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ABSTRACT

Voltage sag detection algorithm for voltage sag corrector 1s proposed m this paper. To quantify the standard of voltage

unbalance under the faulted conditions, the 3-phase unbalanced voltages are decomposed mto two balanced 3-phase

symmetrical components of the positive and negative sequence voltages, which 18 defined by the magmitude factor (MF)
and unbalance factor (UF) It 1s analyzed that MF and UF values are given as the de constant values even though under the

voltage unbalance condition This paper also proposes the control scheme of the instantaneous voltage sag corrector based

on this detection algonthm The validity of the proposed algorithm 1s verified through the EMTDC simulation and

experiments.
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1. Introduction

The power quality problems due to a wide range of line
disturbances, ranging from the voltage sags and swells to
the harmonic distortions, become an unportant concern 1n
the power distribution systems or the mdustrnial power
plants Among these line disturbances, the voltage sags are
the most 1mportant power quality problems facing many
industrial customers Voltage sag means the momentary
decrease of voltage magnitude for duration of between 0 5
to 30 cycles!™ It 1s usually caused by a remote fault
somewhere on the power system Customers living
hundreds of miles away from the fault location can still
expertence the voltage sag resulting m the mal-operation

of the power and control equipments when the fault 1s
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on the transmission system The large majority of the
utility line faults are single line-to-ground faults (SLGF)

SLGF’s on the utility systemn 1s the most common cause of
voltage sags n an mdustrial plant!®!

Voltage sags of short duration induce the fatal results to
the high-technology electromc loads that are very sensitive
to the deviations of the supply voltage Constant voltage
transformers (CVT) or unmterruptible power supphes
{(UPS) are the common approach to mutigate or elinunate
the voltage sag problems CVT’s are easy and economic to
mstall, but not efficient under the variable load condition
or large inrush current condition UPS’s are moie excellent
than CVT’s, but these are costly, especially for larger
ratings, have some frequent maintenance problems The
stantaneous voltage sag correctors (IVSC) are more
effective for maintaining the voltage within hmmts and
balancing 1t Figure 1 shows the IVSC system using sertes
voltage compensators Depending on the range and
severity of faults to be handled, these may have ratings of
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only a fraction of the load This sigmificantly reduces their
cost comparing with the UPS solution In addition, under
normal line conditions, the losses associated with the
compensating operation are very small, since the mjected
voltage i1s zero and the load 1s supphed directly by the
feeder™ )

Several power structures and control algorithms have
appeared n the literature However, many are designed to
correct small unbalances n the supply with harmome free
networks Also, they do not consider fault conditions m
the distribution systems, which will more seriously affect
the sags and unbalance For the application 1 the
distnibution systems, the voltage sag detection algorithm s
very important, because the faulted voltage should be
detected and compensated instantaneously to meet the on-
line compensation The detection algornthm for faulted
voltage has to meet the very short detection time and the
robustness agamnst the nomse and transient change of the
voltage The previous researches of faulted voltage
detection method are classified as followings.

1) Averagmg method
2) Single-phase relative error method
3) dg-transformation with synchronously rotating

reference frame

The detection method of average value 1s robust against
the nowse and transients n the input voltage. It can detect
the power source abnormality, but takes at least half
period to detect the abnormahty. To improve the
drawbacks of the averaging method, the detection of
instantaneous value has been considered using the relative
ac error value But all variables described as the

instantaneous ac values have time variant characteristics,
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so the analysis of power system and design of control
variables are very complicate

If 3-phase ac values are transformed to dg-values with
the synchronously rotating reference frame, the dq-values
are given as the constant de values m case of 3-phase
balanced condition, Therefore, all the problems with the
formal two methods can be overcome using this
transformation, but 1t 1s only under the 3-phase balanced
condition. Although they are transformed to dq-values, ac
components are still remaned under the unbalanced
condition Also the control algorithm 1s complicated and 15
generated with coupling terms®,

This paper proposes a novel detection algorithm of
faulted voltages under the unbalanced conditton To
quantify the standard of unbalance under the fault
voltages  are

conditions, the unbalanced

decomposed mto two balanced 3-phase symmetrical

3-phase

components of the positive and negative sequence voltages,
which 1s defined by the magmtude factor (M{) and
unbalance factor (IJF) It 1s analyzed that MF and UF
values are given as the dc constant values even though
unbalance condition This paper also proposes the control
scheme of the nstantaneous voltage sag corrector based
on this detection algonthm.

