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Abstract. In this paper, dynamic voltage restorer
(DVR) compensation methods are compared to each
other for the load side comnected shunt converter to-
pology of z-source inverter based DVR to choose the
best method. Four different topologies are recognized
for DVR that two of them have energy storage de-
vices, and two topologies have no energy storage that
take energy from the grid during the period of com-
pensation. Here the load side connected shunt con-
verter topology that takes necessary energy from the
grid is used. Pre-sag compensation, in-phase compen-
sation, energy-optimized methods are the three DVR
compensation methods that studied and compared. A
deep analysis through different diagrams would show
the advantages or disadvantages of each compensation
method. Equations for all methods are derived and the
characteristics of algorithms are compared with each
other. The simulation results done by SIMULINK/
MATLAB shows compensating by this topology based
on the compensation methods.
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1. Introduction

Power quality has obtained more attention in re-
cent years due to growth in using industrial sensitive
loads [I]. Voltage sag is one of the most important
power quality issues that occur in the shape of sud-
den voltage fall, which happens greatly due to short
circuit fault. There are several solutions to this prob-
lem [2] and DVR is the most effective of them (for load
voltage control and compensation). DVR consists of a
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converter, energy storage device and a transformer to
inject the appropriate voltage to clear the power qual-
ity problems. The compensation ability of the conven-
tional DVR (consists of the voltage source inverter) de-
pends on the maximum value of energy storage. Due to
the limitation of energy storage, a DC-DC boost con-
verter is needed to use with VSI. In this paper, Z-source
inverter, based DVR topology is used that has several
advantages regarding cost, reliability and simplicity. In
this topology, VSI and DC-DC boost converter is re-
placed by Z-source inverter [3]. Boosting the ability
of Z-source inverter is about a switching state called
shoot-through that is created by turning on both up-
per and lower switches of one phase [4], [5], [6] which is
very important in reliability. Shoot-through is a unique
switching state of Z-source inverter that is an unallow-
able state for conventional inverters that causes several
disturbances [7].

Based on the type of energy storage, four different
topologies of DVR are proposed. Two topologies can
be realized with a minimum amount of energy storage
that take energy from the grid during the compensation
period and other topologies, take energy from internal
energy storage devices [§]. Load side connected shunt
converter topology of z-source inverter based DVR and
the control method [9], [I0] are discussed in section 2.

There are three compensation strategies for conven-
tional DVR in literatures [I1], [12]. Comparisons be-
tween them are done in for a general type of DVR. All
compensation methods include pre-fault, in-phase, and
energy optimized compensation algorithm are analyzed
and compared in this paper for the Z-source inverter
based DVR. Equations for each method are derived.
Furthermore some parameters to characterize the be-
havior of each method for this special kind of DVR are
defined. Finally, comparisons are done in various as-
pects to show the characteristics of each compensating
algorithms.
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In section 3 three compensation methods are dis-
cussed for the topology of the shunt converter con-
nected to the load side of the z-source inverter based
DVR and the equation helps to compare these com-
pensation methods and choose one of them to show
the operation of this topology to clear the power qual-
ity problem.

2. Proposed Topologies for Z-

Source Inverter based DVR

Different topologies of DVR are applied in two parts.
One uses energy storage to supply the delivered power
and the other one has no energy storage device and
uses the grid supply during the compensation period.
Here, closed-loop control is used for this topology of
DVR [I0] as it is shown in Fig.
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Fig. 1: Close loop control of Z-source inverter based DVR.

Here current mode close loop control is used to deter-
mine the appropriate value of shoot-through time (D).
Current loop control can get a higher speed response
by comparing the instantaneous inductor current and
the reference current signal. Reference current signal is
operated by passing the error signal of capacitor volt-
age through the PI controller. Reference signals for
the DVR are calculated from the ideal supply refer-
ence voltage and the actual state of the supply voltage.
Then these signals are turned to dg0. The error signal,
between DVR reference voltage and the actual voltage
of the DVR is minimized using PI controllers. This
signals, generate dq0 signals to DVR, then transform
to the three phase stationary reference frames which
are in turn PWM modulated.
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2.1. System with no Energy Storage

In this type, the requested energy, came from the grid
supply by a shunt converter and will charge the DC-
link capacitor to the actual state of the supply voltage.
Based on the location of connecting the shunt con-
verter to the grid supply, two topologies are considered
for this type of system. Source side connected shunt
converter and load side connected shunt converter, the
second one is the best topology according to [8] and
section 3 that explained the vantage of this topology
for this operation. So here load side connected shunt
converter topology of Z-source inverter based DVR is
used for voltage harmonic compensation.

