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Advanced DVR with Zero-Sequence Voltage
Component and Voltage Harmonic Elimination
for Three-Phase Three-Wire Distribution
Systems
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Abstract—Dynamic Voltage Restorer (DVR) is a power
electronics device to protect sensitive load when voltage sag
occurs. Commonly, sensitive loads are electronic-based
devices which generate harmonics. The magnitude and
phase of compensated voltage in DVR depend on grounding
system and type of fault. If the system is floating, the zero
sequence components do not appear on the load side.
Meanwhile, in a neutral grounded system, voltage sag is
extremely affected by zero sequence components. A
blocking transformer is commonly installed in series with
DVR to reduce the effect of zero sequence components. This
paper proposes a new DVR control scheme that is capable
of eliminating the blocking transformer and reducing
harmonic distortion. The system uses fuzzy polar controller
to replace the conventional Pl or FL controller that is
commonly used. By taking into account the zero sequence
components in the controller design, the effects of zero
sequence components can be compensated. Simulated
results show the effectiveness of the proposed DVR
controller

Keywords—Voltage sag, DVR, zero sequence compo-
nents, harmonic, fuzzy polar.

|. INTRODUCTION

According to EPRI report, the revenue losses due to
poor power quality in U.S. business were $400
billion per year (John 1998). Power quality problems
occur due to dynamic or non-linear loads and interaction
between the load and network. Two main problems in
the field of power quality can be categorized as voltage
sag and instantaneous power loss. In addition, voltage
sag has two main parameters including magnitude and
time duration (Zang 2004). DVR (Dynamic Voltage
Restorer) is a device that can be used to mitigate
instantaneous voltage sag. Most of the works in DVR
designs are neglecting the effects of zero sequence
components (Haddad 1997, Campos 1994). Under the
foregoing assumption, only the restoration of positive-
sequence and the compensation of negative sequence are
taken into consideration, while zero-sequence compo-
nents are ignored. In some cases, however, the effects of
zero sequence components cannot be neglected. Thus the
influence of the zero-sequence components must be
considered in a DVR design (Bollen 1999).
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In a high power source of 3 phase — 3 wire grounded
system, the zero sequence component may not affect the
line to line voltages. However, in a limited power source,
the zero sequence components will affect the line
voltage. To minimize the effects of zero sequence
components, a delta-wye transformer (blocking trans-
former) is generally used in DVR installation, as shown
in Fig. 1.

This paper proposes a DVR controller based on Fuzzy
Polar Control Scheme that having capabilities to
minimize effects of zero sequence voltage component
and voltage harmonics. The method eliminates the need
of using a delta-wye blocking transformer, resulting in
more economical system. In order to take into account
the effects of zero sequence components, the proposed
DVR controller is using d-g-0 transformation in the
design. The proposed DVR is also designed as a
harmonic isolator to block the harmonic currents from
nonlinear load to mains. Simulated results show the
effectiveness of the proposed DVR controller.

Il. VOLTAGE SAG IN DISTRIBUTION SYSTEM

According to IEEE Standard, the voltage sags is
defined as RMS variation with the magnitude between
10% and 90% of nominal voltage and the duration is
between 0.5 cycles to one minute. Voltage sags are
affected by fault such as short circuits, overloads and
starting of large motor. The phenomenon of voltage sags
are the most common disturbance in the power system
which certainly gives the effects especially to the several
type of equipments such as adjustable speed drives,
control equipment, and computers are notorious for their
sensitivity (Pujiantara 2007). The model of distribution
system used in this study can be depicted in Fig. 2. This
is a model of grounded radial distribution networks.

Rating of the power plant is 10 MW (100 MVVASC),
6.6 kV, while both feeder impedances consist of
resistance R = 0.2024 Ohm and inductance L = 2.84 mH.
The normal load power is 4 MW, Q = 1 MVAR.
Sensitive loads are 5 MW with the value of Q is 1
MVAR. Rectifier load is included at the sensitive loads.
As we know that the most faults occurred in the power
systems are single phase to ground. Whenever a single
fault occurs in the normal load bus feeder, the sensitive
load feeder will suffer from voltage sag. The voltage
phasor diagram under single phase faults is depicted in
Fig. 3. The voltages in the sensitive load bus before a
fault occurs can be explained by the following equations

(in pu):
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where V is the magnitude of voltage sag and & is phase
angle jump. Then, the zero sequence components during
fault can be obtained by the following equation:

Vo= %(\faﬂ? b+\]c)
V_o:%(VcoséJersin 5-1) (3)

In (3), the resultant of three vectors are not zero, it means
that zero sequence voltage is generated during ground
fault. Therefore the process of eliminating the zero
sequence components is required.