The proposed algorithm has advantages as followimgs
The duration time for detection 1s short and constant
because it is not affected by the fault starting position. The
confrol variables have tme-mvariant characteristics
although 1t is under the unbalance conditions. The
structure of the proposed controller 1s simpler than that of
the previous algorthm based on the dg-transformation
with the synchronously rotating reference frame

Finally the validity of the proposed algonthm 1s veritied
through the simulation and experiment. The simulation 1s
accomphshed by PSCAD/EMTDC and the prototype
expenimental system 18 mmplemented by usmg the digital
signal processor (TMS320C31).

2. Detection of MF and UF

Instantancous voltage sags are generally caused by the
faults of short circuits on the distribution hine Most faults
are generated from the natural phenomenon such as
Lightning, weather condition, tree branch or animal contact,
and insulation failures or human activity
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All faults except three lne-to-ground fault (TLGF) have
3 phase unbalanced and unsymmetrical condition. MF and
UF are defined as shown (1)

14

|arF| = (1)

P
vV
ref
luF| = Yu (1b)
l7};‘

where, Vp 1s the positive sequence component, Fy 15 the
negative sequence component and V., 1s the normal
voltage before faults

The phase and line-to-line voltage of source 15 defined
by (2) and (3) with the line voltage value, V to get the
symmetrical components

Vg (£) = J—LSCOS(WI +8g) (2a)
vV 27z

vep(t)r= \/_—3005(14;! ey +05) (2h)
v 2

Veelt) = —\—E—-cos(wz + 375 +6¢) (2c)

v ap{t) = V cos(wi + % +0,) (3a)

Vg he(t) =V cos(we - % +6p) (3b)

vs,cql) = Vcos(wr+5?ﬁ+60) (3¢)

To calculate MF and UF defined by (1), the
symmetrical components should be calculated with the
line voltage as shown by (4)

27 1t Vs,ab
Ve,abP 11l ¢ «
=3 Vs,be 4)
V.s,abN 3 1 a2 o v
's,ca
2

J
where,a=¢ 3

As an example of faults, SLGF 15 considered as
followmgs: If SLGF 1s happened m a-phase, the phase
voltage of ‘a’ will be zero, and the line-to-line voltages of
(3) will be grven to (5)

Copyright (C) 2003 NuriMedia Co., Ltd.

vV 2z
Vg ab) = 7\/_Tcos(wt --3—+ ) {5a)
Vs, e (£ =V cos(wt — % +0) (5b)
V 2
Vg ca(t) = ﬁcos(wt + TJT +6.:) (5¢)

Equation (5) shows that vy, 15 same regardless of faults
but the magnitudes of the other two decrease to 58[%] and
the phase 15 shifted £30[°] By substituting (5) to (4), we
can get the symmetrical components as shown in {6)

cos{mt + % +&)

Vs,abP
- 2 T
Ve beP |=TP Vs ghP = =S cos(an — 5 + &) (6a)
Vs .caP
S cos(wt + 3z +8)
6
cos(wt + Rl +8)
Vs,abN 6
4 T
VsbeN | =TN VsabN = EN cos{w? D) +8) (6b)
Vs,caN

cos{wt + % +&)

2 21"
where, Tp=[1 a a] and TN={1 a a]

