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Abstract—In this paper a fuzzy controller based DVR is
proposed for the protection of the sensitive unbalanced
nonlinear loads from sag/swell, distortion, and
unbalance in supply voltage is achieved. A simple
generalized algorithm based on basic synchronous
reference frame theory has been developed for the
generation of instantaneous reference compensating
voltages for controlling a DVR. This novel algorithm
makes use of the fundamental positive sequence phase
voltages extracted by sensing only two unbalanced
and/or distorted line voltages. In addition to this a fuzzy
logic controller have been developed to reduce the %
THD compared with the conventional method. The
compensating voltages when injected in series with a
distribution feeder by three single-phase H-bridge
voltage-source converters A capacitor-supported DVR
does not need any active power during steady-state
operation because the injected voltage is in quadrature
with the feeder current. The proposed control strategy is
validated through simulation results with the help of
MATLAB/SIMULINK software.

Index Terms— Dynamic voltage restorer (DVR), fuzzy
logic controller, voltage-source converter (VSC)

I. INTRODUCTION

Under the generic name of custom power devices, a
new group of devices is developed and used for improving
the PQ in the distribution system. As per the standard such
as the IEEE 519, a number of custom power devices are
installed and used at the consumer premises to protect the
critical loads. The dynamic voltage restorer (DVR), one of
the aforementioned devices, is used for improving the PQ of
the load terminal voltages against voltage sags, swells,
transients, and harmonic distortions in the source voltages.
A DVR is a voltage-source converter (VSC)-based power
electronics device connected in series between the supply
and the critical loads, which are to be protected from the
supply-side voltage quality problems, other than outages, by
injecting the required compensating voltage through DVR
into the distribution line. A DVR can restore a balanced
sinusoidal load voltage of desired amplitude even when the
source voltage is unbalanced and/or distorted. The voltage
injected by self supported DVR is in quadrature with the
feeder current; hence, it does not need any active power
during steady state.

However, its disadvantage is that, in case of the
voltage sag/swell, the restored voltage may not be in phase
with the pre-sag/pre-swell voltage. The self-supported DVR
is used when the phase jump, caused by the quadrature
voltage injection, is affordable.

The DVR is an important controller in the custom
power park. The analysis, design, and voltage injection
schemes of the self-supported DVR are discussed in [2],
[10], and [11], and the different control strategies for the
DVR have been developed in [8]-[17]. Control techniques
based on synchronous reference frame (SRF) theory
(SRFT), Adeline-based fundamental extraction,
instantaneous symmetrical component theory, energy
optimized control, PQR instantaneous power theory,
symmetrical component estimation, etc., for the DVR are
reported in the literature.

The DVR supported by a capacitor has become
popular as a cost-effective solution for the protection of
sensitive loads from the supply-side voltage quality
problems. Currently, most of the research is on DVR dealing
with the protection of balanced linear load; however, there
are a few which are related to the protection of unbalanced
and nonlinear loads.

In modern industries, power electronics-based
drives such as the current-source-inverter-fed synchronous
motor drive, thyristor converter-based dc motor drive, VSC-
based induction motor drive, etc., are increasingly used
whose performance and control largely depend upon the
supply voltage quality. Moreover, these nonlinear industrial
loads give rise to additional harmonic distortion in the
supply voltage at the point of common coupling (PCC) due
to the harmonic voltage drop into the feeder impedance,
particularly when the feeder impedance is large.

In this paper a fuzzy controller based DVR is
proposed for the protection of the sensitive unbalanced
nonlinear loads from sag/swell, distortion, and unbalance in
supply voltage is achieved. This novel algorithm makes use
of the fundamental positive sequence phase voltages
extracted by sensing only two unbalanced and/or distorted
line voltages. The algorithm is general enough to handle
linear as well as nonlinear loads. The self supported DVR
maintains balanced sinusoidal load voltage with desired
magnitude against any supply voltage quality problem even
when the load is unbalanced and nonlinear in nature.

The algorithm based on instantaneous symmetrical
components along with the complex Fourier transform to
protect unbalanced and nonlinear load discussed in [17] is
computationally demanding and requires huge memory
space. The approach discussed here is comparatively simple
as it needs only the extraction of the fundamental positive-
sequence phase terminal voltages, thus making it
computationally simpler with the least memory requirement.
The proposed fundamental positive-sequence extractor
requires the sensing of only two line voltages of supply.

