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ABSTRACT This paper presents a new switching methodology for low voltage static regulators. The
switching method proposed in this paper differs from those found in the literature due to it not needing
a measurement of the current signal in the transformer tap windings and/or in the static switches. This
method simplifies the control, reduces the cost of implementation, and allows safe application onto grids
with low loading and high harmonic current distortion. In order to analyze and evaluate the performance
of the proposed methodology, the static voltage regulator presented in this article was implemented in a
computer simulation and, later, a laboratory prototype was built. The topology, the operational principles,
and the specifications of its constituent components are discussed and presented in this paper. In addition,
the prototype of the equipment was tested under three different load conditions: operating under no-load
conditions, supplying a purely resistive load and supplying a nonlinear load. For each of the three types
of loads considered, the static voltage regulator’s performance was evaluated using specific measurements,
which considered the occurrence of both long and short duration voltage variations imposed on the input
of the equipment by a programmable power source. The obtained results show that—in the worst-case
scenario—the tap changing process takes less than 4 cycles of the fundamental frequency to be concluded.
In light of the obtained performance, the proposed switching methodology for low voltage static regulators
is a promising solution for large scale use under varied applications.

INDEX TERMS Static voltage regulator, on-load tap changing, long duration voltage variations, short
duration voltage variations, power quality.

I. INTRODUCTION

Long and short duration voltage variations are the distur-
bances most commonly related to power quality on electric
systems. Maintaining steady-state voltage amplitude within
an acceptable range is the elementary requirement for good
operability of nearly all loads connected to electric systems.
However, those loads based on switched power supplies
(wide range of tolerable input voltage) present greater toler-
ance to long duration voltage variations. Nevertheless, at the
same time, they are relatively sensitive to short-duration volt-
age variations. Another important aspect of voltage regulation
in distribution grids is the increase of distributed generation,
especially photovoltaic generation, which has an intermit-
tent characteristic. The mechanical on-load tap changers,
one of the most employed equipment to regulate voltage in

The associate editor coordinating the review of this manuscript and
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distribution systems, do not have a sufficiently short response
time to attenuate the momentary voltage variations caused
by photovoltaic systems [1]. In this context, static voltage
regulators (SVRs) have been highlighted among the possible
solutions for voltage control on electric grids. This is because
SVRs can regulate the steady state voltage, like conventional
electromechanical regulators, and attenuate short duration
voltage variations, once they can switch their taps in a matter
of few fundamental frequency cycles.

When it comes to long duration voltage variations, the
standard ANSI C84.1 [2], for example, defines the rated
system voltages to be adopted on electric grids and presents
the acceptable voltage range for electric energy systems oper-
ating at 60 Hz in the USA. In the case of three-phase systems
208Y/120V, the acceptable range for the operational voltage
sits between 106V and 127V for phase-to-neutral voltages,
and between 184V and 220V for phase-to-phase voltages.
In the case of short duration voltage variations, there also exist
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innumerous standards. However, as a rule, these standards—
as in the example of IEEE 1159-2019 [3]—classify the
short duration voltage variations as being voltage events with
amplitudes lower than 90% (voltage sags) or higher than
110% (voltage swells) of the RMS voltage. In both cases,
the duration of events should be of a 1/2 cycle to 1 minute.
Voltage events with a duration higher than 1 minute are
classified as long duration voltage variations.

Currently, as one of the diverse solutions to make the
supply voltage compatible with the operating range of loads
and comply with existing regulations on the subject, different
technologies for static voltage regulators have been studied
and presented in the technical literature and the market.
Theoretically, SVRs promote static switching between differ-
ent windings on a magnetic array, altering the output voltage
in relation to the input voltage without moving parts, as is the
case of electromechanical regulators.

One of the first studies related to the conception of an
SVR dates back to 1970 [4]. In this pioneering study, the
author proposes an autotransformer that has its output voltage
regulated by TRIACs. The voltage regulation is achieved
by varying the firing angle of the switches that activate the
secondary winding. As the control varies the voltage width of
a fixed winding, this method requires fewer taps. However,
its operation can cause expressive voltage harmonic distor-
tions to the load, depending on the firing angle of the static
switches. Reference [5] presents a similar static voltage regu-
lation methodology by varying the firing angles of thyristors,
which is differentiated from [4] by the proposed magnetic
apparatus and the utilized static switches.

Since then, several methodologies that employ power elec-
tronics in voltage regulation have been presented. Initially,
static switches were used as auxiliary components of the tap
switching circuit in conventional electromechanical regula-
tors to constitute the denominated hybrid voltage regulators.
Nevertheless, the use of static switches as an auxiliary compo-
nent had the underlying objective to attenuate the electric arcs
resulting from the tap changing process without impacting the
voltage regulation speed.

References [6] and [7] present application examples of
hybrid regulators. In these two papers, the authors propose
an auxiliary switching circuit composed of thyristors, which,
during the tap change, has the objective of providing a path
to the portion of the switching circuit current that would
be mechanically interrupted. The mechanical interruption of
the current results in an electrical arc capable of damaging
the contacts of the mechanical switches and degrading the
insulating oil over the lifespan of the equipment. Therefore,
at first, the purpose of static switches was to preserve the
mechanical contacts of the regulator switching apparatus,
attenuating or even eliminating the presence of electrical arcs
during tap changing.

Even over recent years, new methodologies for switching
in hybrid regulators have been published in the literature,
as shown in [8]-[10].
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The authors in [8] propose a new conception of a switch-
ing circuit comprising mechanical and static switches. The
equipment presented in this paper employs two sets of static
switches to perform the tap changing: the first set of switches
must be capable of interrupting currents, such as IGBTs and
IGCTs, for example. Meanwhile, the second set does not need
to have this functionality, and both thyristors and IGBTs can
be used, for example. In this study, the static switches alter the
taps, and the mechanical switches conduct the current only in
steady state. However, the static tap change associated with
this methodology depends on the knowledge of the polarity
and, as a consequence the measurement, of the voltage and
current signals of the taps. As will be discussed below, this
can be a limiting factor for applying the methodology under
certain operational conditions, such as in situations with low
loading and high levels of harmonic distortion.

In [9], the authors propose a hybrid voltage regulator com-
posed of vacuum switches, responsible for the mechanical
activation of the tap windings and thyristors, allocated into
an auxiliary circuit tasked with dissipating the switching
energy, which would be dissipated in the form of an electric
arc. Nonetheless, the tap changing of the regulator presented
in this paper must be done when the current crosses zero.
Similar to the methodology described in [8], the tap change
methodology proposed in [9] is dependent on the adequate
measurement of the current waveform of the taps, which can
be a problem under some operational situations, as previously
cited.

