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Abstract-This paper presents a voltage sag compensation
technique for Dynamic Voltage Restorer (DVR). An effective
Space Vector Modulation (SVM) technique is implemented using
Three-Level Diode Clamped Voltage Source Inverter (VSI)
configuration. Extensive simulations of various test conditions
indicate that the voltage sag compensation is seamless with
negligible Total Harmonic Distortion (THD).

I INTRODUCTION

Voltage sags are most common power quality issues which
occur in a power system. Voltage sag is characterized by
magnitude (depth) and duration. Sag is a decrease to between
0.1 and 0.9 p.u. in RMS value at the power frequency for
durations of 0.5 cycles to 1 minute. Sag is also defined as a
voltage magnitude event with a magnitude less than the
nominal voltage and a duration between 0.5 cycles and a few
seconds. Computers, consumer clectronics, process control
equipment and adjustable-speed drives (both ac and dc) are
perceived as most sensitive to voltage sags [1]. The Dynamic
Voltage Restorer (DVR) is a series connected power quality
device, which primarily can protect sensitive electric
consumers against voltage sags and surges in the medium and
low voltage distribution grid [2, 3]. The basic idea of the DVR
is to inject a dynamically controlled voltage in series with the
bus voltage. The momentary amplitudes and phases of the three
injected phase voltages are controlled such that the load is
protected from the detrimental effects of sag or swell. In effect,
the DVR is basically a VSI which compensates the voltage
sags/swells by rapidly injecting a set of three phase voltages
into the lines via booster transformer. Among the key points of
concern in the implementation of DVR are sag compensation
capability and harmonics [4]. The DVR has to be effective in
compensating voltage sags associated with phase jump.

The basic control approaches are pre-sag compensation
(voltages at load end are restored to pre-sag values), in-phase
compensation (voltages at load end are compensated and in
phase with sagged voltage) and energy optimal compensation
(voltage injected in quadrature to load current) to minimize
energy injection [5]. A hybrid approach is suggested where
upon the occurrence of sag, the voltage is initially restored to
pre-sag magnitude and phase. Then, the load voltage is
gradually shifted to be in phase with the post-sag voltage
vector, thus decreasing the voltage injection requirement [6].
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However in this approach, generation of reference
compensation voltages uses the synchronous reference frame
method with Software Phase Locked Loop (SPLL), which
introduces a delay in tracking the new network angle if the sag
is associated with phase angle jumps. This delay affects the
dynamic response of DVR. A simpler and effective algorithm
for calculating the reference compensating voltages using POR
power theory is proposed in [7], where the reference
compensating voltages are generated without any time delay.

Multi-level inverter technology has emerged as an important
alternative in high-power medium-voltage control applications.
With the use of gate-turn-off high voltage semiconductor
devices, Voltage Source Inverters (VSI) will be increasingly
used in distribution voltage level applications [8]. The type of
modulation techniques employed determines the RMS value of
the output fundamental and the harmonic content of the output
voltage waveform. The Space Vector Modulation (SVM) offers
a significant advantage in the flexibility to optimize switching
waveforms. Reference [9] proposed a computationally efficient
SVM algorithm for general n-level inverters.

This paper proposes an effective voltage compensation
scheme for the DVR. The reference compensation voltages are
calculated using the approach in [7]. A Space Vector
Modulation (SVM) technique is applied to a three-level diode
clamped VSI to generate compensation voltages without time
delay and with negligible Total Harmonic Distortion (THD).

II COMPENSATION SCHEME

The overall schematic of the DVR system is shown in Fig. 1.

The main components of DVR are controller, voltage source
inverter, energy source for DC link capacitor, filters and
booster transformers.
During normal voltages in the line, the DVR has to be inactive
in the sense that the voltage injection is zero. Upon the
occurrence of voltage sag, the unbalanced voltages have to be
processed to calculate the reference compensation voltages for
the compensation scheme. The reference compensating
voltages are generated in the p-q-r domain and transformed
back into o-o~f coordinates. The reference voltages are given
as inputs to drive the space vector modulator. The firing pulses
are generated for a three-level diode clamped VSI. The block
diagram for the control flow is shown in Fig. 2.
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Fig. 1. Schematic of DVR System
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Fig. 2. Block Diagram of Control Flow

A. Generation of Reference Compensation Voltages [7)
The phase voltages of three-phase a-b-¢ coordinates can be
transformed to o-o~/f coordinates as given in (1).
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If sinusoidal balanced voltages v ., , Vizer a0d Vg, are selected
for the reference waves in the a-b-c coordinates, the reference

waves in o-o-f3 coordinates are as defined in (2).
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Fig.3. Block diagram for calculation of Compensating Voltages

Combining equations (1) and (3), the voltages in

a-b-c

coordinates can be transformed to p-q-r coordinates as

expressed in (4).
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The block diagram for calculation of the compensating voltages
is shown in Fig. 3. Vg, =V —v, is compensated for the p-
axis. ve, =-v, and Ve, = —V, are compensated for the q-axis and
r-axis respectively. The reference value for the p-axis V,zr is
equal to RMS value of the rated line voltage),,,,. With this
reference value, the magnitudes of the output terminal voltages
are regulated to the constant rated line voltagel,,,. The
reference compensation voltages are calculated without time

delay. These can be transformed back to 0-o-f domain using
the transformation given in (6) and (7).

