. If a small fault occurs on the protected system, then the
DVR can correct it using only reactive power generated internally. For correction of
large faults, the DVR may be required to develop real power. To enable the
development of real power an energy storage device must be used; currently the DVR
design uses a capacitor bank. Once the fault has been corrected and the supply is
operating under normal conditions, the DVR replenishes the energy expended from
the healthy system. The rating (in terms of energy storage capabilities) of the
capacitor bank is dependent upon system factor such as the rating of the load that
protects and the duration and depth of anticipated sags. When correcting large sag
(using real power), the power electronics are fed from the capacitor bank via a Z
source inverter circuit.

i "1 sensitive load 1

Viz

11Kv V. sensitive load 2
©
— Feeder 2

Figure 1: Schematic diagram of an IDVR with two feeder system.
The Interline Dynamic voltage restorer (IDVR) is to be providing a
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comprehensive power flow control scheme for multi-line transmission system, in
which two or more line employ using Z-source inverter for series compensation. The
IDVR scheme has the capability to transfer real power between the compensated lines
in addition to executing the independent and controllable reactive power
compensation of each line. This capability makes it possible to equalize both real and
reactive power flow between the lines, to transfer power demand from overloaded to
under-loaded lines to compensate against resistive line voltage drops and the
corresponding reactive line power and to increase the effectiveness of the
compensating system for dynamic disturbance like transient stability.

\ L Vb2

Figure 2: Phasor Diagram of feeder 2 for real-power transfer.

Mathematical formulation for IDVR system

From fig.2 shows phasor diagram for real-power transfer between the two feeders, V,
to be a source voltage from the feeder 2,Vy, as bus voltage and then injecting voltage
Vin2. When interline DVR system is to be injected by dynamically with Z-source
inverter and it’s formed by mathematical formulation of real power exchange between
the two feeder 1 and 2. The equation based on two case 2 is written as,

Case (1)

Real power exchange between two feeders,

Feeder 2,

Peo=3Vpplp [ cos(Dr-B)-cos(Dy)] ----> (1)

let, Sp=3Vplp
Sp=Apparent power,
B —Advance phase angle,
Viz- load voltage line2
For maximum real power,
& B= Dy,
Pexa=3Vplp [ cos(Dz- @3)-cos(D,)]
Pex2=3Vplp2 [ cos(0)-cos(P,)]
Pexz(maX):Slz[ 1 -pfz] ----- > (2)
Pfmax= @, & pf,= cos(D,)
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Feeder 1,

Pex1: PDVR1+Plosses ““9 (3)
From (1) & (3), we get,

Pox=Sp2[ cos(D;-B)-cos(D,)]

Pex/Sip= [ cos(P2-B)-cos(P2)]

Pex/Sp+PfHh= cos(D,-p)

®,-f= cos™' [Pex/S;,+Pf;]

= @, -cos™! [Pex/Sp+P1;]

= @2 -cos™ [PDVR1+Plosses /s12+Pf2] ----> 4)

Case (I1)
In this case for energies the voltage from common dc-link voltage, the dynamically
storage and Dynamic voltage restorer operating at pre-sag voltage injection between
the two feeders. Then feeder 1 is generating sag factor from equation (6) and its
mitigating voltage sag can be optimized real power requirements is given below the
equation.

DVRI operating pre-sag supply voltage injection
Povrip=Su[pfi-R/3(cos(P;+0))] ----> )

where, R=V(X2+Y2) with X= 53 a;cos(3j),

Y=Z3j:1ajsin(5j), & O=tan™'[Y/X]
The sag factor a; = Vy,;;/ Vi

p= D, -cos™" [[Sy*(Pf; —a*cos(d + 0))+Piosses]/ S P ] ----> (6)
For maximum real power transfer,

a=[S11Pf] + Piosses- Sp(1-Pf2)]/[Siicos(D+ ) ----> (7)
For optimum real power required to mitigate voltage sag can be,

Ppyr1>0

Povriop=Su[pfi-R/3] , where aope= @1+ 0
For a balanced 3 @ voltage sag with sag factor

R=3%*a ,

p= @, -cos™'[ [Su*(Pfi —a*)*+Piosses|/Sp+Pt] ----> 8)
For maximum real power transfer

a=[S11Pf] + Piosses- Sp(1-Pf2)]/[Spicos(D+ o) ----> 9)