Reference [10], on the other hand, presents an auxiliary
electronic apparatus capable of zeroing the current on one of
the two switching reactor windings of an electromechanical
regulator. As such, performing the change from one tap to
another in mechanical form does not interrupt any current in
the switching circuit, thus mitigating, or even extinguishing,
the presence of electrical arcs during the tap change. This
methodology does not require the knowledge of the zero
crossing of the tap current to perform the switching, thus
proving to be a safer hybrid regulator switching method than
its predecessors.

However, the evolution of static switches technology
placed power electronics at the forefront of a new type of
equipment—the fully static voltage regulator. In this new sce-
nario, different static switching methodologies were added to
the technical literature over the years [11]-[14].

The study in [11] presents a computational simulation of
a Dynamic Voltage Regulator (DVR) based on the static tap
change of a transformer. In the fully static proposed DVR,
the voltage applied to the series transformer is controlled
by thyristors switching taps of an auxiliary transformer. The
concerning point of the methodology presented in this paper
is the need to know the instant of the zero-crossing of
the switches’ voltages and current signals. If the triggering
of the switches is performed off the current zero-crossing
instant, the auxiliary transformer would be short-circuited
or even a dangerous overvoltage can occur on the primary
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side of the series transformer due to the overexcitation of its
magnetic core.

Reference [12] proposes a two-winding transformer with
static regulation, using thyristors, performed through elec-
tronic activation of the taps on its primary. In this method-
ology, the control must trigger the thyristors at specific
moments of the voltage and current waveforms, determined
by the phase displacement of these two signals. Similar to the
previously referenced document, this switching methodology
is highly dependent on the knowledge and correct measure-
ment of the switches’ current and its zero-crossing moment.
Depending on the operating situation of the electrical grid
where the equipment is installed, this requirement can be
difficult to achieve.

The study in [13] also presents a transformer of two wind-
ings with full static regulation performed on its primary.
The authors propose using TRIACs as static switches, since
these are bidirectional devices, thus decreasing the number
of electronic switches in the equipment. In this paper, the
control sends commands for the opening and closing of the
TRIACs at the zero-crossing moment of its currents, and
the measurement and precise identification of this instant of
the waveform are decisive in the adequate operation of the
proposed regulator.

In [14], the authors also present a two-winding transformer
with static regulation performed by switching the primary
taps. However, in contrast to studies [12] and [13], the authors
propose using IGBTs as static switches. This guarantees
greater flexibility and safety during tap changes since these
switches can interrupt their current at moments other than
their zero-crossing, at the cost of a overvoltage on their
terminals. However, the IGBTs are triggered at the instant of
their current zero-crossing to minimize the overvoltage and
guarantee the operational safety of the switches. Once again,
the tap change control in the proposed methodology depends
on the knowledge of the zero-crossing instant of the switches’
current, which can be a restricting factor in the application of
this switching method.

In reference [15], the authors propose several steps to
ensure an optimal specification of an SVR. These steps
mention the number of tap windings and voltage ratings,
ratings of the static switches, the presentation of the control,
and its variables and diagrams. The authors also present a
low power SVR prototype employing the optimal method-
ology described along the document. The developed proto-
type employs a two-winding transformer with its secondary
divided into taps as its magnetic apparatus. As in [14], the
static switches used in the prototype are IGBTs. The tap
change is completed in approximately five cycles. However,
similar to the previously referenced control methodologies,
the triggering of the switches is performed when the current
crosses zero, so that the proper current signal measurement is
vital for the control and safety of the equipment.

Reference [16] also proposes an SVR that employs IGBTs
as static switches. In this paper, the switches are installed on
the primary side of a two-winding transformer and, similar
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to the switching methodologies presented above, the control
only triggers the IGBTs when their current crosses zero.
In order to guarantee the safe application of this switching
methodology, it is essential to measure the current waveform
correctly, which can be a limiting factor for its application in
low load situations and/or in grids that present high current
harmonic distortion.

The authors in [17] present a methodology that does not
need the identification of the current zero-crossing instant and
uses only the polarity information of the current circulating
through a tap. This tap changing method is less complex than
previous ones. Nevertheless, it can also lead to equipment
misoperation in situations with low amplitude currents and
high levels of harmonic distortion.

Given the above, it can be concluded that the switching
methodologies found in the technical literature are depen-
dent on current measurements of the switches and/or of the
windings and on the knowledge of its zero-crossing instant.
This increases the number of current sensors and control com-
plexity, mainly in equipment with a high number of switches.
In addition, the zero-crossing point of the current may not
be defined clearly in situations of low load and high current
harmonic distortion.

In light of the above mentioned, the study here presents
a new switching methodology for static voltage regulators,
presenting as a pronounced differential the fact that it does
not require the measurement of switches or winding currents.
Another differential of the proposed methodology in relation
to most of those referenced above is the use of TRIACs as
static switches, which reduce by half the quantity of switches
and, consequently, the number of triggering circuits needed.

Table 1 summarizes the comparison between the method-
ology proposed in this article and the aforementioned works
referenced, indicating the type of regulator (hybrid or fully
static), the need to measure the current signal by the control,
the static switches used, and to determine whether the equip-
ment is responsible for distorting the waveform of its output
voltage.

To validate the effectiveness of the proposed methodology,
the new static switching methodology will be presented, and
constructive characteristics of the prototype will be developed
in the following sections. The results denoting the compu-
tational simulation of the SVR, implemented with the con-
structive characteristics and electrical parameters raised in the
third section, will be presented in the sequence. Finally, the
last section of this paper presents the results of laboratory
tests performed on the developed prototype, which demon-
strate that the new proposed methodology is very promising
to attenuate long and short duration voltage variations.

Il. A NEW SWITCHING METHODOLOGY FOR STATIC
VOLTAGE REGULATORS

The schematic of the power circuit of the proposed static volt-
age regulator is shown in Fig. 1. The equipment is composed
of an autotransformer, with its secondary winding divided
into two distinct taps. The TRIACs S; to Sg perform the
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TABLE 1. Comparison between the referenced methodologies and the
new proposed switching methodology.

Switches’ Employed Voltage
References Type current static harmonic
measurement switches distortion

[4-5] Fully No Thyristors Yes
static

[6-7] Hybrid No Thyristors No

IGBTs with
[8] Hybrid Yes Thyristors No
or IGBTs
[9] Hybrid Yes Thyristors No
. Not
[10] Hybrid No informed No
Fully .

[11-12] static Yes Thyristors No

[13] Fully Yes TRIACs No
static

[14-17] Fully Yes IGBTs No
static
Proposed novel Fully

methodology static No TRIACs No

w
=

Winding 1
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¢
?

w
w
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=
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S
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v(t)

+
Load

@

&

Magnetizing
winding
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FIGURE 1. Schematic of the developed SVR.

switching, and the resistors Ry and R, limit an eventual short-
circuit current during the tap changing process.