This reduces the analog-to-digital converter (ADC)
requirements of a digital controller and corresponding
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sensing element. Moreover, it is able to extract three
fundamental positive-sequence phase voltages irrespective
of the distribution system configuration such as three-phase,
four-wire or three-phase, three-wire system where the
neutral is not available for sensing phase voltages.

In this paper, a hybrid structure of the self-
supported DVR is considered in which a shunt capacitor
filter is used to provide the low impedance path for higher
order harmonics of the load currents. The DVR is realized
by three single-phase H-bridge VSCs with a fuzzy logic
controller.

Il. CONTROL STRATEGY

The main aim of the DVR is to inject a required
amount of compensating voltage in series with the supply to
regulate the load terminal voltage. In this section, the
proposed control algorithm is discussed with an ideal DVR
model. The schematic diagram of DVR (ideal voltage
sources) connected distribution feeder is shown in Fig. 1. A
three-phase supply is represented by the star-connected three
single-phase voltage sources (Vsa, Vsh, Visc) along with their
series source impedances (Za, Zb, Zc). To regulate the load
voltages (VLa, VLb, VLc) to be balanced and sinusoidal
against various PQ problems in the terminal voltages (Ma,
Witb, Vic), DVR injects the required compensating voltages
(MCa, VCb, VCc) in each phase. The practical
implementation of a DVR using three single phase H-bridge
VSCs along with a common dc capacitor is discussed later.
The energy storage device is a capacitor, so the following
condition is stipulated on the DVR.

» The DVR should not supply any real power in steady state.
This implies that, in steady state, the phase difference
between instantaneous DVR voltages and instantaneous line
currents must be 90o.

A. Balanced Linear Load

In this section, the algorithm is developed to
compute instantaneous DVR voltages from the samples of
instantaneous terminal voltages and line currents assuming
balanced sinusoidal supply and balanced load. The
schematic diagram of the DVR connected power system is
shown in Fig. 1.
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Fig. 1 Schematic diagram of DVR (ideal voltage sources)
connected power system.

From Fig. 1,
k=a,b,c (1)

Where vtk, vck, and v+ Lk are the instantaneous terminal
voltages, instantaneous DVR voltages, and instantaneous

Uk + Ve = J.']F‘k:

reference load voltages, respectively. Moreover, k is the
phase of the supply. Taking the line current as the reference
frame, the above equation can be converted to SRF as

d + Fq + JUeq = Vg + J0 4 2)

Note that, for zero DVR active power in steady
state, VC should be at 90- to the line current, so in (2), vck
contributes to the quadrature component vcq only and the
terminal voltages are balanced and sinusoidal; therefore,
there is no zero sequence component (vt0) present in (2).

In (2), vtd can be computed from the instantaneous samples
of terminal voltages as

E D
Vid = T SIN A + vip 8i0 (ﬁ = T) + Ve SIN (-.‘5' + _T) .
(3)
As terminal voltages are balance and sinusoidal, vtd contains
only the constant dc component, and from (2)

V4 = vea. )
Moreover, to regulate the peak of the load voltage (ph-n) to
vLp, v#Lq can be directly calculated as

x 2 +2
ULg = A ULp — VL4

fi.o . =

= 1|',| t'l_.[:- — Yia- )

After computing v+Ld and v Lq, the instantaneous reference
load voltages can be computed as follows:

Ul a sin f cos f/ o
v [ = |80 (0 F) eos (0 %) {*},,-d} . ®
Ul sin (6 + -’T_) cos {(,J o TTJ ULq

As the load is a balanced linear load, sin 6 and cos 6 used in
(3) and (6) can be computed directly using instantaneous
samples of load currents as

iLa

sin fl = - (7
L mag
o S (f'Ln + 251_1:) ®)
"\//E el-Lou,g
Where
. {2 .9 ,
iLmag = |/ 3 (iLa + Ly + iLe)- (9

From the calculated instantaneous reference load
voltages using (6) and the samples of instantaneous terminal
voltages, the instantaneous DVR voltages can be computed
as per (1). The response of the DVR-connected balanced
sinusoidal power system to compensate balanced sag and
swell is discussed in Case 1 to validate the control algorithm
just shown.