By comparing (6} with (3), 1t is known that the
magnitudes of positrve sequence component decrease to
66.7[%)] and thewr phase are same And the magnitudes of
negative sequence component decrease to 33.3[%)] and the
phase sequence 1s oppostte to that m the positive sequence
while the phase of vy 1s same as that of the normal
voltage. Therefore, MF for 3 line voltages 15 dc value of
0 667 and only UF for be line voltage 1s de value of 05
Table 1 shows the magmitude of MF and UF values for
some kinds of faults. If the fault impedance 1s zero, MF
and UF have the time ivariant characteristics as shown 1n
Table 1

Table 1 MF and UF under faults
SLGF LLF DLGF TLGF
MF 0.667 0.5 0.333 0
UF 0.5 -1 -1 0
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3. Detection Algorithm

As shown m Fig |, the purpose of IVSC system 1s to
protect the sensitive load agamst the instantaneous voltage
sag caused by the distributton line fault So IVSC system
has the capability of real time compensatton and 1ts power
farture detection algorthm should be designed to surtable
for real time control

The detection algorithm 1s very mmportant for the
operation of IVSC system, because this works not only to
detect the faulted voltage but also to determine the
operating pownt of the system In case of the detection
algorithm which 1s 1implemented at existing synchronous
coordinator, the fault-starting-pomt affects the total
detecting time because the algonthm has a time variant
characteristic under three phase unbalanced condition As
a result, the system may not be real time compensation, Tn
this paper, to overcome the above disadvantage a new
detection algorithm based on the MF as described m
chapter 2 1s proposed

Fig 2(a) shows an overall block diagram of the fault
voltage detection part and 1t 18 detalled n Fig. 2(b) A
basic digital filter 15 used to get the robust charactenstics
against the noise mcluded in the feedback signal and the
transients of source But the phase delay problem is
evitable with this filter and 1t affects adversely the
performance of the nstantaneous detection and control

algorithm,
Symmetrical Transfer/
Load Components Calculahon Detection Controller
Voltage Detection Eq (1) Block Signal
kq {6)
| ceEMA/
ITIC Curve

Delay I'me
Compensation

Tolerance Time
Calculation

(b)

Fig 2 Proposed detection algorithm (a) Overall block diagram
{b) Detailed scheme of detection block 1n (a)
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The ITIC (Information Technology Industry Council)
cutve in Fig 3 15 used as the standards of power state So
the switch transfer and the compensation action would be
carried out under the toleration time!®!

The proposed detection algorithm has many advantages
for the previous that Fst, 1t 15 available to a fast and
precise detection regardless of the pont when fault begins.
It is means that the MF 1s represented as a DC value for
the various faults, Second, the conirol algorithm, which 1s
implemented by the proposed detection algorithm, has a
time mvariant characteristic, so the design and structure 1s
very sumple

4, Control Algorithm

The general requirements for IVSC system are as
followings; fast dynamic response, robustness for noise,
and 1solation from harmonics In this paper, the last
requirement 1s not considered The configuration of power
circuit and the proposed control block diagram are shown
m Fig 4 and Fig 5 Under the fault condition, the
controller operates to keep the Joad voltage constant.
Otherwise, the controller doesn’t work but only the dc
capacttor 1s charged from the source,

As shown m Fig 5, this paper proposes the novel
control algorithm for IVSC systemn based on the proposed
detection algorithm In these figures, the subscript S, L
and C mean the source, load, and the compensator.