The presence of the switching resistors allows the tap
changing to occur without the need to monitor the switches
and/or tap currents. The change from one tap to another
requires the passing through an intermediary tap, where the
switching resistors are put into operation, thus limiting an
eventual short-circuit of the tap windings, as mentioned pre-
viously. Table 2 shows the switches from Fig. 1 that will be
triggered in each of the possible tap positions of the proposed
equipment.
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TABLE 2. Switches triggered in each tap position.

Tap position Switches triggered

0 S3 and S4
Intermediate +1 S and S3

+1 S2, S3 and S7
Intermediate +2 S4 and S5

+2 S4, S5 and Sg
Intermediate +3 S»> and S5

+3 S2, S5, S7 and Sg
Intermediate —1 S1 and S4

-1 S1, S4 and S7
Intermediate —2 S3 and Sg

-2 S3, S¢ and Sg
Intermediate —3 S1 and Se

-3 S1, Se, S7 and Sg

Winding 1

~
s3 :g ‘ sa I(out)
. H
vi) |+ £,
) i 3
§°§ s8 R2 3

5 @
5@

FIGURE 2. SVR in the position of tap 0.

For example, the change of the tap from position 0 to
position +1 needs the SVR to trigger the intermediary
tap +1 before the activation of tap +1. For illustration pur-
poses, the three stages of this tap changing are presented in
Figs. 2, 3, and 4, respectively.

The switching from tap O to intermediate tap +1 requires
triggering on switch S4 and triggering off S,. However, if the
current circulating through switch S4 is not crossing zero
at the instant switch S; is triggered on, there may occur
a short-circuit of winding 1, indicated by I, in Fig. 3.
Nevertheless, the reasonably elevated current will be con-
trolled by switching resistance R;. Therefore, the short-
circuit will remain until the current of switch S4, composed
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FIGURE 3. SVR in the position of intermediary tap + 1.
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FIGURE 4. SVR in the position of tap +1.

of the load current added to the short-circuit current, crosses
zero after the removal of the S4 gate signal.

To guarantee that the current of switch S4 passes through
zero and this switch opens, the control waits for 3/4 cycle
of the fundamental frequency before triggering switch S7,
thus finalizing the tap changing process from position O to
position +1, as presented in Fig. 4.

The amplitude of the RMS output voltage of the SVR is
calculated using windows of one cycle with half-cycle slid-
ing, employing a sampling rate of 3840 Hz (64 samples/cycle
of 60 Hz). This way, the equipment can delay 0.5 to 1.5 cycles
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to detect voltage variations depending on the start time of
each variation in relation to the instantaneous voltage wave-
form and the amplitude of the variation. The more the event
distances itself from the acceptable voltage level (in terms
of amplitude), the quicker the SVR control system detects it.
In order to obtain a more accurate RMS output voltage of
the event, the control waits for 1/2 cycle before determining
the tap position and triggering the switches. This is due to the
half-cycle sliding window of the RMS calculation, in a way
that the first RMS voltage of the event may be considering
voltage samples from before the start of the event. This results
in an intermediary value between voltage values measured
before and during the voltage variation.

In the same way, after triggering the switches of the inter-
mediate tap, the SVR control waits for 3/4 of a cycle before
triggering the final tap switches. This intentional delay guar-
antees that the current of the switches receiving the command
to open passes through zero, securing their effective opening.

The tap switching process lasts less than 4 cycles to be
completed, as will be shown in Sections IV and V, which
presents the simulations and tests results of the proposed
static voltage regulator prototype, respectively.

Highlighted here is that the change of taps from positive
to negative positions, and vice-versa, requires that the SVR
always passes through the tap 0 before reversing the voltage
compensation polarity. The flowchart of the switching algo-
rithm for the new SVR developed herein is presented in Fig.5.

Ill. CONSTRUTIVE CHARACTERISTICS OF THE STATIC
VOLTAGE REGULATOR PROTOTYPE EMBEDDED WITH
THE PROPOSED NEW SWITCHING METHODOLOGY

A laboratory prototype static voltage regulator was developed
to present the effectiveness of the switching methodology
described in the previous section. The main components of
the developed equipment are presented in the following.

A. AUTOTRANSFORMER
The basic parameters of the autotransformer used in the SVR
prototype are listed in Table 3.

The rated voltage of the entire tap winding (winding 1 +
winding 2), equal to 50.8 Volt (0.4 pu), was chosen to limit
the output voltage of the SVR at 1.4 pu when its input voltage
values 1.0 pu. This situation can occur when the equipment
is correcting a voltage sag that requests the triggering of tap
+3 and the input voltage returns to its rated value. As the
tap changes take less than 4 cycles to be finalized, the load
is expected to be subjected to 1.4 pu of voltage during this
short period. Recent thermal and dielectric withstand tests
performed on domestic appliances showed voltage withstand
limits much higher than the aforementioned operating con-
ditions. In [18], for example, tests were performed on tele-
vision sets, stereo equipment, and computers. Among the
tested equipment, the one with the lowest withstand was dam-
aged only with voltages higher than 2.0 pu after 46 cycles.
Similarly, the study presented in [19] performed withstand
tests on different domestic appliances, such as refrigerators,
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FIGURE 5. Flowchart of the SVR switching algorithm.

TABLE 3. Autotransformer rating.

Quantity Value
Rated power 1.5kVA
Magnetizing winding 127V

rated voltage
Magnetizing winding
impedance
Winding 1
rated voltage
Winding 1 impedance
Winding 2
Rated Voltage
Winding 2 impedance
Winding 1 + winding 2

0.4051 +j0.5321 %

19.05 V (0.15 pu)
0.1519 +0.1995 %
31.75 V (0.25 pu)
0.2532 +0.3325 %

Rated Voltage 308 V(04 pu)
Core shunt resistance 75.669 %
Core shunt inductive 24225 %

reactance
Rated frequency 60 Hz
Number of phases 1

freezers, washing machines, and air conditioning units. The
results showed that the equipment with the lowest withstand
(washing machine) was damaged only when subjected to a
voltage with an amplitude of 1.4 pu for 10 seconds.

In light of the above, no failures or damage to electrical
equipment are expected when submitted to voltages of ampli-
tudes up to 1.4 pu for less than 4 cycles. Even so, if it is desired
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to increase the operational safety margin of the SVR, the rated
voltage of the taps can be reduced at the cost of decreased
regulation range.