I1l. DYNAMIC VOLTAGE RESTORER

Fig. 4 shows the scheme of proposed DVR. The DVR
has two controllers, sag control unit and harmonic
control unit. The DVR dynamically injects a controlled
voltage in series to the bus voltage by means of a booster
transformer. There are three single phase booster
transformers connected to a three phase converter with
energy storage system and control circuit. The
amplitudes of the three injected phase voltages are
controlled such as to eliminate any detrimental effects of
a bus fault to the load voltage. This means that any
differential voltage caused by transient disturbances in
the ac feeder will be compensated by an equivalent
voltage generated by the converter and injected on the
medium voltage level through the booster transformer.

The basic mathematical expression of the injection

voltage from the ideal DVR can expressed using the
following equation.
Vinj =Viet _Vsag (4)
where Viy; is DVR injection voltage, Vs reference pre-
fault voltage and Vg is the voltage sags. The
mathematical expression of the ideal DVR can be
illustrated in a phasor diagram as depicted in Fig. 5.

A. Conventional Control Scheme

The simple conventional control scheme of DVR can
be seen in Fig. 6. In this scheme the d-q model is
utilized. The three phases voltage from the power
sources is converted to d-q model. Transformation from
a-b-c to d-q axis is a easy way to control the system.
Controlling the system using the d-q model also avoids
the time delay inherent in working with root mean square
phasor values. The value of parameters Vd ref and Vq ref
are 1 and 0 respectively. Conventional DVRs mostly use
A-Y transformer (blocking transformer) to reduce the
zero sequence impedance and therefore, the zero
sequence voltage during ground fault is almost zero. The
conversion of a-b-c to d-g-0 axis is shown in Egs. (5). In

conventional DVR controllers, the existence of zero
sequence components is not taken into account.

1 1 1
Vo 2 2 2 Va
vd = 2 sin ot sin(a)t - 2—”) sin(a)t + 2—”) {Vp (5)
v 3 3 3 §
4 cos ot cos(mt - 2?”) cos[wt + 2?”} ¢

As the effects of zero sequence components are
neglected in conventional DVR controllers, the voltages
of sensitive loads cannot be restored completely during
single-phase faults. A blocking transformer must be used
if a complete restoration is desirable.

B. Proposed Control Scheme

The proposed control scheme of DVR in simplified
block diagram can be seen in Fig. 7. There are two
differences with conventional scheme. First, the
proposed method compensates d, q and O axis, while
conventional scheme only compensate d and g axis.
Second, this paper utilizes a fuzzy polar method to
improve the performance of conventional Pl controller
(Pujiantara 2008, Jurando 2003, Ortmeyer 1995). Fuzzy
polar method have been developed for the application of
control on electric power systems (Ortmeyer 1995,
Hiyama 1994, Hiyama 1991). However, fuzzy polar has
never been use in DVR control scheme. This controller is
suitable for DVR control because it has two membership
functions only. It is provide a simple design approach.

The method to restore the voltage sag is determined
from the comparison between the real time voltage from
the line in a-b-c form which is converted to d-g-0 axis
and the values of d-g-O references. The value of
reference voltages are defined as Vgrer, Vrer and Vorer are
1, 0 and O respectively.

The voltage difference measured in the system is
defined as the error signal which shows the value of
voltage drop AV. Here, it is clearly explained that not
only d-q voltage is being compensated that many
researches did, but also the components of d, g, and 0.