2.2. Load Side Connected Shunt Con-

verter

As it is shown in Fig.[2] shunt converter is connected to
the load side of the grid. The input voltage to the shunt
converter is controlled and the DC-link voltage can
be held constant by injecting sufficient voltage. This
topology has the disadvantage of larger currents to be
handled by the series converter than another topology.

Source

Lud
Z_source _I_ Shunt
Converter 1 | Converter

Fig. 2: Load side connected shunt converter topology.

3. Compensation Strategy

DVR

Load compensation could be done through active or re-
active power injection by DVR. There are three com-
pensation techniques based on using active, reactive,
or both power by DVR. These methods are recognized
as pre-fault compensation method, in-phase compen-
sation method, and energy optimized compensation
method. These strategies are introduced in this sec-
tion followed by derivation of their respective equa-
tions. Some simulations would show the characteristics
of each method individually [11], [I2].
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3.1. Pre-Fault

thod

Compensation Me-

This method is mainly used for loads that are sensi-
tive to phase jump such as thyristor controlled drives.
In other word, both magnitude and phase of the load
voltage are compensated in this strategy such that the
load voltage during disturbances is as same as the one
before disturbances. Fig. [3]shows this kind of compen-
sation in a per-unit plane.

VPOst-fau.lt
s

VPre-fau.lt VPost-fau.lt
load = "load

IPre—fault

- IPost—fau]t
load —

load

Fig. 3: Pre-fault compensation strategy.

In Fig. Ifzzz_fau” = 1/0 is the load current be-
fore disturbance that is considered as the reference vec-
tor. The load is selected as a general type so the load
voltage could be defined as Illzngfa"” = 1/¢p. The
disturbance might change the source voltage magni-
tude from 1 to k with § degree phase jump. Therefore
the source voltage after disturbance can be defined as
yEre=fault — /(o + ). DVR should inject a voltage
with appropriate magnitude and phase to compensate
this disturbance. The DVR injected voltage is defined
as Vpyr = x/B. Also the load voltage and current
after compensation are the same as their values before

. . Post—fault __ Pre—fault
disturbance which means V, - = Vioud

and Illzszt_f ault — 1 ll;’gz—f ault Moreover the resultant
phase jump between load voltage before and after dis-
turbance, v, is zero in this compensating method. By
these definitions, the DVR injected voltage can be cal-

culated as follows:

Post— fault Post— fault
Vioad - V; =

Vovr =
Vpvr = 1/¢ — kl(gD + 5) =
Vbvr = [cos(p) — kcos(p + d)] +

J [sin(p) — ksin(p + §)] =

x = /1+ k2 — 2k cos(d) (1)

P (Sin(w) — ksin(p + 6)) ) o

cos(p) — kcos(p + 8)

(© 2013 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

Equation shows that the magnitude of the injected
voltage only depends on the degree of distortion in the
input voltage waveform. Fig. [4 shows this parameter
versus the magnitude of the input voltage for different
values of 4.
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Fig. 4: Pre-fault compensation strategy: the magnitude of the

injected voltage versus the magnitude of the source volt-
age.

3.2. In-Phase Compensation Method

In this method, DVR only compensates the load volt-
age magnitude so the phase jump would be remained
uncompensated. Fig. [5| shows this control strategy. It
is obvious that there is a phase difference between the
load voltages before and after compensation. By using
the same definitions in the previous section, the DVR
injected voltage is as follows:

(1-k)(p+0)=

x=1—k. (3)

B=p+d (4)
Therefore the load voltage after compensation can be

written as Vlif;t_fa"lt = 1/(p + d), so that the load
current would be I ;Zgzt_f ault —1/§. Moreover there is
a phase jump equal to v = § in the load voltage. The
magnitude of the injected voltage for any disturbance’s
phase jump and any load power factor is shown in Fig.

that satisfies Eq. (3).
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Fig. 5: In-phase compensation strategy.
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Fig. 6: In-phase compensation strategy: the magnitude of the

injected voltage versus the magnitude of the source volt-
age.