B. SWITCHING RESISTORS

The switching resistors Ry and Ry, indicated in Fig.1, define
the limit of the current in eventual short-circuits on the
windings, which can occur during the tap changing process.
These resistors were designed to limit the short-circuit current
in the windings to values of no higher than 3.0 pu of the
autotransformer rated current when the input voltage is equal
to 1.4 pu, in accordance with (1) to (4):

Vin x V. 1.4 x0.15

Ry = X el _ XD 60070pu (1)
ISC 3

R = 0753 Q ©)

Vip x V. 1.4 %025

Ry = X a2 _ XD 6011700 (3)
ISC 3

Ry = 1258 Q )

where Rj is the resistance value of resistor Ry, V;, is the
RMS input voltage of the SVR in pu, Vi1 is the tap 1 rated
RMS voltage in pu, R» is the resistance value of resistor Ry,
Viap2 1s the tap 2 rated RMS voltage in pu.

It can be observed that the percentual impedance of the
autotransformer, as well as the grid short-circuit impedance,
were not taken into consideration in the previous equa-
tions, thus leading to more conservative resistor values.
In real applications, wherein the grid and autotransformer
impedances have non-zero values, magnitudes of less than
3.0 pu are expected for winding short-circuit currents.
Furthermore, 1.4 pu swells are not frequent events in real
systems. This implies that the calculation of switching resis-
tors presented above is extremely conservative, to ensure safe
operation for static switches and tap windings.

Nevertheless, as aforementioned, the short-circuit current
in the windings will be present as long as the currents of
the switches that had their gate signal removed do not pass
through zero. Ideally, this period has a maximum duration
of 1/2 cycle. In any case, to reach higher operational safety,
the SVR control waits for 3/4 of a cycle before carrying out
the tap changing procedure. The power dissipation capacity
of the resistors in the equipment prototype was specified to
withstand the rated autotransformer current, even though they
are operating only during the tap changing process.

C. STATIC SWITCHES

As mentioned previously, the static switching in the equip-
ment prototype is done by TRIACs. TRIACs are used instead
of other types of static switches due to their low cost and
greater simplicity. Since TRIACs are bidirectional semicon-
ductors, they also reduce the number of necessary static
switches by half.

The TRIACsS used on the prototype are BTA24. The main
parameters of these switches are given in Table 4. The switch
snubbers resistors and capacitors are not part of the TRIAC
and were installed in parallel with each switch.
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TABLE 4. Basic parameters of TRIAC BTA24.

Parameter Value
RMS on-state current 25 A
Repetitive peak

off-state voltages 600 v

Non-repetitive peak on-state current 100 A
at 75° C of case temperature

Max gate current Q1 50 mA
Max gate current Q4 100 mA
Maximum voltage drop 1.55V
Snubber resistance 100 Q

Snubber capacitance 10 uF

D. CONTROL

SVR output voltage is the only variable used by the control
to determine which tap to trigger. Figure 6 presents the block
diagram for the proposed switching methodology.

Output Voltage
Signal Conditioning

Gate
signal #1

64\2 :I'RIAC #1
@) rrinc 2

NOR gate #1
/

Gate
signal #2

TRIAC’s
~ Switching
*,| @nd Snnuber

12042 b S B 07 | o Board
NOR gate #8
10.7 kHz
Pulse Generator
5V D I:I |:|

FIGURE 6. Simplified diagram of the developed SVR control.

Gate
signal #8

64\2 TRIAC #8

The output voltage of the SVR, vout(t), is conditioned by
a signal acquisition and conditioning board in order to be
applied to the input of the microprocessor’s analog to digital
converter (ADC). The microprocessor used in the prototype
was the LAUNCHXL-F28379D from Texas Instruments. The
conditioned voltage is sampled by an ADC of 12 bits with a
sampling rate of 64 samples per cycle of 60 Hz.

Once the signal resulting from the discrete sampling of the
voltage is obtained, the microprocessor CPU calculates the
RMS voltage on the output of the SVR using windows of one
cycle with half-cycle sliding.

Once the voltage value of the SVR is known, the micro-
processor sends signals to 8 of its outputs (pins 1/O), which
will be used to trigger switches St to Sg. The triggering of
the TRIAC: is performed through a pulse transformer, which
is responsible for the galvanic insulation between the control
and power circuits. This way, the 8 output signals from the
microprocessor, together with a pulse of 10.7 kHz, are applied
to 8 logic NOR gates that send these signals to trigger the
TRIACs.

The tap to be triggered is calculated in the following way:

Vloaa’ = Vin X (chrrenl_tap + 1) (5)
V
Vin = —— ©)
(chrrent_tap +D
Vier = Vin X (Vfutureftap +1D @)
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Substituting (6) into (7):

Vref X (chrrent_tap +1 _
Vioad

Vfutureftap = 1 (8)
where V44 is the RMS voltage on the load side, Vj, is the
RMS input voltage of the SVR, Viyprens_sap is the current tap
rated voltage, Vi is the reference voltage of the SVR control,
and Vuure_wap 1S the compensation voltage of the future tap.
All variables are in pu.

Notably, the voltage of the taps depends on the input
voltage, indicated in (5), since the SVR is based on an auto-
transformer. The reference voltage, V,.r, set in the prototype
control was equal to 1.0 pu.

Another point worthy of attention regarding the previous
equations is that the compensation voltage of the future
tap, Viuwre_tap presented in (8), is a continuous function.
In contrast, the available voltages of the SVR taps are steps
(—0.40, —0.25, —0.15, 0.0, 0.15, 0.25, and 0.40 pu). There-
fore, it is necessary to define ranges of compensation voltage
values for each of the available taps.

Finally, despite the developed SVR being able to switch to
tap —3, as shown in Table 2, this tap position was deactivated
in the control of the developed equipment. This tap position
was deactivated because its compensation voltage is equal to
—0.40 pu. As such, by substituting this compensation voltage
in (8), with the SVR in tap position 0, we obtain:

—0.40 = I 1 C)
Vioad
Vieaa = 1.667 pu (10)

Through this, it can be concluded that tap —3 will only be
triggered in order to compensate voltage swells with mag-
nitudes above 1.667 pu, which are uncommon in electric
systems. Additionally, in cases where the SVR triggers the
tap —3 and the input voltage returns to its rated value, the
load will thus be subjected to a voltage sag of 0.6 pu. Conse-
quently, due to these two situations, tap —3 was deactivated
from the control, and all more severe voltage swells were par-
tially compensated by the triggering of tap —2. The ranges of
compensation implemented on the SVR control are presented
in Table 5. In order to prevent excessive switching of the SVR,
the control only changes the tap positions when the output
voltage was less than 0.9 pu or higher than 1.1 pu.

IV. COMPUTATIONAL SIMULATION OF THE PROPOSED
STATIC VOLTAGE REGULATOR

Before being implemented in a laboratory prototype, the
switching methodology proposed in this article, as well as
the specification of the components presented in the pre-
vious section, was verified through a computer simulation.
MATLAB/Simulink was the simulation platform used.

The simplified schematic of the simulated system is shown
in Fig. 7. Notably, the gate signals of the TRIACs, the snub-
bers, and the graphic elements used to visualize the various
voltage and current signals in the circuit are not presented for
greater clarity in the visualization.
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TABLE 5. Tap windings to be triggered according to the required
compensation voltage.

