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Abstract. Power quality problems related to short or long time Proposed. Within this later context arise the modern products
voltage variation have motived the search for voltage compensatguch as the general UPFC and other type of products. These
techniques capable to provide dynamic voltage regulation ta@re, for instance, the well-known commercially equipment
accomplish voltage supply levels in accordance with electricahamely: DVR, Statcom, Sipcon, Power Conditioners, etc.
energy agencies acceptable levels. Although one could recognizehese have emerged as means to restore voltage deviation to

that a variety of products already offered in the market are capablgye admissible range with a very quick response time [3] [4]
of attending general electrical power system requirements thﬁ-)] [6].

available technology comprises quite simple devices till very

sophisticate ones. Having in mind the combination of simplicity, . .
competitive cost, low maintenance need and an attractivé‘lthough the recognition of the effectiveness of the above
performance at recovering the voltage deviations, then afolution, the search for new technologies has emerged the

electromagnetic concept to restore the desirable voltage within thiglea of using a power device conception based only on
established voltage levels is here proposed. The control strategy electromagnetic units that are to be switched in a discrete
be used can provide properties that enable this new device abanner to obtain the necessary compensation voltage that
proving the time response in accordance with the needs for longil| be injected in series with the main feeder. The proposed

term and short term voltage variations. Concerning the proposegquipmem can be comprised as having two main power

compensator physical topology it consists in extracting theg|acromagnetic units: The first one being the shunt unit — an
necessary electrical power throughout a shunt transformer and the

injection via a series unit. Besides the arrangement, the paper go gtotransformer — to extract power flow from the grid, and a

further by establishing a computational time domain model and éecond one being a series unit — a transformer — destined to

laboratory experiment to highlight the overall structure IMPOSe a voltage drop or a voltage rise achieving this way

effectiveness at compensating voltage changes. the level requirement imposed by the electrical agencies
standards [7]-[9]. It worthwhile notice that the rated power
Key words for each of individual unit does not represent the total power

feeding a given consumer but just a percentile of the total
value supplied to the load. As a matter of fact, the power
required and to be extract and injected by the compensator
parts will be directly defined by the level of compensation to
be offered. Within these principles, a device combining
simplicity, low maintenance requirements, attractive initial
costs, time response possibility to cope with short and long

The matter of maintain voltage level within the standardierm voltage variations, amongst others properties, is here
values as given by the regulation agencies all over thggnsidered.

world has emerged as one of the most important tasks to be o

fulfilled. To achieve such purposes different technologiest herefore, the present paper focuses the description of the
have been traditionally utilized and commercially availablephysical — structure  concerning the electromagnetic
in the market. One of the most well-known techniques isirrangement, a computational modeling in the ATPDraw
the classical compensation based on the injection or théme domain simulator and an experimental set up to provide
consumption of variable reactive power, such as thateans of investigating the overall complex at compensating
provided by fixed or dynamic capacitor banks, reactors andudden voltage occurrences at the mains. The results given
synchronous compensator. Power electronic devices have terms of a variety of operational conditions highlights the
also been developed to offer dynamic reactiveproposed compensator operation and effectiveness at

arrangements having a similar physical behavior as theestoring the consumer busbar voltage during supply system
previous solutions. Another philosophy could be attributedisturbances.
to the direct injection of voltage reinforce has been largely

Automatic voltage control, Power Quality, Power
distribution, Electromagnetic Devices, ATPDraw.

1. Introduction
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2. The Series Voltage Regulator Physical 3. Evaluation Study Strategy
Structure
The evaluation study, in accordance to the paper proposal, is
Fig. 1 illustrates the equipment topology focused in thisdivided in two strategies, being:
paper. The hypothetical system is characterized by a single-
line diagram which consists of a supplier, consumer and A. Computational performance and analysis
compensation voltage structure. The arrangement is
showing the electromagnetic device, among othelJsing conventional ATPDraw simulator library facilities and
characteristics as: the shunt unit to extract power flow fronPy developing special routines throughout the MODELS
the grid, a transformer to impose series voltage with th@latform to cope with the measurement device, the open-
main feeder and the switching mechanism. looped control unit and the specified switches, the final
computational model is represented by Fig. 3. This figure,
As far as the switching module concerns, this could béepresent the work final result, shows the autotransformer,
made of typical contactors or electronics switches, togetheihe series transformer, the switching module device and the
with a logic control unit becoming an automatic structure toopen-loop control. It must be pointed out about the
select the best tap compensation. The automatic structugerformance studies, in time domain, allowed by the chosen
time response to obtain voltage regulation is direct linkedsoftware, the analysis of dynamic, steady-state and transitory
to the switch type, then, the restoration of voltage deviatior$ases.
could be adjust to the ones necessity. The authors e b s
emphasizes that the switching module used is this paper is U Bus 2
composed by ideals switches in an open-loop control. Sbp ?c
onsumer ...