3.3.  Energy Optimized Compensa-

tion Method

It should be noticed that both previous strategies need
a storage system to operate. However in energy opti-
mized method, the capacity of this storage system is
minimized. Furthermore in shallow sags, the compen-
sation could be done only with reactive power and the
amount of active power injection is zero. This stra-
tegy is based on injecting voltage in such a way that
the injected voltage vector would be at almost 90 © to
the resultant load current vector. This will minimize
the injection of active power and even it may be zero.
Fig. [7| shows the basics of this strategy.

With the similar definitions like previous sections for
voltage and currents, the injected voltage can be cal-
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Fig. 7: Energy optimized compensation strategy.

culated as follows:

_ ysPost—fault _ y,Post—fault
VDVR - Vioad V; =

Vovr = 1L(p+7) — ki(p+ ) =
Vbvr = [cos(¢ + ) — kcos(p + 8)] +
Jlsin(e +7) — ksin(p +6)] =

= /14 k2 —2kcos(d — 7). (5)

_ gant [ Sile +7) — ksin(p +9))
pet <COS(<p+v)—kCOS(sD+5)>' ©)

According to Fig. [8|the injection voltage phase angle
is 8 = m/2 + 7. By replacing this value in Eq. @, the
load phase jump can be calculated after some manipu-
lations:

_1 (sin(p+7) —ksin(p+4))\ 7
ran <COS(<P+7)—/€COS(<P+5) RERE

2

sin(¢ 4+ ) — ksin(p + 9))
cos(¢ + ) — kcos(p +9)

= —coty =

= 46— cos (i Cos(ap)) . 1)

To ensure that Eq. is feasible, + cos(¢) < 1 has
to be established. So the source amplitude must be
more than the load power factor or k& > cos(p). If this
situation is not yielded, v should be calculated through

Eq. : .

Figure [§ and Fig. [0] show the load phase jump and
the injected voltage magnitude for different values of
6. The load power factor is chosen as 0,7.

v =@+

177



POWER ENGINEERING AND ELECTRICAL ENGINEERING

VOLUME: 11 | NUMBER: 3 | 2013 | JUNE

100 x .
ook 500 cos(q:)|=0.7
80p 5=30°
or 8=20°

< of 5=10°

E s0f 5=0°

i w}

T}
20f
10}

0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Source Voltage Magnitude (k)

Fig. 8: Energy optimized compensation strategy: the phase
jump of the load voltage versus the magnitude of the
source voltage for PF =0,7.
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Fig. 9: Energy optimized compensation strategy: the magni-
tude of the injected voltage versus the magnitude of the
source voltage for PF' =0, 7.

In Fig. [0 and Fig. [[I} 6 = 30 ° is constant and
the load phase jump and the injected voltage magni-
tude are plotted for different load power factor. There
are some notices in these figures. It should be noted
that the injected voltage magnitude is independent of
0. Moreover the break-points in these figures are rele-
vant to the load power factor. In other word, the load
can be compensated only through the injection of re-
active power for k > cos(p); otherwise there would be
an active power injection too.
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Fig. 10: Energy optimized compensation strategy: the phase
jump of the load voltage versus the magnitude of the
source voltage for § = 30 °.
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Fig. 11: Energy optimized compensation strategy: the magni-
tude of the injected voltage versus the magnitude of
the source voltage for § = 30 °.

4. Analysis of the Input

Source Current

According to Fig. the Z-source inverter based DVR
has no energy storage and the required power for com-
pensation is taken from the grid itself. So the source
current can be a comparative characteristic of different
compensation techniques for this kind of DVR.