Compensation voltage (pu) Tap
Viuure 1ap>0.40 3
0.40 = Visre 1ap> 0.15 2
0.15 > Viure 1ap> 0.10 1
0.10 > Visure 1ap > - 0.10 0
-0.10 = Viure 1ap> - 0.15 -1
Viuture 1ap< - 0.15 )

s1 s2
P — 1 @ @

)

Transformer

% LOAD

AC Source (x [

-

:
=
2
AV
8
frl
Ty

FIGURE 7. Simplified schematic of the simulated system using
MATLAB/Simulink.

The parameters of the components in Fig. 7 and the control
logic implemented in the simulation are the same that are pre-
sented in section III. The RMS voltage values were calculated
using a sampling rate of 64 samples per cycle of 60 Hz with
a half-cycle sliding window, to simulate the speed of event
detection and the accuracy of the measured voltage values that
will be implemented in the prototype developed.

It is worth noting that the network’s short-circuit level or
the impedances of the conductors that connect the various
components of the system were not considered in the simula-
tion. That said, as will be observed throughout the document,
the short-circuit current values obtained by the computer
simulation were more severe than those observed in the lab-
oratory tests. Another point that merits attention is that the
selected simulation platform does not contain the TRIAC
component in its libraries; thus, the static switches pre-
sented in Fig. 7 are composed of two thyristors connected in
antiparallel.

To assess the effectiveness of the proposed SVR, two
voltage variations were applied on its input terminals: a volt-
age sag and a voltage swell, both with a duration equal to
15 cycles. The voltage values for each of these two events,
along with the tap triggered by the SVR, are shown in Table 6.
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These two events will be applied to the laboratory prototype
developed. It is noteworthy that the voltage on the input
before and after the events was maintained equal to 120 Volts.

TABLE 6. Tap windings to be triggered according to the input voltage -
short duration voltage variations.

Event Input voltage Iz:;:lt;;))n Triggered tap
- 120 V (1.00 pu) - 0
1 83 V (0.69 pu) 15 +3
1T 149 V (1.24 pu) 15 -2

Finally, the equipment was simulated considering three
different load conditions to analyze the performance of the
SVR under different load conditions: no-load, supplying a
purely resistive load of 300 W, and supplying a distorted load
with fundamental active power equal to 156 W.

A. SIMULATION RESULTS OF SVR OPERATING AT
NO-LOAD CONDITION

The first simulation considered the SVR at a no-load con-
dition, that is, with no load connected to its output terminals.
Fig. 8 illustrates the behavior of the input and output voltages,
both in instantaneous values and in RMS values, for the two
events presented in Table 6.

300
_ —v()(in) —v(t) (out) — VRMS (in) — V RMS (out)
240 | (1) -
Rz m) LELLLL
t
I

180 | —H

AT
-60

i M

-180 I L ! i I |
-240
-300

*

Voltage (V)
o
—
———

FIGURE 8. Simulated instantaneous and RMS input and output voltages
of the SVR, operating under no load, when events I and 11 of short
duration voltage variations occur.

By analyzing the previous figure all tap took around two
cycles from the start of the events to be completed. This meets
the projected actuation time, which should be up to 4 cycles.

It is observed that the equipment switched its taps to main-
tain the RMS voltage within the considered adequate range
of between 0.9 pu (108 V) and 1.1 pu (132 V).

In what follows, the activation of tap +3 (Fig. 9) and the
return from tap 43 to position O (Fig. 10) are presented in
greater detail.

The load voltage had a significant improvement in the
activation of the intermediate tap, which occurred approxi-
mately at time instant 0.10 s. The triggering of the final tap,
represented by the switching resistors switching off, occurred
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FIGURE 9. Simulated instantaneous and RMS input and output voltage of
the SVR, operating under no load, during the change from tap 0 to tap +3.

only 3/4 of a cycle after this moment. Considering the entire
tap change process, the switching from position O to tap +3
took around two cycles for completion, submitting the load
to a two cycles event, and no longer to a 15 cycles sag, which
may be critical for the operation of sensitive equipment that
may be being connected to the SVR output.

At the instant the SVR input voltage returns to its nominal
value, as the equipment has its 43 tap activated, the SVR
output voltage will present voltage swell of 1.4 pu magnitude,
as shown in Fig. 10.

300
— V RMS (out)

-’

— v(t) (in)

— v(t) (out) — V RMS (in)

225

150 -

75

Voltage (V)

0

-75 -

-150

-225

-300

FIGURE 10. Simulated instantaneous and RMS input and output voltages
of the SVR, operating under no load, during the return from tap +3
to tap 0.

The analysis of Fig. 10 shows that the 1.4 pu swell was
corrected in less than 2 cycles. As mentioned above, this
overvoltage with this duration is not supposed to damage the
equipment that should be connected to the SVR output.

The inverse situation is also true: if the SVR is correcting a
voltage swell that demanded the activation of its tap —2 and
its input voltage returns to the nominal value, a sag of 0.75 pu
on the output is expected for a period of fewer than 4 cycles.
However, equipment malfunctions are not expected either for
this magnitude and duration.

In case these two situations violate the operational limits
of the load connected to the SVR output, the tap winding
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transformation ratios can be changed at the cost of a reduction
of its voltage regulation range.

B. SIMULATION RESULTS OF SVR SUPPLYING

PURELY RESISTIVE LOAD

In the first simulation of the SVR supplying a load, a purely
resistive load of 300 W was connected to its output. Also, the
same events shown in Table 6 were applied to the regulator’s
input in this loading situation. The instantaneous and RMS
voltages on the input and output of the SVR can be seen
in Fig. 11.

300
_ —v()(@in) —v(t) (out) — VRMS (in) — V RMS (out)
240 (1) S
— 111 LLLLL
180 v I | ‘
120 MﬂM
S 60
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g o
2 .60 U
-120 i
(N
180 u 1
-240
-300
ONWOMNWOVWOMNMOWAOANULOINWWO=WOFTO~FNOTN
COOTrrmrmrmrAl AN NMOONMITLTTOOL O© O©O©NNIMNOWDOW®

FIGURE 11. Simulated instantaneous and RMS voltages on the input and
output of the SVR, supplying resistive load when the short duration
voltage variation events I and Il occur.

In the same way as seen in the simulations that the SVR
was operating at no load, the voltage variations were correct
in approximately 2 cycles. As will be shown in greater detail
in Fig. 13, there is a small difference between the primary and
secondary voltage caused by the drop voltage on the TRIACs,
which values approximately 1.5 V per switch.

The instantaneous currents on the input, output and in the
two tap windings of the SVR, are shown in Fig. 12.