So, using IP controller, the MF and UF of compensation
voltage 1s controlled Consequently the basic control
structute 15 the mstantaneous control of the wverter output
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Fig 5 Proposed control algorithm

capacitor voltage For the purpose of dynamic
characteristic improvement of controller, the mnner current
control loop of inductor could be added, but in this paper

did not use 1t

One of the mportant things for the voltage
compensation 15 how to determine the reference value of
the compensator output voltage calculated by the
followmg steps from Fig. 4 and Fig 5 In Fig. 4, the
reference value of the compensator output voltage 1s
described to be able to compensate the voltage difference
between the reference load voltage and the faulted source

voltage as followings

[Vz,abc] = Elgj {[V;‘,abc] - [Vs,abc J]

where, [vgpe|=[vap vbe vca]T and Ky 1s the winding

ratio of the series transformer

And also, the posiive and negative sequence
components of the reference inverter voltage are given by

®)
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For the control of the voltage sag compensation under
the unbalance and unsymmetrical power condition, the
ideal values of the positive and negative sequence
components of the load voltage 18 given by the reference
voltage value, v, and zero, respectively. By substituting
these values in (8), the reference values of the positive and
negative sequence components of the compensator output
voltage are given as followings

|:V:’ abc] = Ip 1- eiR Yref (9a)
’ P Kr Vref

* Tp Vsa,N
[:“c,abc } N = __KT —Vref Vref (9b)

Then, by substituting (1)} mto (8) the compensator
output voltage 1s described simply by (10)

® TP
=2 (1- MF 10a
[Vc,abc ]P K7 ( S )Vref (10a)

* Tp
[Vc,achN = *K‘T'MFS UFg Vyef (10b)

If we 1gnore the voltage drop at Ry the reference voltage
of mverter output will be the same value of the
compensator output v, and can be written as (11)

[V::abc] = Kppu {[V:,abc}}) *[V;,abc]N} (11)

5. Simulation and Experimental Results

To verrfy the vahidity of the proposed algorithm, the
simulation and experimental results are given as
followmgs. The smulation 1s accomplished by
PSCAD/EMTDC using the parameters given mn Table 2
All the variables are shown as per umit values and the
voltage values in Table 2 are peak value of phase voltage

Table 2  Simulation parameters

Parameter Value Parameter Value

Poweriating | 10[kVA] | Switching fiequency | 5[kHz]

Voltage 311Vl Faults duration 60[ms}

Curient 37 1[A] | Winding ratio (Tg) 11
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The voltage ratio of main transformer, Ty m Fig 4 18
22.9 kV/220 V and 1t 15 connected by A/Y. The windmng
ratios of the series and parallel transformers, Tsto Tp 1n
Fig. 4 are 1'] and the primary side of series transformer 1s
IGBTs
Transistor) are used as the switching devices of the

connected by A. {Insulated Gate Bipolar
mverter and the triangular wave comparison method 13
used as the PWM (Pulse Width Modulation) technique.
And the dec capacitor value 1s designed through the design
process proposed m [7]

Table 3 shows the parameters for the experiments. By
usmg the TMS320C31 DSP, 1t 1s smmplified to establish
the control hardware and software To generate the
unbalanced and unsymmetrical power condition, the
ELGA SW 5250A three-phase ac power supply 1s vsed.
The power raiimg of the prototype experimental system 15
limited by 1kVA with considering the rating of power
supply.

In Figs 6 and 7, 1t 1s verified through the simulation and
expertmental results that the proposed detection algorithm
can be applied to ITIC curve or not. It 1s shown 1 these
figures how the delay time algorithm doesn’t generate the
control signal just after 0 2 sec caused by the time delay of
the detection algorithm.

Table 3  Expenimental parameters
Parameter Value Parameter Value
Power ratmg | 1{kVA] | Switching frequency | 5[kHz]
Voltage 200[V] | Faults duration 60[ms]
Cuwrrent 2 83[A] | Winding ratio (Ts) 11
¢ —Mu-—-—-v-»[ Non-filtered MI . i
58 ms + + C
1oavy

D M4 T e L Fltered ME
58 ns . ) ) -
1 e v ———t —+——
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4001y + et ¢ AL " -

1 Centrol Signal

i

Fig 6 Expermental results for faulted voltage detection
algorithm without compensation of delay time
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Fig 7 Expermmental results for faulted voltage detection
algorithm with compensation of delay time