As it has been mentioned, Z-source converter is
able to control its input power factor. The shunt
converter input voltage is the load voltage which is
Vlf;jt*fau” = 1/(¢ + 7) after compensation. By
considering a unity power factor for the input of Z-

source converter, the current of shunt converter would
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Fig. 12: Schematics of a DVR based on Z-source inverter.

be Iﬂoét_fau“ = y/(¢ + ). Also the source current
is defined as [Fost=faull — -/(¢). Because there is
no energy storage in the structure, the input and out-
put active power of the Z-source converter (with shunt
converter) should be equal. Therefore:

Post— fault __ pPost— fault
PMCl - PMCZ

R { [ijjtffault} {Iﬁzgtffault} *} _
! { EVDVR} [nIPost—fault] *} _

R{1L(e+yLle+M]"} =

R {[xlﬁ] [zlf]*} =

y = zzcos(§ — ),
now by using KCL we have:

Post— fault __ Post— fault Post— fault
Iload - Is - IMC’ -

zLE —yLl(p+7) =
1/ = [z cos(§) — ycos(p + )] +

Jlzsin(§) —ysin(p +v)] =

V22 +y2 —2zycos(E—p—7) =1,  (10)

—1 (zsin(§) —ysin(p +9))\ _
tan (zcos(g)zcos(goJr(;))_% (11)

after some manipulation, Eq. yields to:

_ ysin(p +7) — ytan(y) cos(p +7)

sin(§ —v) = z\/m

by inserting Eq. @ in to Eq. we have Eq. ((13).
And by inserting Eq. @[) in to Eq. we have

Eq. :

Equation and Eq. can be applied to all of
the compensation strategies. It should be noted that
for the pre-fault method v = 0, for the in-phase method
v = §, and for the energy optimized method can be

calculated by Eq. or .
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5. Comparison Between Com-

pensation Strategies

In this section, all compensation strategies are com-
pared with each other. There are different criteria for
comparison. Suppose that a disturbance with § = 45 °
occurs and the load power factor is cos(¢) = 0,6. In
Fig.[13]to Fig.[15 the magnitude of the injected voltage,
the phase jump of the load voltage, and the magnitude
of the input source current are shown, respectively. It
could be observed that:

e The in-phase method has the least injection volt-
age magnitude.

e For shallow disturbances, energy optimized
method has less injection voltage magnitude than
the pre-fault method.

e For large disturbances, the pre-fault compensa-
tion strategy has the most magnitude of the DVR
injected voltage. This means that in this com-
pensation method, DVR components should have
a higher voltage rating compared with the other
methods.

e The energy optimized method has the most
load phase jump angle followed by the in-phase
method. This parameter can be a criterion of the
load voltage distortion especially at the start and
the end of the disturbance occurring time.

e The pre-fault method compensates the load volt-
age to its pre-fault value so it makes no phase jump
in the load voltage.

e The energy optimized method and the pre-fault
method have the most and the least magnitude of
the input current, respectively. The higher value
of the input current makes a more severe distur-
bance for the upstream loads because it makes
more voltage drop. Moreover the DVR compo-
nents should have a higher current rating.

6. Simulation

Load side connected Shunt converter topology of Z-
source inverter based DVR that operate based on pre-
fault, in phase and energy optimized compensation
methods are simulated in MATLAB/ SIMULINK to
study the results of simulation tests. Table [I| shows
the characteristic of Z-source inverter, DC-link and
also load parameters. The injection transformer ra-
tio is one. Phase a and c are stricken to the same fault
that cause to reduce the peak voltage from 300 V to
120 V and 32 ° shift phase also phase b is stricken to
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Fig. 13: Comparison between different control strategies: the Fig. 15: Comparison between different control strategies: the
magnitude of the injected voltage versus the magni- magnitude of the input source current versus the mag-
tude of the source voltage. nitude of the source voltage.

Tab. 1: Characteristic of grid, load and converter.
Parameters Values
Grid phase voltage 215V
100 Grid Frequency 50 Hz
Enegry Optimized Method Source resistance 1 mQ
90 -
Source inductance 1 uH
S0 Load Load resistance 50 Q
ol o Load inductance 200 pH
= Ratio of transformer 1:1
E 60 Output filter inductance 10 mH
& Output filter capacitance | 400 uF
2 sor In-Phase Method DVR Inductance of network 450 pH
g a0} Capacitance of netowrk 470 uF
= 20b Switching frequency 10 kHz
. DC voltage 20V
201 Link-DC Capacitance 5 mF
10p
0 Pre-Fault Method
. . 6.1. Pre-Fault Compensation