50

—i(t) (in) — i(t) (out)

i(t) (winding 1) i(t) (winding 2)

40

30

20

Current (A)

FIGURE 12. Simulated instantaneous currents on the input and output of
the SVR, along with tap windings 1 and 2 supplying resistive loads when
the short duration voltage variation events I and Il occur.

The short-circuits of the tap windings can be observed from
the previous figure. As shown earlier, switching resistors have
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been specified to limit the windings currents to three times the
rated current value (35.4 A RMS or 50.1 A peak) when the
input voltage is equal to 1.4 pu.

As the highest simulated and tested input voltage value was
equal to 1.24 pu, the highest expected short-circuit current,
according to (1) and (3), would be 2.66 pu (31.4 A effective
or 44.4 A peak). The analysis of Fig. 12 shows that the current
in the tap windings had a peak value of less than 40 A in
the worst case. This is attributed to the impedance of the tap
windings and the voltage drop on TRIACs S7 and Sg. Put dif-
ferently, the specification of switching resistors, in addition
to considering an extreme input overvoltage condition, also
did not consider the voltage drops on the windings and static
switches, therefore being extremely conservative in further
increasing the operational safety of autotransformer and static
switches.

Furthermore, depending on the instant of the voltage wave-
form in which the switches are activated, there may be no
short-circuit current, as was the case when changing from
tap 0 to +3.

The input and output voltages of the SVR at the beginning
of event II are illustrated in Fig. 13.

b — V() (in) —v(t) (u) —VRMS(in) — VRMS (out
o
S

-75

-150

-225
-300
O N 0O O O =~ A O F O N 0 O O =~ A M S 1 © N
S T T ETOH00DnW00n0n0noooo oo o
O O O O O O O O O O O O O O O O O o o o o
time (s)

FIGURE 13. Simulated instantaneous and RMS input and output voltages
of the SVR, supplying a resistive load during the change from tap 0 to
tap —2.

The voltage drop on the TRIACs can be seen in the first
moments of Fig. 13, when the SVR is operating at tap 0.
As can be observed, there is a slight difference between the
input and the load voltage. This voltage difference is equal
to 3.1 V (1.55 V per switch).

The input, output and winding 2 currents of the SVR for
the same situation, switching from tap 0 to —2, are shown
in Fig. 14.

The highest peak current value observed in Fig. 14 is below
the maximum projected value for the winding short-circuit
current (44 A of peak value for this input voltage).

Howeyver, it can be observed that, for this situation, the
short-circuit current of winding 2 lasted for only 4 of a
cycle. In the worst-case scenario, this short-circuit current
is expected to remain for only 1/2 cycle, that is, until the
current of the TRIACs that had their gate signal removed
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FIGURE 14. Simulated instantaneous currents on the input, output, and
in tap winding 2 for the changing of tap 0 to —2 with the regulator
supplying a resistive load.

passes through zero; therefore, it is not expected to damage
either the autotransformer windings or the static switches due
to the brief short-circuit duration of the tap windings.

At the end of event II, when the SVR input voltage returns
to its nominal value, the load suffers a voltage sag of 0.72 pu
as the tap —2 is activated. This is because the negative com-
pensation of winding 2 (0.25 pu) was increased by 4.65V
due to the voltage drop on switches S3, S¢, and Sg, which
are triggered on. However, as can be seen in Fig. 15, this
condition lasted for approximately 2 cycles.
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FIGURE 15. Simulated RMS and instantaneous voltages on the input and
output of the SVR, supplying a resistive load for the change of tap -2 to
tap 0.

Figure 16 presents the input and output currents of the
SVR, as well as the current in the tap winding 2, for the return
of the SVR from position —2 to tap O.

The previous figure shows that the short-circuit of the tap
winding 2 (30.3 A of peak value) presented a value lower than
the projected maximum, again showing that the calculation of
the switching resistors was very conservative. Additionally,
as described above, this overcurrent will have a maximum
duration of 1/2 cycle.

Therefore, it can be concluded that the greatest requirement
of switches occurs when the regulator has to correct swells,
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FIGURE 16. Simulated instantaneous input and output currents, along
with instantaneous current in tap winding 2, when changing from tap
position —2 to position 0 and the SVR supplying resistive load.

since the voltage on its magnetization winding rises, increas-
ing the voltage of the secondary coils and, consequently, the
value of the short-circuit current in the tap windings.

As shown in the previous subsection, wherein the regulator
was operating at no-load condition, when the SVR is correct-
ing a more severe sag, with its 43 tap triggered on, and the
input voltage returns to 1 pu, the load will experience a swell
of approximately 1.4 pu. This situation is shown in Fig. 17,
which presents the input and output voltages of the regulator
at the end of event I.
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FIGURE 17. Simulated RMS and instantaneous voltages on the input and
output of the SVR, supplying resistive load during the change from tap
position +3 to tap 0.

The output voltage seen in Fig. 17 is slightly smaller than
that seen in Fig. 10 due to voltage drops on switches S,
Ss, S7, and Sg, totaling 6.2 V of reduction. From the figure
above, as well as from Fig. 18, it can be seen that this tap
changing took a little more than 2 cycles to get completed;
therefore, such overvoltage should not be harmful to a load
being supplied by the SVR.

The input, output, and also currents in the two tap windings
of the SVR, for this same situation, are presented in Fig. 18.

The short-circuit currents of the two windings can be seen
in Fig. 18. The windings’ short-circuit currents were much
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FIGURE 18. Simulated instantaneous input and output currents, along
with instantaneous currents in the tap windings, when changing position
from tap position +3 to tap 0 and the SVR supplying resistive load.

smaller than the maximum peak value of 44 A, which subjects
the switches and the windings to less thermal stress than the
projected limit. It is important to point out that the TRIACs
used in the prototype have a nominal RMS current equal
to 24 A (33.9 A peak value for a purely sinusoidal current).

C. SIMULATION RESULTS OF SVR SUPPLYING A
NONLINEAR LOAD

The last simulation of SVR aims to evaluate the behavior of
the equipment supplying a non-linear load, with a high level
of current distortion. The simulated load was composed of a
resistive load of 156 W in parallel with 4 harmonic current
sources. The harmonic current values are shown in Table 7.

TABLE 7. Harmonic currents of simulated non-linear load.

Harmonic RMS current
2 0.650 A
3 0433 A
4 0.325 A
5 0.260 A

For this situation, the behavior of the input and output
voltages of the SVR can be seen in Fig. 19. As observed
in the two other load situations, the voltage variations were
corrected very quickly, with tap change completion in less
than 4 cycles.

The instantaneous currents in the input, output and in the
two tap windings of the SVR are shown in Fig. 20. The results
observed in the figure below are very similar to those shown
in Fig. 12; in none of the 4 tap changes the windings currents
were greater than 3 pu.