... Supplier 511

Control

Bus 1 (PCC) Bus 2 Bus 3

..... Series
L 4 Transformer

52

ransformer

Supplier

Load a1

Fig. 3. The electromagnetic voltage regulator model in ATPDraw
Platform.

Table | summarizes the main information about the
electromagnetic components to form the voltage regulator
Autotransformer | d eVi ce.

TABLE |. — Computational System Parameters

Fig. 2 enlightens, in a simple manner, the action of the  pada F(’\‘;"A")er Egz‘t’g: V‘E'\t/";‘ge Zcc% | Rec%
voltage compensation device. It worth noticing that theaoiansformer 205 - 127/Tapds _12)5 100
series voltage injection is made by the best voltage tap  Series 205 ] 11 125 100
amplitude from the autotransformer, allied by choosing its Transformer ' ' '

Load 528,8 1 127

polarity, performing this way, the required voltag
compensation.

To restore voltage deviation the autotransformer was
designed with five taps: +5%, +10%, +15%, +20% e +25%.
The reason to choose these values was the voltages deviation
performed at the main feeder to evaluate the electromagnetic
device operational response.

Vs

\AJ

Ve
a—sem variacdo da tensdo
V's AV's
—_——
Ve .
b — com redugdo da tensdo Vs

Vs - Tensao do supridor
Vc - Tensdo do consumidor

B. Laboratory performance and analysis

g
>

Aiming at acquiring a laboratory physical structure capable

V’s — > of perform and simulate the response impose by the
Ve T AV's electromagnetic device, three usual pieces of equipment was
¢ —com elevagdo da tensdo Vs combined to form de voltage regulator. The authors states

Fig. 2. Phasor diagram of the electromagnetic device performancéhat the arrangement used do not yet is a reduce scale
prototype. Fig. 4 illustrates the laboratory equipment used to
restore voltage deviations.
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Fig. 4. Laboratory structure to perform the voltage regulation studies

Once exposed the voltage deviations there will be the

necessity of voltage correction at the load busbar. For the
present paper, it implies at the already mention 5 chosen taps
from the shunt unit — the autotransformer, as it can be seen
in table IV.

TABLE IV. — AUTOTRANSFORMERTAPS— ADDITIVE AND SUBTRACTIVE
Tapes 1 2 3 4 5
Tensao (V) 7,5 14,0 19,9 26,9 33,9

Table II summarizes the main information about thed. Resultsand Discussions
conducted experiment.

TABLAE Il. - LABORATORY PHYSICAL ARREGMENT

Dada Power Power Votlage
(VA) Factor (V)
Autotransformer 1500 - 127/Tape
Series Transformer 1500 - 1:1
Load 528,8 1 127

n

After the voltage profile with no compensation has been
given, by computationally and experimentally including the
effect of the electromagnetic device, a new system
performance has been obtained. The final busbar voltages
are illustrated in Fig. 5 which shows results related to Bus 1
and 3. The Fig. 5a shows the result obtained computationally

4. Case Studies Characteristics

For the computational and experimental analysis, among
infinite types of situations, the authors choose to perform
voltage deviations, over and above its nominal value. The
set of simulations could be visualized through Fig. 5 and
table 11l where a 48 seconds analysis, divided in 4 seconds
intervals, totalizing 12 intervals, was conducted, each one
linked to an operative condition. In this way, to example

the simulation, form 0 to 24 seconds, that is, the first 6

intervals, it can be noticed a 5% slight voltage decrease in
relation to the voltage nominal value. At 24 seconds, the

Voltage (V)
1

and Fig. 5b the results obtained experimentally.