Case 1. Let the amplitude of the supply voltage (ph-n),
feeder impedance, and load impedance be respectively 1
p.u., 0.05+j0.3 p.u., and 2+j1.5 p.u. with 50-Hz frequency.
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Moreover, it is required to regulate the amplitude of the load
voltage to 1 p.u.

The DVR-connected power system response with
the algorithm discussed earlier during balanced voltage sag
is shown in Fig. 2(a). The terminal voltages (\t), DVR
voltages (VC), and load voltages (VL) are shown in Fig. 2(a)
from top to bottom. It can be seen that the amplitude of the
load voltages becomes equal to 1.0 p.u. as DVR is pressed
into action at 0.0 s.
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0.5F
0.5
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s ok XA KA XA AT
0 002 004 006 008 10 002 004 006 008 1
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Fig. 2 DVR response for balanced sag and swell

Then, the balanced sag of 0.2 p.u. is introduced at
0.02 s, and it occurs for four cycles of ac mains as shown in
Fig. 2(a). It can be seen that the amplitude of the load
voltage is regulated to 1.0 p.u. by injecting a voltage VC
through DVR.

The DVR-connected power system response with
0.2 p.u. balance swell is shown in Fig. 2(b). In this case also,
it can be seen that the amplitude of the load voltage is
regulated to 1.0 p.u. The results shown in Case 1 validate
the control algorithm to control DVR when the supply is
balanced. However, one of the main reasons for the use of
DVR is to produce harmonic free balanced sinusoidal load
voltages even when the supply is unbalanced and/or
distorted.

B. Unbalanced Linear Load

The algorithm discussed in the previous section
will fail to compute the desired reference load voltages
under the situation, where the unbalanced and/or distorted
supply voltages feed the unbalanced load. There are two
reasons for this: First, the load currents are not balanced, so
sin 8 and cos 6 cannot be calculated from (7)—(9) directly,
and second, vtd calculated from (3) does not only contain a
constant component but also contains a varying component
because terminal voltages are not balanced.

For the algorithm to work under such situation, the
following conditions should be satisfied: 1) sin 8 and cos 6
used in (6) should be sinusoidal in shape with their phase
locked to fundamental positive-sequence load currents; this
can be achieved using a phase-locked loop (PLL) over the
load currents, and 2) fundamental positive-sequence
components of terminal voltages should be used in the
calculation of vtd instead of samples of unbalanced and/or
distorted terminal voltages.

The unbalanced and/or distorted terminal voltages
can be written as

Utk = Utkl f + Utk _rest; Kk =a,bc (10)

Where vtk1_f is the positive-sequence component of vtk and
vtk_rest is the remaining portion containing the influence of
unbalance and harmonics. The modification is thus to
replace vta, vtb, and vtc in (3) by vtal f, vtbl f, and vtcl f
, respectively.

. , 2m . 2m
Utd =Vtal_f Sinf+vip;_ g sin {}_T +Upe1_ 5 SID fH—? :
(11)
To extract the fundamental positive-sequence
terminal phase voltages, a novel fundamental positive-

sequence extractor is proposed which requires the sensing of
only two distorted and/or unbalanced terminal line voltages.

C. Fundamental Positive-Sequence Extractor

As the line voltages are the difference of different
phase voltages (va-vb, vb—vc, and vc—va), the summation
of three line voltages is always zero irrespective of whether
three phase voltages are balanced and sinusoidal or
unbalanced. Therefore, by sensing only two line voltages
vab and vbc, the third line voltage vca can be calculated as

vca = —(vab + vbc). (12)

If Park’s transformation is applied to three
balanced sinusoidal line voltages vab, vbc, and vca using a
PLL over the same line voltages, then it gives constant
direct-axis component vd equal to the amplitude of line
voltage, quadrature-axis component vq equal to zero, and
zero-sequence component vO equal to zero because line
voltages are a positive sequence only without any
harmonics. When line voltages are unbalanced and/or
distorted, then, vd is composed of two parts: a constant
component equal to the amplitude of positive-sequence line
voltage and a varying component influenced by negative-
sequence line voltage and harmonics. While vq and VO are
not of interest because here, the aim is to extract
fundamental positive-sequence line voltages and both vqg and
v0 do not contain any information about positive-sequence
line voltages, note that vO is always zero when Park’s
transformation is applied to the line voltages.