To provide a more detailed view of the SVR’s operation
supplying a non-linear load, the figures below present the
behaviors of the voltages and currents on the SVR at the start
of event II. In particular, Fig. 21 shows the input and output
voltages of the equipment in this situation.

Fig. 21 shows that the tap change from position O to tap —2
took less than 2 cycles to be completed. Finally, Fig. 22 shows
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FIGURE 19. Simulated RMS and instantaneous voltages on the input and
output of the SVR, supplying a nonlinear load when the short-duration
voltage variation events 1 and Il occur.
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FIGURE 20. Simulated instantaneous currents on the input and output of
the SVR, as well as in tap windings 1 and 2, supplying a nonlinear load
when the short-duration voltage variation events I and 11 occur.
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FIGURE 21. Simulated instantaneous and RMS voltages on the input and
output of the SVR, supplying a nonlinear load during the change from
tap 0 to tap —2.

the behavior of input, output, and tap winding 2 currents for
event II.

As explained in section II, the speed of the SVR tap change
hinges on some factors such as the instant of the voltage
waveform at which the voltage variation occurred and the
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FIGURE 22. Simulated instantaneous input and output currents, along
with the instantaneous current in winding 2, when changing from tap
position 0 to tap position —2 and the SVR supplying a nonlinear load.

magnitude of the event, since these two factors impact the
RMS voltage value calculated every 1/2 cycle and, conse-
quently, the event detection delay. In general, the more severe
the event, the greater the chance of the voltage variation being
detected by the control in the first RMS voltage calculation
window after the beginning of the event.

The SVR is designed to take less than 4 cycles to perform
a tap change. Additionally, its bias is to guarantee the safety
of the loads that are connected to its output, especially in
the situation in which the regulator has tap 4-3 triggered on
and the input voltage returns to its nominal value, subject-
ing the load to a swell of approximately 1.4 pu. However,
as evidenced throughout this section, the static regulator tap
changing, in general, took around 2 cycles to be completed,
which further increases the operational safety of the loads
being regulated by the SVR. In the next section, where the
results of the laboratory tests of the developed prototype will
be presented, tap changes taking less than 4 cycles will also
be observed.

Regarding the short-circuit currents of the SVR’s wind-
ings, the simulated results were also very promising. Switch-
ing resistors were designed to limit the short-circuit currents
of the windings to 3 pu in the situation which the input
voltage is 1.4 pu. From the standpoint of overvoltage at
the fundamental frequency, this condition is extremely rare
in a real electrical system. In addition to considering this
severe input overvoltage, the switching resistor design did
not take into account the system impedances, the autotrans-
former impedances, or the voltage drop on the TRIACs. Thus,
it can be inferred that the design of the switching resistors
was extremely conservative, which was confirmed by the
simulations.

V. TEST RESULTS OF THE PROPOSED STATIC VOLTAGE
REGULATOR PROTOTYPE

The prototype developed employing the components
described in section III and the switching methodology pre-
sented above is shown in Fig. 23.
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voltage values higher than 127 V and less than 106 V consid-
ering the reference voltage equal to 120 V. Five distinct sit-
uations with different RMS input voltage values were tested,
which made the SVR switch from tap 0 to all five allowed
tap positions, and vice-versa. The input voltage magnitudes,
as well as the tap position to be triggered in order to compen-
sate these five voltage variations, are presented in Table 8.

TABLE 8. Tap winding to be triggered according to the input voltage -
long duration voltage variations.

#AC Contactor ' I'ﬁ\‘ﬁ?otran‘sfbrmerk Tap winding fuses

FIGURE 23. Prototype of the developed SVR, contemplating the new
switching technology.

The prototype of the voltage regulator developed herein
was tested under three different scenarios: (i) operating at no
load, (ii) supplying 300 W of incandescent lamps (resistive
load), and finally, (iii) supplying a 156 W nonlinear load con-
stituted of a set of electronic lamps of different technologies.
In order to perform the tests, the voltage variations at the
input of the SVR were synthesized by a programmable power
source from California Instruments, model CSW555.

The voltage and current signals, in RMS and instantaneous
values, were registered by a G4500 BLACKBOX meter from
ELSPEC, with a sampling rate of 1024 samples per cycle
at 60 Hz. Figure 24 presents the schematic for the setup used
in the performance tests of the prototype equipment.

Programmable Power Source
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- 120 V 0
I 104V +1
1I 95V +2
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FIGURE 24. Schematic design of the laboratory structure used for
realizing performance tests on the static voltage regulator prototype.

The tests performed on the developed SVR had as their
objective to evaluate the SVR performance when long and
short duration voltage variations were applied to its input.
To reach this goal, long duration voltage variations were
applied on the SVR input with magnitudes outside of the
acceptable range determined by ANSI C84.1 [2], i.e., RMS
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In addition to the long duration voltage variations tests,
the performance of the SVR was evaluated for short duration
voltage variations. For each of the three load conditions, two
consecutive momentary voltage variations were applied, each
with a duration of 15 cycles and amplitudes as indicated in
Table 6. The input RMS voltages before and after the event
were maintained at 120 V for all cases.

A. SVR OPERATING AT NO-LOAD CONDITION

In the first set of tests, the static voltage regulator had no load
connected to its output. Figure 25 presents the variations of
the SVR’s RMS input and output voltages during the five
aforementioned long duration voltage variations applied at
the input of the equipment.
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FIGURE 25. Recorded input and output RMS voltage of the SVR operating
at no load during the long voltage variations test.

From the analysis of Fig. 25, it is observed that despite
the large RMS voltage variations imposed on the input of
the SVR, the output RMS voltage (in steady state) remained
within the acceptable voltage range, per ANSI C84.1 [2].

As previously explained, spikes of up to 1.4 pu on the
RMS output voltage can be verified at the end of the situa-
tions I to V. However, these spikes’ durations were less than

20757



IEEE Access

R.N. D. C. Lima, J. R. Macedo, Jr.: Novel Switching Methodology for Low Voltage Static Regulators

4 cycles, which do not risk the integrity of loads connected to
the output of the equipment.

As an example of this situation, Fig. 26 shows the instan-
taneous and RMS voltages at the beginning of situation III
(Fig. 25) when the regulator switches from tap 0 to tap
position +3.
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FIGURE 26. Recorded instantaneous and RMS input and output voltage of
the SVR, operating under no load, during the change from tap 0 to tap +3.

At the end of situation III, the input voltage returns to its
rated value, but the SVR is still in position +3. Then, for a
short period of approximately 3 cycles, the load was subjected
to a voltage swell. This situation can be seen in Fig. 27,
which presents the instantaneous and RMS voltages when the
prototype returns from tap position +3 to 0.
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FIGURE 27. Recorded instantaneous and RMS input and output voltages
of the SVR, operating under no load, during the return from tap +3 to
tap 0.