The basic three methods used to voltage control for sag compensation of Dynamic
voltage restorer (DVR) are, Pre-sag compensation, In-phase compensation, Energy
optimal compensation. The real power injected by DVR1 to compensate particular sag
is decided by the type of voltage-restoration method, such as in-phase injection [5],
pre-sag-supply-voltage injection [5], and energy-saving injection [3], [7]. When the
voltage sag contains a phase-angle jump, the in-phase-injection technique introduces
the same phase-angle jump to the load, which is not desirable. If the voltage sag does
not contain a phase-angle jump, the in-phase-injection method is similar to the pre-
sag-supply-voltage injection. Therefore, the real-power requirement in the pre-sag
supply voltage and energy-saving injection methods is addressed in the following
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Pre-sag compensation: The supply voltage is continuously tracked and the load
voltage i1s compensated to the pre-sag condition. The method gives a nearly
undisturbed load voltage, but can often exhaust the rating of the DVR.

In-phase compensation: The generated DVR voltage is always in phase with the
measured supply voltage regardless of the load current and the pre-sag voltage.

Energy optimal compensation: To fully utilize the energy storage, information
about the load current is used to minimize the depletion of the energy storage.

In this paper, energy optimal compensation is used. When utilize the energy
storage device as common dc-link (capacitor) is used between the two feeders. The
energy-saving injection method is derived for expression as described above
following factors. Interline DVR contains two feeder, one of the feeder healthy line
and another one is fault line to be form a sag. Therefore, one of the feeder to
compensate sag using Z-source inverter with filter and then energies dc-link voltage is
continuously tracking voltage. This method real-power requirement for energy
optimal compensation, the load current is used to minimize the depletion of the
energy storage.

Z-Source Inverter

The two traditional converters: voltage-source and current —source converters. A dc
voltage source supported by a relatively large capacitor feeds the main converter
circuit, a three-phase bridge. Six switches are used in the main circuit; each is
traditionally composed of a power transistor and an anti-parallel (or freewheeling)
diode to provide bidirectional current flow and unidirectional voltage blocking
capability. The V-source converter is widely used.

In addition, both the V-source converter and the I-source converter have the

following common problems.

e They are either a boost or a buck converter and cannot be a buck—boost
converter. That is, their obtainable output voltage range is limited to either
greater or smaller than the input voltage.

e Their main circuits cannot be interchangeable. In other words, neither the V-
source converter main circuit can be used for the I-source converter, nor vice
versa.

e They are vulnerable to EMI noise in terms of reliability.

To overcome the above problems of the traditional V-source and I-source
converters, this paper presents an impedance-source and its control method for
implementing dc-to-ac, ac-to-dc, ac-to-ac, and dc-to-dc power conversion in Interline
Dynamic voltage restorer (IDVR). Fig. 3 shows the general Z-source converter
structure proposed. It employs a unique impedance network (or circuit) to couple the
converter main circuit to the power source, load, or another converter, for providing
unique features that cannot be observed in the traditional V- and I-source converters
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where a capacitor and inductor are used, respectively. The Z-source converter
overcomes the above-mentioned conceptual and theoretical barriers and limitations of
the traditional V-source converter and I-source converter and provides a novel power
conversion concept.

DC (voltage or

current? Source | Z Source ‘ Dan;srter
orlo
ad L Inverter

T X
e f

————
* = A switch or a combination of switching device(s) and/or diode(s)

To (DC or
| AC) Load
or Source

Figure 3: Schematic diagram of Z-source inverter.

In Fig. 3, a two-port network that consists of a split-inductor and capacitors and
connected in X shape is employed to provide an impedance source (Z-source)
coupling the converter (or inverter) to the dc source, load, or another converter. The
Z-source inverter is connected in series injecting transformer, due to voltage sag
compensation.

Control Method
The Control of two methods to be analysed in this paper is realized by comparing
result, i.e. a PI control method and a Hysteresis control method.

PI Control Method

The DVR output voltage depends on the accuracy and dynamic behaviour of the pulse
width-modulated (PWM) synthesis scheme and the control system used as show in the
fig.4. Usually, the control voltage of the DVR is derived by comparing the incoming
supply voltage against a desired reference voltage [5].
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Figure 4: PI controller.

Although system stability is guaranteed in this type of control, damping is poor,
and the stability margin may not be sufficient in the presence of inverter-side filter
[6]. Poor damping results in sustained voltage oscillations in the distribution network,
which could have serious adverse effects on sensitive loads and equipment such as
adjustable speed drives. The drawbacks of the open loop control system can be
avoided with multi-loop feedback control system where a voltage loop is incorporated
externally to an inner current loop taken from the filter capacitor current of the DVR

[6].