Bus 1

Bus 3

3
P

T T T T T
12 18 30 36 42 [s1 48

24
Time (s)

@)

Bus 1

Bus 3

voltage was restored to its nominal value and a 5% sligh 10
voltage increase was conducted till the end of the 140 ,_,—'_'_'_
simulation. 120
176 Bus 1 g 100
ey
- g 80
<
136{ > 60
T 40
51024
< 20
gﬁ -
2 o 0
(1] 4 8 12 16 20 24 28 32 36 40 44 48
) Time (s)
i . () . .
Fig. 5. Busbar 1 and 3 voltages: (a) Computationally (b) Experimentally
% 5 2 18 30 36 PRI

24
Time (s)

Table V presents the voltage RMS values found to Bus1 and

Fig 5. Busbar 1 voltage profile — Imposed voltage deviation andys3 with the imposed supply disturbances. The deviations
from the rated value are also included.

simulation intervals

TABLE lll. - OPERATIVE CONDITIONS LINKED TO THE
VOLTAGE AT BUSBAR 1

TABLE V. - Bus1 AND 3RMS VOLTAGES— EQUIPMENT CONNECTED

Interval Time [s] Voltage [V] | AV% Computationally Experimentally

Time [s] AV% Busbar 1 | Busbar 3 | Busbar 1| Busbar 3

Interval 1 Oto4 127,0 0 Vi V] V] V]
Interval 2 4108 120,6 -5 0to4 0 127,0 127,0 126,5 126,5
Interval 3 8to 12 114,3 -10 4108 5 120,7 127,8 120,1 1275
Interval 4 12 to16 107,9 15 81012 -10 1143 127,9 113,7 1277
Interval 5 16 to 20 101,6 -20 12 tol6 -15 108,0 127,4 107,3 127,59
Interval 6 20 to 24 95.2 o5 16 to 20 -20 101,6 128,1 100,9 1277
interval 7 5410 28 127.0 ) 20 to 24 -25 953 1285 94,4 127.6
Interval 8 2810 32 1333 5 24 t0 28 0 127,0 127,0 126 5 1265
] 28 t0 32 +5 133,4 1257 132,9 1258
Interval 9 321036 139,7 +10 321036 | +10 139,7 1257 1393 1254
Interval 10 36 to 40 146,0 +19 36 to 40 +15 146,0 126,0 1457 1254
Interval 11 40 to 44 152,4 +20 40 to 44 +20 152,4 125,6 152,1 125,64
Interval 12 44 to 48 158,7 +24 4410 48 +25 158,7 1252 158,4 1254
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In a complementary way, Fig. 6 presents the voltage antlusbar is was necessary to select the 10% voltage deviation

current behavior at secondary side of the shunt, which,

itap to restore to its nominal value, that is, a 5% voltage drop

this paper, is considered the primary side of the serieBom the series transformer secondary added to a 5% voltage
transformer. Fig. 6a is related to the results acquired in thdecrease at the main feeder. In a complementary way, the
computational simulation and Fig. 6b presents the sameontrary could be noticed in a voltage increase simulation
guantities tow referred to the laboratory experimentalstudy. For a 10% voltage rise at the main feeder, which is
arrangement. The corresponding voltage and current valuespresented by time 32 to 36 seconds, the select tap to

are given at Table VI.

Voltage

Current

%}
Nl

@
>

N
T

Voltage (V)
- N
bl d

(v) uauung

3

T

>
=)

T T
12 30

24 36 42 I8l 48
Time (s)
(@
Voltage Current
50 10
45 9
40 8
35 7
-
£30 6 2
& E
525 5 E
I
>20 4 3
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10 2
5 1
0 0
0 4 8 12 16 20 24 28 32 36 40 44 48
Time (5)
(b)

Fig. 6. Voltage and Current imposed by the shunt unit in the primary side

of the series transformer: (a) Computationally (b) Experimentally

TABELA VI. — TENSAO E CORRENTE IMPOSTA PELO
AUTOTRANSFORMADOR NO SECUNDARIO DO TRANSFORMADOR SERIE

correct the voltage deviation was a 5% subtractive.

Aiming at providing a fully understand of the mechanism
used to compensate the voltage deviation and the quantities
values involved at this process, Fig. 7 presents the current
flowing at different measuring points of the electrical
complex: From the source to busbar 1, from busbar 3 and the
load and from the shunt unit secondary side and the series
transformer primary. Fig. 7a is related to the results acquired
in the computational simulation and Fig. 7b presents the
same quantities tow referred to the laboratory experimental
arrangement.

o = Source =>Bus1 = Bus 3 => Load === AT => Series Transformer
% -
g 5 :':‘::
é p 2 — T } ) A A
5
© 3 l::
2
]
o
T T T T T
0 6 12 1 24 30 36 42 81 48
Time (s)
@
Source => Bus 1 Bus 3 => Load AT => Series Transformer