The direct-axis component vd = vd_const + vd_var
can be calculated using samples of line voltages with PLL
over the same line voltages as

. . 27T . 2
Vg = Uap Sin A1 + vy sin | 61 — 5 + Vg SinL | A1 — 3 )

(13)
The amplitude of the fundamental positive-
sequence line voltage vd_const is then extracted by passing
vd through a low pass filter (LPF) or moving average filter;
LPF is advantageous when distorted line voltages contain
inter-harmonics. After extracting vd_const, the amplitude of
the fundamental positive sequence phase voltage vd_peak
can be calculated as

Ud_const $
Ud_peak — — — - (14)

V3

The three fundamental positive-sequence phase voltages are
then computed after shifting sin 81 and cos 61 by —30- as
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Uais sin A2

. i Do
Ublf | = Vd_peak | S ltﬁz - ;_;r} : (15)
Veif sin (62 + =)

The block diagram of the fundamental positive-sequence
extractor is shown in Fig. 3.
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Fig. 3 Block diagram of fundamental positive-sequence
extractor

Case 2: In this case, unbalanced supply voltages with
magnitudes of 1.15, 1, and 0.85 p.u. in phases a, b, and c,
respectively, are considered in which the fifth and seventh
harmonics have also been added with their amplitude being
inversely proportional to their harmonic number. The load
impedances in each phase are 2+j1.5 p.u., 2.5+j2 p.u., and
1+j2.5 p.u., respectively, and the other parameters are the
same as that in Case 1. The DVR-connected power system
response with the proposed fundamental positive-sequence
extractor and modifications in the algorithm as discussed
earlier is shown in Fig. 4.

_...’,--\I...Jl.,_.‘. L TRy v v
L k0K

0.12 : . : 0.2
Time (5)

Fig. 4 DVR response for unbalanced and distorted supply
with unbalanced load

11l. POWER CIRCUIT

In the previous section, a response of DVR in
different PQ problems with the developed control algorithm
assuming DVR realized by ideal voltage sources is
demonstrated. In this section, the power circuit of DVR is
discussed. Practically, the DVR is realized by three single-
phase H-bridge VSCs along with a common dc capacitor
(Cdc) as shown in Fig. 5.

The three H-bridge VSCs are connected to each
phase of the distribution feeder through the improved
structure ripple filter (Lr, Cr,Rr) and an injection
transformer. The injection transformer not only reduces the
voltage requirement of the converter but also provides
isolation between the converter and the distribution feeder.
The shunt capacitor filter Cf is used to provide a low

impedance path to higher order harmonics of load currents
when the load current is nonlinear. The operation of
practical DVR with nonlinear load current is discussed in
the next section.

To track the reference compensating voltages, an
improved filter structure constant switching frequency
hysteresis band controller [18] is used in this work. The
main advantages of the band controller are unconditional
stability, faster response and easy implementation compared
to other controllers like carrier-based controllers, dead-beat
control [17], state feedback control, combined feed-forward
and feedback control, etc., which are based on complex
mathematical computations and need much information
about system parameters. Despite these advantages, the
main disadvantage of the band controller compared to
carrier-based controllers is variable switching frequency
which may cause stress in the switches of the VSC, resulting
in the deterioration of its life. The band controller has other
drawbacks also like poor controllability, heavy filter
currents, parabolic band voltage response, and frequent band
violations due to the use of a conventional LC filter which
has a second-order characteristic equation.

The constant switching frequency hysteresis band
controller with improved filter structure discussed in [18]
preserves all the advantages of the band controller and also
overcomes its drawbacks by improved filter structure and
adaptive hysteresis band which gives constant switching
frequency.

Y 4 ia ¥,
AR Lo i | it Kl
—f\ o el W 1 Thace-phesz|
Ve I {t TR rH— v crifical
() i m [ Vo 2| unbalereed
r Ul Wii— U —p——t— " —)
Ll Ve . v R b e
= N & © o Ve | noafinzar
—‘C_\;-‘, 4 T SO Ioads
L0 LG LGy ISR
H = = E
= 1=3F 1
T T BT B

%
s O

G

|
=
=1
I P
e
B op o
=i
= |
Ty

— Vg Cae

(5 A5 18 G F 43

Fig. 5 DVR power circuit

The single-phase equivalent circuit of the DVR-
connected system in Fig. 5 is shown in Fig. 6 to explain the
basic principle of the hysteresis band controller. The
reference compensating voltage for the DVR is calculated
using the proposed algorithm. To inject this voltage in series
with the distribution feeder, appropriate switching pulses for
VSC are generated using the hysteresis band controller with
hysteresis band h. The VSC output voltage is made to track
the reference voltages within upper and lower boundaries
vref C + h and wrefC- h, respectively. When the DVR
voltage VC goes below the lower boundary, the positive dc
voltage is applied across the ac filter combination (Cr,Rr) by
turning switches S1 and S2 on. If DVR voltage VC goes
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above the upper boundary, the negative dc voltage is applied
by turning switches S3 and S4 on. The switching logic thus
can be stated as given in Table I.