Hysteresis Controller

Figure.5 shows the control action effected using hysteresis controller. Here, Vi is the
desired compensation current reference signal. Veomp is the actual inverter leg output
current. An unmatched quantity AV is the current shaping error which is sent to the
positive terminal of the comparing unit. The negative terminal of the comparing unit
is connected to the output of a hysteresis characteristic generator. When V.. is greater
than Veemp, the resultant AV is positive. If the magnitude of the AV exceeds the upper
boundary of a specified hysteresis band, the comparing unit output goes high, firing
the upper bridge device of the leg and making the leg current increase. When Vi omp
becomes greater than V., AV becomes negative. If the magnitude of the AV exceeds
the lower boundary of the hysteresis band, the comparing unit goes low, firing the
lower bridge device of the leg and making the leg current decrease. By increasing or
decreasing the allowable current shaping error, which is determined by the bandwidth
of the hysteresis characteristic, the average switching frequency can be controlled.
This firing algorithm is sometimes called a delta modulation. In the simplest delta
modulation control, an equal bandwidth over the whole power frequency cycle is used
for the hysteresis. In this case, the modulation frequency is a constant. A nonlinear
modulation can be used to help reduce the variations in the switching interval
associated with a constant bandwidth [16].
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Figure 5: Hysteresis Controller.

Simulation Results

The detailed simulation of IDVR system consists of different feeder with parameter to
be carried out using MATALAB/SIMULINK. The simulation is highly performance
by MATLARB; it is interactive system whose basic element is an array that doesn’t
require dimensioning. This allows solving many technical problems, especially those
with matrix and vectoring formulation in a fraction of time it would take to write a
program in a scalar non interactive language such as C or Fortan.

Figure 6: Interline Dynamic Voltage Restorer (IDVR).
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Feeder 1 supply volage

Figure 10 (a): Feeder 1 supply voltage without compensation.
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Figure 10 (b): Feeder 1 load voltage with 50% compensation.
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Figure 10(c): Feeder 2 supply voltage.
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Figure 10(d): Feeder 2 load voltage.
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Figure 10(e): Common DC-link voltage.
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A detailed simulation has been carried out for a simple IDVR system consisting of
two lines of 11KV voltages. Two lines are feeding equal loads of 1 MVA with 0.8PF
lagging. The performance and restoration capability of the IDVR was tested by
simulation using Matlab/Simulink. Initially, the system was subjected to sag of 50%.
Simulations are carried out and the transient performance at sag front and recovery
were observed. Also the performance was evaluated when the DC voltage drops
during long sag. Figure.9 shows the simulated results of voltage waveform across load
1 and load 2 with IDVR using PI controller system. Figure 10(a),(b),(c),(d)&(e)
shows the simulated results of voltage waveform across load 1 and load 2 with IDVR
using Hysteresis controller system and common DC link voltage. It also shows that
the IDVR using ZSI, storage energy in the common DC link can be utilized during the
process of voltage compensation with the use of buck-boost property of the inverter.

Conclusion

This paper proposes the concept of IDVR, which is an economical approach to
improve multiline power quality. The IDVR proposed in this paper consists of several
DVRs which are electrically far apart, connected to a common dc link. When one of
the DVRs compensates voltage sag, the other DVRs are used to replenish the dc-link
stored energy. The control scheme for the IDVR includes a multi-loop feedback
control system, which is identical for both the voltage compensation and the real
power control. The performances of proposed IDVR system and its PI and hysteresis
controller were tested with simulations using Matlab / Simulink. It was observed that
the IDVR compensates the disturbance caused by sag effectively while utilising the
stored energy (common DC-link) fully with the use of buck-boost capability of the
ZSI using Hysteresis controller. The limiting factor of the proposed IDVR system is
that the amount of real power that one line can transfer to the DC-link energy storage
depends on the load power factor. The simulation shows that a two line IDVR system
can mitigate about 50% voltage sag with long duration appearing in one of the lines.
IDVR simulation studies for power flow management and voltage regulation in the
distribution lines. Simulation results establish the unique capability of the IDVR using
Z-source inverter for hysteresis controller to correct power imbalance in the
distribution system with two or more lines and receiving end voltage regulation of a
line at the sub-station.
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