. . Veo Vauss v,
the reference waves Vv,,,, and Vgeey are sinusoidal and . Y ©)
. . V, = -V
orthogonal on the in o/ plane. Using the reference waves C”’* ( 2) 4
Vorer AN Vygppp in the o-o-fFcoordinates in a mapping Vep -,
matrix, the voltages in o-a~f coordinates can be transformed to
p-q-r coordinates as shown in (3). 0 0 1
where, %)
v
o Jerer  Yprsr (pg i P D By
v v Vaprer VapREF
v aBREF @BREF =
o v
g Vprer  Vurgr Zprr - Yarpr
v |=|0 ——/—— 282 1ly v v
B % v “ s REF o REF
aBREF @BREF
ol o o |\
B. Space Vector Modulation Technique for Three-Level Diode
Clamped VSI Topology
. . @) The functional diagram of a three level VSI switching
Where, vigusr = \Vursr” +Vprer - network is shown in Fig. 4. Each switch will assume one of
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Fig. 4. Switching Network of a Three-Level VSI

three positions. For instance, S, may be connected to positive
DC rail point ‘p’, negative DC rail point ‘»’ or neutral point
(NP) ‘o’. Each switch combination produces a unique voltage
vector and can be represented as space voltage vector in one
plane. The space voltage vectors are shown in Fig. 5. The
vector names represent the allowable switching states, e.g.,
‘pon’ means switch S, is connected to positive DC rail, Sy is
connected to NP and S, is connected to negative DC rail. There
are totally 3> (27) allowable switching state vectors which
corresponds to 6-large vectors, 6-medium vectors, 12-small
vectors and 3-zerovoltage vectors. Fig. 6 is a representation of
how the switching states and triangles are numbered. The
numbers at the centre of triangle represent the triangle number
and those at the vertices represent the switching state. The
diagram contains a total of 24 triangles and tip of the reference
vector may lie in any one of these triangles. The modulation
scheme has to decide the switching state and the duty cycle in
order to synthesize the reference voltage vector. An effective
way to synthesize the voltage reference vector is by using the
nearest three vectors (NTVs) as defined in (8).

Vege =dV +d,V, +di}V, ®
where d,, d, and d; are the duty cycles of the vectors J, J, and
;3 respectively, with the additional constraint on duty cycles
defined by (9).

d+d,+d, =1
C. Identification of Nearest Three Vectors (NTVs)
The first step the modulator needs to perform is to identify
the NTVs, which is to identify the small triangle in which the
tip of the reference vector Vy,, is located. The approach is to
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Fig. 5 Space Voltage Vectors in a - fplane
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Fig. 6. Numbering of Switching States and Triangles

Fig. 7. Hexagon space divided into six big triangles

divide the hexagon (Fig. 6.) into six big triangles as shown in
Fig. 7. The magnitude and angle & of the reference vector Vi,
is known. With angle information we can always determine in
which triangle (triangles 1 to 6 of Fig. 7.), the tip of the
reference vector is located. This bigger triangle is further
divided into smaller triangles as indicated in Fig. 8. Triangle 1
(of Fig. 7.) is subdivided into four smaller triangles by the lines
1, 2 and 3. The smaller triangles are referred to as inner small
triangle (), middle small triangle (M), and (there are two)
outer small triangles (0). The reference vector V., is
decomposed into x and y components. Equations (10), (11) and
(12) define the equations for the lines 1, 2 and 3 respectively.

7
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Fig. 8. Smaller Triangles to locate Reference Vector

1654

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY SURATHKAL. Downloaded on February 22,2021 at 11:41:24 UTC from IEEE Xplore. Restrictions apply.



The next task is to find out the smaller triangle (within the
bigger triangle) in which the tip of the reference vector lies.
This can be obtained from the linear equations (10, 11 and 12)
defining the boundaries of the smaller triangles (Fig. 8.). By
knowing the signs of y1, 1> and ys;, we can determine whether
the tip of the reference vector lies in the inner small triangle,
middle small triangle or outer small triangles. Then we can
determine the NTVs to be switched on to approximate the
reference vector.

D. Computation of Duty Cycles
After finding out where the tip of the reference vector lies,
the task is to approximate the reference vector with the NTVs.
Depending upon where the tip of the reference vector lies, the
duty cycles of the NTVs to be switched on can be calculated.
An illustrative case is presented here. The detailed derivation
for computing the duty cycles is provided in reference [10].
If the reference vector lies in outer small triangle as shown
in Fig.8., then,
Vier =Vl Yy +V, dy
d, +d, +d, =1
The duty cycles of NTVs are given by (14).
d, = —3m cos(é’) —msin(é’) +2

d,, =2msin (6’)

d, = —l+\/§mcos(6’)—msin(6’)

where 0 <m <1 is the modulation index.