There 15 (.06 sec time delay. To overcome this problem,
the delay time compensator is added to the detection
algonithm and 1t 18 well venfied in Fig 7 that the control
signal is generated just after 0.2 sec without any time
delay

Figures 8 and 9 show the simulation results of the
proposed instantancous voltage compensator as an
example of SLGF accident and LLF accident. And Figs
10 and 11 show the experimental results as an example of
same accidents

Figures 8 and 9 show the primary and secondary voltage
of mam transformer, compensator output voltage, load
voltage, and DC voltage of the compensator from top to
bottom and Figs 8(b) and 10(b} show MF and UF values
of the source voltage at the secondary of the mam
transformer.

Each figure m Fig. 10(a) to (¢) and Fig. 11(a) to (c)
shows the voltage waveforms of source, compensator, and
load, respectively Figures 10(d) and 11(d) show the MF
and UF values of source voltage and load from top to
bottom

As shown m Fig 8 to Fig. 11, the load voltages are well
compensated under the both fault conditions of SLGF and
LLF. Figures 8 and 10 show that the MF and UF values of
the load veoliage mamtain 1 and 0 with the voltage
compensation although those of the source voltage become
0 667 and 0 5 under the SLGF condition. While under the
LLF condition as shown m Figs. 9 and 11, the MF and UF
values of the load voltage maintain 1 and 0 with the
voltage compensation under the LLF condition. From the
simulation and experimental results, 1t 1 verified that the
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0
Fig 8 Simulated results under SLGF condrtion (a) Transformer
primary voltages, transformer secondary voltages, compensation
voltages, load voltages and DC voltage (b) MF and UF values of
load and source voltage (from top to bottom)

MF and UF values are regulated by the voltage
compensation under the ime fault condition And also,

Copyright (C) 2003 NuriMedia Co., Ltd.

(b)

Fig 9 Smmulated results under LLF condition (a) Transformer
primary voltages, transformer secondary voltages, compensation
voltages, load voltages and DC voltage (b) MF and UF valucs of
load and source voltage (from top to bottom)

we know that this compensator works mstantaneously as
soon as the fauits are detected.
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Fig 10 Experimental result under SLGF condstion (a) Source
voltages (100V/div) (b) Compensation voltages (50V/div) (c)
Load voltages (100V/dwv). (&) MF of source voltage / MF of load
voltage / UF of source voltage values / UF of load voltage

(0 5/div)

6. Conclusion

This paper proposes the detechion algonthm of the
faulted voltage and the control scheme of the
mstantaneous voltage sag corrector that can be adapted 1n
the distribution power lme The proposed detection
algorithm 1s based on the MF and UF values to describe
the reference voltage for compensation. And the turn-on

time of the compensator 18 determined based on the
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Fig 11 Expermental result under LLF condition (a) Source
voltages (100V/div} (b) Compensation voltages (50V/div) (c)
Load voltages (100V/div) (d) MF of source voltage / MF of load
voltage / UF of source voltage values / UF of load voltage
(0 5/div)

ITIC curve that shows the relation between the magnitude
of voltage sag and the permutted time duration of fault
condition And also, the whole process for the detection
and compensation is done nstantaneously

A simple digital filter 15 mnserted to suppress the noise
and transient effect from the ac line voltage and it 1s
designed that the ume delay caused by this filter 1s
compensated simultaneously for the mstantanecus control
The proposed algorithm mcludes following advantages.
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compensator works with this control algorithm. For
example, when 50% instantaneous voltage sag is happened,
it is known from the ITIC curve of in Fig. 3 that the
compensation process can be delayed for 0.2 sec after the
happening of the fault accident. But as shown in Fig. 6, the

fault voltage detection.

1) All control variables become to have the time
invariant characteristics under the voltage [ault
conditions without any additional techniques.

2) The
comparing with the control algorithm of the existing

control structure becomes very simple

synchronous coordinate,
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