TABLE I
SWITCHING LOGIC OF VSC WITH HYSTERESIS
BAND CONTROLLER
It 5y 82 N3 S5y
Ve < u“‘f h on on off off
Ve > v“f +h off off on on

In order to improve the performance of the
controller, an extra resistance Rr is connected in series with
ac filter capacitor Cr as shown in Fig. 6. This resistance
dominates the capacitive reactance at switching frequency.
At switching frequency, the resistance Rr and combined
inductive reactance of the Lr and transformer are very large
compared to the capacitive reactance of Cr. Thus, at
switching frequency, this improved structure filter circuit
behaves as an R-L circuit and gives a linear voltage
variation within the band compared to the parabolic voltage
given by the conventional L-C filter circuit. Because of the
linear response, this filter has less band violations and,
hence, better controllability compared to the conventional
filter.

R; C
Vs |l'|"'|'_

r\f\\_f /J—'W i W MM‘.

L ‘ ’_‘ Pl =i
E “lllll'l'\r

= 4 liny
" B o
53 S
’— L | Vao Cac
E GO ¢
u u

Fig. 6 Single-phase equivalent circuit of DVR-connected
system

Details of the design of filter components can be
found in [18]. To make the switching frequency constant,
the hysteresis band is made variable, and its value can be
calculated as
Ry

h=— 1 (2
4’*'1‘1cf~;tht>tﬂ] ( % b ]
=K (v, — v&") (16)
Where
. R
K= H (17)

4v4; few Litotal

For given switching frequency fsw, dc voltage vdc,
total filter inductance (transformer inductance plus Lr), and
filter resistor Rr, the value of K is a constant; hence, the
variation of the band depends on the reference voltage.

In addition to the hysteresis band controller, an
additional controller is required to correct the voltage in the
dc-storage capacitor against the losses in the inverter and
transformer, which may cause the capacitor voltage to fall.
To correct these deviations, a small value of voltage in
phase to the current must be injected by the DVR. To
accomplish this, a simple discrete PI controller is introduced
of the form

Uloss(12) = Vloss(n — 1) + Kp {e(n) —e(n — 1)} + Kie(n)
(18)

Where e(n) = wrefdc— vfdc(n) and vfdc(n) is the sensed

instantaneous voltage across the capacitor passed through
LPF. Now, (4) and (5) can be modified such that

ULd = Vtd — Vloss (19)

E'?_q i \;‘II;E'Ep — (Ve — Vi )% (20)

The complete block diagram of the proposed control
algorithm with all modifications is shown in Fig. 7.
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Fig. 7 Complete block diagram of proposed control
algorithm

IV. SIMULATION RESULTS
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Fig. 10 Response of DVR without shunt capacitor filter for
thyristor converter load
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Fig. 11 Response of DVR W|th shunt capacitor fllter for
thyristor converter load
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Fig. 12 Response of DVR for combined unbalanced and
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Flg 15 Response of DVR with unbalanced and dlstorted
supply with fuzzy logic controller
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Fig. 17 Phase-c load voltage harmonic spectrum
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CONCLUSION

The performance of DVR with the proposed
control algorithm has been evaluated for both the harmonic
current source and the harmonic voltage source type of
nonlinear loads with different supply voltage quality
problems. A fundamental positive-sequence extractor has
been proposed, which extracts three fundamental positive-
sequence phase voltages by sensing only two unbalanced
and/or distorted line voltages. It has been shown that, when
load is nonlinear, only DVR, without a shunt capacitor filter,
is not able to suppress the voltage spikes. The performance
of the DVR has been observed to be satisfactory in all the
cases. Moreover, it is shown that DVR with fuzzy logic
controller is more effective than that of conventional system.
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