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Source Voltage Magnitude (k)

Fig. 14: Comparison between different control strategies: the
phase jump of the load voltage versus the magnitude
of the source voltage.

the different fault that causes to reduce the amplitude
of voltage to 81 V and 54 ° shift phase. Fig.[L6[a), b)
describes this image fault.
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Method Study

Figure|17|b), d) shows the effectiveness of theproposed
topology whenthe pre-fault method is used to com-
pensate the occurred fault. As mentioned before, this
method injects the voltage to compensate not only the
reduction in amplitude but also thephase jump of the
load voltage. According to Tab. [2] the injected voltage
has a peak value of about 217 V with the angle of —16 °
for phase a and ¢, and 275 V with the angle of —17 °
for phase b. The load voltage is almost close to 300Z20.
This method has one or two cycles delay creating these
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6.2. In-Phase Compensation Method

Study

Figure b), d) shows the effectiveness of themen-
tioned topology usingthe in-phase method as its com-
pensation strategy. As previously said, this method
compensatesjust the amplitude of the voltage and the
phase jump remains in the load voltage after compen-
sation. According to Tab. [2| the injected voltage has
a peak value of 178 V withthe angle of 31 ° for phase
a and ¢, and 217 V withthe angle of 55 ° for phase
b. So the injected voltage is almost in-phase with the
supply voltage. It is expected thatthis method has the
least amplitude of the injected voltage compared with
other strategies. Moreover, its delay time is about half
a cycle. The injection voltage from the 20 V link-DC
makes the load voltage amplutide increasing to about
300 V but the phase jump is not compensated.

Vinj

\ing

-300 - B

L I L L I L I L I
02 0205 021 0215 022 0225 023 0235 024 0245 025
t

b)
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Fig. 18: a), b) injected voltage c), d) compensated voltage.

6.3. Emergy Optimized Compensa-

tion Method Study

Figurea), b) shows the load current during the fault.
There is 33 ° phase jump for phase a and ¢ whilea 60 °
phase jump occuredat phase b. Therefore the injected
voltage angle should be about 120 ° for phase a and c,
and 150 © for phase b. The effectiveness of this com-
pensation method is shown in Fig. [19]c), e). As men-
tioned before, this method injects the voltage whereas
the minimum energy is consumed in comparison with
other methods. According to Tab. [2] the injected volt-
age has a peak value of about 265 V with the angle of
117 © for phase a and ¢. The amplitude and angle of
the injected voltage of phase b are 300 V and 152 °,
respectively. It is obvious that this method requires
the most voltage amplitude to compesate the occured
fault. It needs around two or three cycles to create the
injection voltage from the 20 V DC-link. The compen-
sated load voltage has a peak valueof about 300 V for
all phases, the angle of 93 ° for phase a and ¢, and the
angle of 135 ° for phase b.
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Load side con- analyzed. Different comparison criteria are studied

7. Conclusion
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needs DVR components with higher current rating. If

the

load is insensitive to phase jump either in-phase

or energy optimized methods can be used to compen-
sate it. Here pre-fault compensation method is used
for the identified topology of DVR. Simulation results
show the benefit of this compensation method for this
topology of Z-source inverter based DVR. The in-phase
method has the least injection voltage magnitude that
makes the components cheaper. Moreover for a sim-

ilar

disturbance compensation, the in-phase strategy

needs less transformer voltage ratio compared to other
methods. The energy optimized method needs the least
input current magnitude to compensate disturbances.
This will create less voltage drop for upstream loads
and also the possibility to design a DVR with less cur-
rent rating components.

Tab. 2: Simulation results.

Amplitude [V] Phase [°]
Phase A[B[C | A]B][C

Pre-fault Vs 120 81 217 32 54 32
compensation Ving 217 275 217 -16 -17 -16

method Vioad | 303 | 302 | 303 4 2 4

In phase Vs 120 81 217 32 54 32
compensation Ving 178 217 178 31 55 31

method Vioad 297 | 299 | 297 31 54 31
Energy opt. Vs 120 81 217 32 54 32
compensation Ving 265 300 265 117 152 117

method Viead | 303 | 305 [ 303 93 135 93
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