Here, the fuzzy polar consists of 3 basic parameters:
derivative multiplier (As), the angle membership
function (&), and radius membership function (Dr). The
mechanisms of operation of polar coordinates are shown

inEgs. 7to0 9.

p(k) = [Zs(k) Asza(k)] )
D(K) =Z5(k)? + (AsZa(K))’ (8)
AK) = tan(As.za(k)/Zs(k)) )

Given the input signal Zs, the controller need the
signal derivative to get Za. Point p(k) is represented by
input Zs as x axis and As.Za as y axis. To be used for
fuzzy polar controller, input form p(k) in rectangular
form should be transformed to polar form, D(k) as
magnitude and &(k) is the angle. The polar form of fuzzy
polar is shown in Fig. 8.

The other factors which is also needed in this control
system is maximum  control  signal  Umax.
Defuzzification rule as fuzzy polar output (U) for the
control system is shown in equation 10.

U(k) = G(D(k)) [N(&K)) — P(&k))]Umax (10)
Where Umax is the maximum allowable control signal.
G(D(k)) is the membership value of magnitude D(k),
while N(&(Kk)) and P(&k)) are membership value of the

angle 4Kk).
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Membership function of fuzzy polar is shown in Fig.
9. Error signal AVy, AVy', AVqy, AVy', AV, and AV, are
then transformed to polar d-g-0 form using Egs. 7, 8, and
9 respectively. The result becomes the input of fuzzy
polar control. Fig. 10 is the simple model of fuzzy polar
with 1 input and 1 output. In reality, there is only one
input, Zs. But it needs derivative signal Za so that it can
be converted to polar coordinate by Egs 7, 8, 9
respectively.

Dr obtained from maximum deviation direct input
AVy, quadrature input AV, and zero input A¥,. Maximum
parameters deviation is 1, a = 90°. As obtained from trial
and error. Umax is very important parameter. From Eqgs.
(10), U(kimax = 1. Then Umax is shown in Egs. 11.
Result of these parameters summarized at table 1.

1

= GOINEK) - PEw)Imin (11)

Result of error compensation from fuzzy polar control
is control signal which shows the value of the voltage
will be injected to the system by the inverter.

C. DVR as Voltage Harmonics Compensator

Refer to Fig. 4, DVR control as voltage harmonics
compensator is similar to that of as sag compensator. Its
difference is voltage feedback side. In sag compensator
the feedback voltage is the measured voltage before the
booster (source side), while in harmonics compensator
the feedback voltage is the load side harmonics voltage.
The proposed control scheme of harmonics eliminator
simplified block diagram can be seen in Fig. 11. So, by
using this method, all distortion signal caused by
harmonics will be compensated. Using this method,
voltage harmonics generated by sensitive load will not
propagate to the source.

Compensation of harmonics voltage injected by DVR
to the system is shown in equations 12, 13, 14.

Vin= Vact - Vi (12)
th = anct - qu (13)
Von = Voact — Vor (14)

The values of harmonics voltages Vg, Vqn, Von are
obtained by comparing measured voltages Vac, Veact
Voaet With fundamental voltages (50 hz) Vg, Vg, Vor. The
value of fundamental voltage Vg = 1, Vg = 0, and Vs = 0.

Fig. 11 shows that harmonics voltages Vgr, Vg, Von
need the signal derivative to get Vgn’, Vg and Vo, . Point
p(k) is represented by input Vg, Vgr, Von as X axis and
AsVg,’, As.Vq,” and As.Vq,” as y axis. To be used for
fuzzy polar controller, input form p(k) in rectangular
form should be transformed to polar form, D(k) as
magnitude and &K) is the angle. Equations 15, 16 and 17
show polar magnitude for harmonics input controller.

Din (K) = VWan (K)2 + (A Vg, ' (K))?

(15)
Dgn(k) = \Vn(k)? Vgn' (K))?
an (K) = W ()2 + (A, V" () .
Doy, (k) = ohk2 Von'(k :
(k) =WV, (K)% + (A, Vg, ' (K)) )

Equations 18, 19 and 20 show polar angle for harmonics

input controller.
Hdh(k) — As'\/dh (k)

Vg (K) (18)
AV '(K)
Oun () = Ve (K) (19)

B4 (K) = A;Vi(,f)") (20)
dh

Then process to determination other parameters are
equal to process sagging restorer.