13

a4

E. Switching Strategy

The switching strategy to be followed has to take into
account the following objectives:

¢ minimising the switching frequency,

¢ uniform distribution of all conduction times between the

12 switches in order share the thermal stresses, and
¢ maintaing the neutral point voltage into a narrow band
around V4./2.

These three objectives can be achieved with a three-level VSI
controlled with SVM, following minimum switching sequences
and with a suitable selection of the different space vectors that
define the same point on the three level space. Depending upon
the different sequences to obtain the voltage reference space
vector, we can distinguish between the three different regions
of operation: the outer hexagon (shaded region in Fig. 10.), the
inner star (Fig. 11.), and the inner hexagon (Fig. 12.). When
the voltage reference space vector changes from one region to
another, the control mode will be modified appropriately. Let
us consider three illustrative cases for the location of the tip of
the reference voltage vector :
a) Outer Hexagon

Refering to Fig. 9., if the reference voltage space vector is
situated in triangle 7(an outer small triangle), then there is only
one minimum switching frequency sequence determined by the
space vectors: 4,17,16,5 > 516,174 > 4,17,16,5...
b) Inner Star

Refering to Fig. 10, let the voltage space vector be situated in
triangle 8 (middle small triangle). In this case also there is only

Y 7N
Y VAVAY Y
BAVAVA 4

128 12 14715

2 25 %
Fig. 9. Outer Hexagon

Fig. 11. Inner Hexagon

one sequence that minimizes the number of commutations of
the switches: 5,7,17.4 > 4,17,7,5 > 5,7,174.....
¢) Inner Hexagon

If the voltage space vector is situated in triangle 1(inner
small triangle) as marked in Fig. 11., there are two different
sequences that minimize the number of commutations: 3,4,6,1
2> 1643 >346,1 .. and 3,752 > 2,573 > 3,7.5,2. Both
sequences are alternated in normal operation with the objective
of sharing the conduction times.

IIT SIMULATION RESULTS

The supply voltages (phase value) under normal conditions
are 230 V, 50 Hz. The DVR does not respond during normal
conditions. Extensive simulations were done and a few
illustrative cases are presented here.

Case 1: The supply voltage dips symmetrically to 50% of
rated value in each phase with no phase angle jump. The
duration of sag is for 2 cycles. The reference compensation
voltages Vcp, Vcq and Ver generated by the PQR algorithm are
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voltages are shown in Fig. 14. The r-axis reference voltage Vcr
which has 50 Hz frequency compensate for the zero sequence
component of unbalanced source voltages. The ac components
of reference voltages Vep and Veq which have 100 Hz
frequency compensate for negative sequence component of the
faulted source voltages. The DC components of Vcp and Veq
provide compensation for decreased fundamental component of
the source voltages. The sag compensation by DVR is shown in
Fig. 15. It is evident that the waveform compensation is
instantancous. There are some glitches in one phase, but the
THD of the compensated phase voltages is 5.8%.

Case 3: A 5" harmonic, with a magnitude of 5% of the
fundamental is injected into all three phases. A fault occurs on
phase ‘a’ and the associated sag is 50%. The compensation
voltages are plotted in Fig. 16. The compensation voltages Vcp
and Vcq contain harmonic components before and after the
occurrence of sag due to the harmonics in the source voltages.

Fig. 12. Compensation Voltages Vep, Veq and Ver (Case 1) 400 T f f Veo f T f f T T
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plotted in Fig. 12. Since there is symmetrical dip in 3-phases,
the Vcp is a DC to regulate the positive sequence component
(fundamental). The g-axis and r-axis compensation voltages
Vcq and Vcr are zero as sag is not associated with unbalance
(no negative sequence component), harmonics and DC offset
(no zero sequence component). Fig. 13 shows the compensation
of sag by DVR. Three sets of voltage waveforms are shown —
supply voltages, voltages generated by VSI and compensated
voltages at the load end. The voltages are instantancously
compensated and restored to nominal values. The glitch at the
instants of start and end of sag may be due to the numerical
simulation. The harmonic spectrum of the compensated phase
voltage is analyzed and THD is 0.78%. Similar results are
obtained with arbitrary instances of fault occurrence.

Case 2: A case of unsymmetrical fault, where phase ‘a’ is
normal and phase ‘b’ voltage dips to 115V, ie., 50% sag and
phase angle jumps by — 15°. Phase ‘¢’ voltage dips to 115V,
i.e., 50% sag and phase angle jumps by 15°. The compensating

time (3)
Fig. 14. Compensating Voltages Vep, Veq and Ver (Case 2)
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Fig. 15. Compensation of Sag by DVR (Case 2)
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Vip The proposed waveform synthesis technique works well and
, , can be used for DVR applications in medium and high voltage
i - systems as there is no time delay resulting in seamless voltage
' sag compensation with negligible THD.
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The PQR algorithm for calculating the reference
compensation voltages is used together with an SVM technique
for three-level diode clamped VSI to generate the DVR
compensation voltages. The PQR algorithm in conjunction with
space vector modulator works very well under a wide range of
test conditions. The compensated voltages have THD varying
from 0.78% for a best case to about 5.8% for the worst case.
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