T

[0}

Current (A)
&

w

Computationally Experimentally 2
Time [s] AV% Voltage Current | Voltage | Current 1
vl [A] vl [A] 0
Oto4 0 0 0 0 0 0 4 8 12 16 20 24 28 32 36 40 44 48
4t08 -5 7,5 4.8 14,3 5,0 Time (s)
81012 -10 14,0 5.2 214 54 , , () , _ _
12 to16 15 199 56 28.2 £ g Fig. 7. Current flowing at different measuring points of the electrical
16 10 20 20 26’9 6’2 35’6 6,3 complex: (a) Computationally (b) Experimentally
20 to 24 -25 33,9 71 42,9 6,9 N . -
5410 28 0 0 0 0 0 The values expressed in Fig. 7a and 7b is clarified in table
2810 32 +5 7,4 3,9 0,1 4,3 VI.
321036 +10 13,8 3,6 7,0 4,1
36 t0 40 +15 19.8 34 141 39 TABLE VI. — CURRENT AT THE POINTED OUT BUSBARS
20 to 24 20 567 32 50.4 37 Computationally Experimentally
44 to 48 +25 33,4 3,1 275 3,5 Time [S] Source | Bus3—| AT — Source | Bus3—-| AT -
—Busl | Load P.Tr | —Busl | Load P. Tr
. . [A] [A] [A] [A] [A] [Al
Once analyzed the computational and experimental resultSoto 4 41 a1 0 42 42 0
one could notice, after the first imposed voltage deviation, 4 to 8 4,6 4,2 4,8 4.9 4,2 5,0
a significant distance between the each results. T:E;fzt(t) 1126 ‘5‘2 j’; gé gg 3'2 g’g
; ; ; : 0 , , , , , ,
|nconS|ste_ncy is due to the fact that there is a voltage d 76 to 20 56 42 62 6.2 42 63
at the_ series transformer secondary of §.8Vo|ts. A§ a resuifg o 24 6,2 22 71 6,7 22 6.9
of this fact, there was the necessity to adjust the24to28 4,1 4,1 0 4,2 4,2 0
compensation value by changing the selection tap mod llég :0 gg 2’8 ﬁ 3'2 j’(z) jg ﬁ
1 1 Tré&t (o] ] ] ] ) ) ]
for voltage qorrectlon. To point out an example, the firg 361040 37 41 34 38 42 39
interval . which occurs a 5% voltage _ d_ecrease, S40 10 44 3.6 21 3.2 36 2.2 3.7
emphasized. So, to restore the voltage deviation at the Ipagh to 48 35 41 3,1 35 41 3,5
https://doi.org/10.24084/repqj10.465 770 RE&PQJ, Vol.1, No.10, April 2012



Finally, to enlighten the apparent power involved in the TABLE Viil. - LOAD AND VOLTAGE COMPENSATOR APPARENT

process, Fig. 8 illustrate the quantity at several measuring POWER RELATION
points of the electrical complex: From the source to bushar Computationally Experimentally
. 0,
1, from busbar 3 and the load and from the shunt unit 2V* [\S/ﬁ [3;&1 A[%)] [3%’ [3;3 Al%]
secondary side and the series transformer primary. Fig.[8a 5588 0 0 520 4 0 0
is related to the given results of the computational -5 535,7 36,0 6,7 5434 72,5 13,4
simulation and Fig. 8b presents the same quantities to the -10 536,7 73,3 136] 5445 1154 21,2
; Ly -15 532,6 | 1125| 21,1 5432 163, 30,1
[|aTal L] , ’ ] ) )
laboratory experimental arrz_;\ngement. The correspondipg >0 5378 1666 33 5446 224 Ak
apparent power values are given at Table VII. o5 ta18 | 2424 447 5437 2954 Sah
0 528,8 0 0 529,4 0 0
70— Source =>Bus 1 == Bus 3 =>Load === AT => Series Transformer +5 518,2 28,9 5,6 528,6 2,8 0’5
sl +10 517,8 50,2 97| 5296 289 54
+15 520,9 68,0 | 13,0 5250 550 10,5
g soof +20 517,0 855 | 16,5 5268 764 14,5
0 +25 5138 | 1048| 204 521§ 97,5 18,7
g
EBOG
& With all above figures and tables in mind, the autores
emphasizes:
1064
o : . . . : . . » The final results highlights the voltage compensator
[s] . .
A A= T success in keeping the load supply voltage and power
@) consumption nearly constant all over the applied medium
Source = Bus 1 Bus 3 => Load AT => Series Transformer Voltage disturbances' Therefore, |t has been
o computationally and experimentally proved that the
600 ; ; ; .
- I_‘_'_'_'_I [ equ|pme.nt .con.cepnon here made shows effectiveness in
z 5% accomplishing its purposes;
£ 400 .
8300 * Although the values of apparent power presented in the
§ figures and tables associated to voltage increase
20 compensation are positive, it must be pointed out that these
100 4.—'_'_'_ values are in opposition to the voltage decrease values;
(4]