IV. SIMULATED RESULTS

Simulation is done by using Matlab SimPower
System. Parameters of fuzzy polar are shown in Table 1
and Table 2. It is simulated that a short circuit fault
occurs in normal load bus (Fig. 2) for 2 cycles, which
causes voltage sag in sensitive load bus. Sensitive load is
usually nonlinear loads that generate harmonics. DVR
installation in sensitive load feeder is intended to restore
the voltage which is distorted by sag and harmonics.

A. Under Sag Condition

To see the proposed control scheme performance, sags
of 30%, 50%, and 70% in sensitive load bus will be
simulated. Voltage sag caused by two phase to ground
fault, conventional DVR compensation waveform and
proposed DVR compensation waveform are shows in
Fig. 12 (a), Fig. 12 (b) and Fig. 12 (c). The fault use in
this figure is two phase to ground because it represents
the highest unbalance sag. Fig. 12 (b) shows that DVR
compensation waveform using conventional control
scheme is not perfect. The DVR compensation is 3
phase. There is should be only 2 phase because sagging
fault is 2 phase to ground fault. This compensation cause
unbalanced voltage at sensitive load. From Fig. 12 (c)
can be seen that DVR compensation waveform using
proposed control scheme is perfect. There are only 2
phase compensations. Proposed DVR control scheme is
able to restore the voltage up to 99.08 % as seen in Fig.
12 (d). Fig. 12 (e) shows the value of zero sequence
voltage in sensitive load bus using conventional DVR
control scheme. It means that the conventional DVR
control is unable to reduce zero the sequence voltage
while sag voltage caused by ground fault occurs. Fig. 12
(f) shows the value of zero sequence voltage at sensitive
load bus using proposed control scheme. It means that
the proposed DVR control able to compensate the
voltage sag including zero sequence components. From
Fig. 12 (e) and Fig. 12 (f) can be seen that the value of
zero sequence voltage decreases from 0.3 pu to 0.04 pu.
DVR proposed method is able to reduce the zero
sequence components.

Symmetrical voltage sag caused by three phase fault,
conventional DVR compensation waveform and
proposed DVR compensation waveform are shows in
Fig. 13 (a), Fig. 13 (b) and Fig. 13 (c). From Fig. 13 (b)
and Fig. 13 (c) show that DVR compensation waveform
using both conventional and proposed control scheme
are able to compensate symmetrical voltage sag.

Proposed DVR control scheme can restore the voltage
up to 99.02 % as seen in Fig. 13 (d). Fig. 13 (e) shows
the value of zero sequence voltage in sensitive load bus
using conventional DVR control scheme. During fault
conventional DVR control gives small injection of zero
components about 0.1 pu. Fig.13 (f) shows the value of
zero sequence voltage at sensitive load bus using
proposed control scheme. During fault, proposed DVR
control scheme gives very small injection of zero
components about 0.03 pu. That means proposed DVR
control scheme not injects the zero sequence components
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while symmetrical voltage sag caused by three phase
fault occurs.

V., of sag voltage caused by single phase to ground
fault, V., sensitive load restored by conventional control
scheme and V|, sensitive load restored by proposed
control scheme shown at Fig. 14. Fig. 14 (b) and Fig. 14
(c) show that DVR waveform using both conventional
and proposed control scheme are able to compensate
single phase to ground fault voltage sag. But, Table 3
shows that restore by conventional method in case of
30% sag due to single phase to ground fault causes
voltage line to ground rise up to 123.65 %. In same case
shows that restore by proposed method voltage line to
ground becoming 99.3 %. Compare to the conventional
scheme, proposed scheme gave lower voltage stress
phase-to-ground.

Several types of fault have been simulated and the
result can be seen in Table 3. Viestoration 1S defined as the
voltage at sensitive bus after DVR during fault
happened. Table 3 shows that at line to ground voltage,
the conventional DVR control scheme can restore only
on symmetrical and asymmetrical without zero sequence
voltage sag. While asymmetrical voltage sags caused by
zero sequence components, conventional DVR control
scheme can’t restore well. Table 3 also shows that at line
to line voltage, both the conventional DVR control and
proposed control scheme can restore on symmetrical and
asymmetrical voltage sag.

Where the error is defined by

Error = |Vrestoratim _100|% (21)

Simulation results show that at line to ground and line
to line voltage, DVR using proposed method can restore
both symmetrical and asymmetrical voltage sags very
well. Proposed method able to replaces the function of
blocking transformer. Therefore the blocking transformer
can be removed, resulting in more economical system.

B. Operation as Harmonic Isolator

Fig. 15 shows voltage profile at sensitive load bus
which is distorted by harmonics. Fig. 16 shows voltage
profile at sensitive load bus after fuzzy polar DVR
installation. Voltage profile in Fig. 17, has THD of
12.16%. After voltage restoration using fuzzy polar
DVR, THD decreases to 1.95%.

IV. CONCLUSION

DVR with the technique of zero sequence elimination
at distribution system 3 phase 3 wire using neutral
grounding was modeled by Matlab SimPower System
and fault caused by zero sequence in distribution system
was simulated and analyzed. Also, the effects of zero-
sequence components were simulated and discussed.
Therefore the proposed system can be an alternative for
system previously using blocking transformer. Proposed
method able to replaces the function of blocking
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transformer, resulting in more economical system.
Moreover, compare to the conventional scheme,
proposed scheme gave lower voltage stress phase-to-
ground. And DVR can compensate the voltage
harmonics as well.

Simulation results show that DVR using this method
can restore both symmetrical and asymmetrical voltage
sags very well. The average error of DVR voltage sag
compensation is 0.99% at line to ground voltage and
0.84 at line to line voltage. Under normal condition,
DVR is able to decrease voltage THD from 12.16% to
1.95%. This method can be adapted to the conventional
DVR model.
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Appendix

GF : ground fault.

2F : phase-phase fault

2FG : phase-phase-ground fault
3F : 3-phase-fault
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Fig. 11. Harmonics eliminator simplified block diagram

TABLE 1
Fuzzy POLAR PARAMETERS FOR SAG COMPENSATOR

Fuzzy Polar Parameter

Direct Quadrature Zero
input d input g input 0
1. As 0.19 0.19 0.19
2. Dr 1 1 1
3. a 90° 90° 90°
4. Umax 4.7 45 4.3
TABLE 2

Fuzzy POLAR PARAMETERS FOR HARMONICS COMPENSATOR

Fuzzy Polar Parameter

No Direct input Quadrature Zero input
input g 0

1. As 0.19 0.19 0.19

2. Dr 0.8 0.8 1

3. a 90° 90° 90°

4. Umax 65 73 27
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Fig. 12. Case of 50% sag due to two phase to ground fault, (a) Line
voltage, (b) Compensation voltage using conventional method. (c)
Compensation voltage using proposed method, (d) Sensitive load bus
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Fig. 15. Case of 30% sag due to single phase to ground fault, (a) V..
source voltage, (b) V.. Sensitive load bus voltage using conventional
method. (c) V.. Sensitive load bus voltage using proposed method

TABLE 3.

Voltage (pu)

Voltage (pu’

'
[N

a 0.01 0.0z 0.0z 0.04 0.05 0.06
t (second)

Fig. 16. Distorted voltage at sensitive load bus
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Fig. 17. After voltage restoration at sensitive load bus

VOLTAGE SAG RESTORATION

Line to ground

voltage Line to ground Line to line voltage Line to line
Voltage Sag Conventional voltage Conventional voltage
Restoration Proposed Restoration Proposed
(%) Restoration (%) (%) Restoration (%)

30 % GF 12365 99.02 593 553

50 % GF 123 98.95 99.05 99.1

70 % GF 118.6 98.94 99.1 99.15
30 % 2F 928 98.81 99.15 99.1

50 % 2F 98.3 98.85 99.05 99.1

70 % 2F 98.3 98.91 99.2 502

30 % 2FG 128 g 99.15 500

50 % 2FG 123 99.08 99.05 w01

70 % 2FG 116.3 99.05 99.2 502

30 % 3F 92 99.24 99.1 99.05
50 % 3F 9 99.02 99.05 991
70%3F 99 98.96 99.4 99.35
Average error 12.76 0.99 0.85 0.84