(V] 4 8 12 16 20 24 28 32 36 40 44 48
Time (5)

The rated for the equipment power, under distinct

(b) situations, presents itself as a percentile of the load power,
Fig. 8. Apparent power at several measuring points of the electrical Which is enlightened by the figures and tables. It implies
complex: (a) Computationally (b) Experimentally that the electromagnetic device, for each level of voltage
TABLE VII. APPARENT POWER AT THE POINTED OUT BUSBARS dewgtlon, presents with .Iower vaIugs_ than the ones
Computationally Experimentally p_rowded to the Ioaq. In this context, it is prpved that as
. Source | Bus3—| AT— | Source| Bus3—] AT-— high as voltage deviation to be restore, the higher must be
Time [s] . .
—Busl | Load P.Tr | —Busl | Load P.Tr the equipment nominal power.
[VA] [VAl | [VA] | [VA] [VA] [VA]
0to4 528,8 | 5288 0 529,4 5294 0 .
4108 560,3 5357| 36,1 5924 sa3h 725 6. Conclusions
8t012 | 562,3| 5367 733 600, 5445  115,8
llg t012‘(3) g%g 2252 1222 222’2 55)22(23 %gj’g This paper has focused the physical structure of a
to , , , , , - . .
01024 | 5876 | Salsl 242 6356 5437 2089 proposed t_elect_ro_matgnetlc devtlce baslted or; s_etrles vo_Itage
241028 | 5288 5288 o 529 4 520 4 ) compensation injection to restore voltage to its require
281032 | 541,4| 5182 284 564, 528)6 2.4 levels, as defined by the regulation. A brief description of
32t036 | 541,8] 517,8] 50,2 561,8 5296 28] the arrangement composition and the control strategy was
36t040 | 5477| 5209] 680 5572 5250 55,0 given and a ATPDraw time domain model has been
40t044 | 5485| 5170/ 854 5562 5268 764  (eveloped to enable transient and dynamic voltage
441048 | 5544 | 5138] 104B 5500 5215 975

compensation studies at the occurrence of sudden voltage

Table VIl presents the percentage values of thevariati_on at the PCC. In order to provide means for an

electromagnetic device in relation to the load apparen xperlmgntgl eva[ugnon, q_lgboratory arrangement has been
et up utilizing existing facilities such as an autotransformer,

power and the imposed voltage deviation at the MaI, normal two windings transformer to represent the series

Iﬁeder. Bad meat_ns thef Ft)r?welr s(LijpIiedI_fodr tge lt?]ad‘g Bit unit and a manually switched procedure to define the degree
€ power portion of Ihe load supplied Dy the vollage ¢ compensation to be applied. The total voltage range

0 . .
compensator and[%] express the direct relation between variation used to characterize the studies was taken from

then. zero to 25% of voltage increase and reduction, with step
changes of 5%. The computational and laboratory results
here given and discussed were quite clear at showing the
equipment success at performing the necessary voltage
compensation. This has highlighted the proposal success at
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achieving its purposes at restoring the voltage deviation4] Zhengping Xi; Parkhideh, B.;Bhattacharya, S.; “Improving
Concerning the time responses of the device, the results distribution system performance with integrated STATCOM
have shown they were instantaneous as no control loop was ar|1d supercapacitor enﬁrgy stc:yage system’, Semlfqnﬂ- Power
considered to the studies. Nevertheless, the authors would El€ctron. Center, North Carolina State Univ., Raleigh, NC,
like to stress that further developments are to be carried out Power Electronics Specialists Conference, 2008. PESC 2008,

to define the control strategy, either mechanically Of(5] Usha, R.P.; Rajkumar, M. ; Reddy, S.R.:

IEEE;
“Voltage sag/swell

electronically, so as to cope with the type of voltage change ™ compensation using Z-Source inverter based dynamic voltage

occurring at the network. In addition to that, a real
prototype of electromagnetic device is to be made to
replace the experimental arrangement here utilized.

[6]
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