As the switches were not conducting any current, there was
no voltage drop on the TRIACs. However, when operating
under load, the activation of tap +3 (switching on TRIACs
S2, Ss, S7, and Sg) will cause a voltage drop on the conducting
switches of approximately 1.5 volts of amplitude per switch,
thus causing a small attenuation on the load voltage in relation
to the amplitudes shown in Fig. 27. This specific situation will
be given greater consideration in the next section.

In the next stage of the static regulator no-load tests, two
consecutive short duration voltage variations were applied
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on the input of the equipment with fixed durations equal to
15 cycles and magnitudes of 0.69 pu and 1.24 pu, respec-
tively, as indicated in Table 6. Figure 28 presents the input
and output voltages of the SVR when applying the referred
momentary voltage variations, resulting in the triggering of
tap +3 for correcting the output voltage during the first event
(voltage sag), as well as in the triggering of tap —2 for correct-
ing the output voltage during the second event (voltage swell).
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FIGURE 28. Recorded instantaneous and RMS input and output voltages
of the SVR, operating under no load, when events | and 11 of short
duration voltage variations occur.

It can be noted from Fig. 28 that the SVR switched its taps
to maintain the output voltage close to the reference voltage
of 120 V, within the range of 0.9 pu and 1.1 pu in both the
voltage sag (situation I) and swell (situation II).

A more precise correction of the output voltage during
voltage variation events would be perfectly manageable by
considering a higher number of taps on the SVR or by reduc-
ing the tap windings rated voltages. Nonetheless, the SVR
developed herein manages to attenuate the impacts from these
events satisfactorily, be that in terms of amplitude or duration.

Finally, as verified in the tests for the long duration volt-
age regulation (Fig. 25), when the SVR returns from tap
position +3 to position 0, a voltage swell on the output signal
reaching 1.40 pu is observed for a time interval not exceeding
4 cycles. In the case of the equipment compensating a voltage
swell, with tap —2 activated, when the input voltage returns
to 1 pu, the output voltage will be decreased to 0.75 pu while
the regulator does not return to tap 0, which may take up
to 4 cycles. It is important to emphasize, once more, that
such operating conditions do not risk the thermal or dielectric
integrity of the loads supplied by the equipment.

B. SVR SUPPLYING PURELY RESISTIVE LOAD
The second set of tests for the SVR prototype evaluated the
SVR operating under load conditions. For this purpose, a set
of incandescent lamps, totaling 300 W, was connected to the
output of the SVR.

The behaviors of the RMS input and output voltages of
the SVR during the long duration voltage variations tests are
presented in Fig. 29.
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FIGURE 29. Recorded RMS input and output voltages of the SVR,
supplying a resistive load during the long voltage variations test.

In contrast to the results of the no-load tests, the output
voltages in this test present a voltage drop of approximately
1.5V for each switch on the TRIACs. This situation is clearly
seen when the equipment is on tap 0, and the output voltage is
slightly lower than the input voltage. Nevertheless, the output
voltage remained within the acceptable range throughout the
test, as observed in Fig. 29.

Considering Situation V, indicated in Fig. 29, the tap
change was once again concluded in less than 4 cycles
(approximately 2.5 cycles), as shown in Fig. 30, which
presents the switching from the tap position 0 to —2.
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FIGURE 30. Recorded instantaneous and RMS input and output voltages
of the SVR, supplying a resistive load during the change from tap 0 to
tap —2.

The SVR’s input and output currents and current in wind-
ing 2 in Situation V of Fig. 29 are presented in Fig. 31.

The moment the intermediate tap switches are triggered,
the instantaneous current in winding 2 reaches a peak value
of 19.42 A. This value represents 1.63 pu of the rated peak
current of this winding, which proves the effectiveness of
the switching resistor R, as a short-circuit current limiter for
winding 2 since this component was projected to limit the
winding short-circuit current to a maximum value of 3 pu,
as presented in (3). It is important to emphasize that the
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FIGURE 31. Recorded instantaneous currents on the input, output, and in
tap winding 2 for the changing of tap 0 to —2 with the regulator supplying
a resistive load.

short-circuit of the windings remains only as long as the
currents of the TRIACs that had their gate signal removed do
not cross zero. Ideally, this period has a maximum duration of
1/2 a cycle. However, to increase the operational safety of the
SVR, the control waits for 3/4 of a cycle to ensure that these
switches are off and the short-circuit current is extinguished.

When the input voltage returns to its rated value with the
SVR still in tap position —2, the load voltage suffers a sag
caused by the compensation voltage of tap —2 (—0.25 pu),
which is slightly increased by the voltage drop on switches
S3, Se, and Sg. Therefore, in agreement with Fig. 32, it is
once again noticed that this voltage sag does not last more
than 4 cycles.
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FIGURE 32. Recorded RMS and instantaneous voltages on the input and
output of the SVR, supplying a resistive load for the change of tap -2 to
tap 0.

The input and output currents of the SVR when returning
from tap —2 to tap 0, as the current in winding 2, are presented
in Fig. 33.

As shown in Fig. 33, the return from tap —2 to tap O also
resulted in a short-circuit in winding 2. However, the current
amplitude observed (11.44 A) was much less than 3 pu. Once
again, the switching resistors proved their effectiveness in
limiting the short-circuit in the tap windings.
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FIGURE 33. Recorded instantaneous input and output currents, along
with instantaneous current in tap winding 2, when changing from tap
position —2 to position 0 and the SVR supplying resistive load.

On the other hand, in the instance when the SVR is at tap
position +3 and the input voltage returns to 1.0 pu (end of
Situation IIT of Fig. 29), an increase in the output voltage is
observed. As previously mentioned, this does not present any
risk to the integrity of the load. In addition, as the SVR is
supplying a load, the voltage swell of 1.4 pu is minimized by
the voltage drop on the TRIACS, as shown in Fig. 34, which
presents the behaviors of input and output voltages of the
SVR for this situation. The instantaneous input and output
currents, as well as the currents in the two tap windings for
this case, are presented in Fig. 35.
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FIGURE 34. Recorded RMS and Instantaneous voltages on the input and
output of the SVR, supplying resistive load during the change from tap +3
to tap 0.

As the regulator was on tap +3 when the input voltage
returned to 1 pu, the load experienced a voltage swell. In order
to correct this situation, the control starts the tap changing
process from tap +3 to tap 0. The first stage of this process
is activating the intermediate tap 43, switching on resistors
R; and R,. When the controller switches on S3 and S4 to
conclude the switching to tap 0, a short-circuit occurs in tap
windings 1 and 2 since both windings are in operation at
tap +3, and both have to be disconnected when the SVR is
at tap 0. The short-circuit of the windings can be observed
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FIGURE 35. Recorded instantaneous input and output currents, along
with instantaneous currents in the tap windings, when changing position
from tap +3 to position tap 0 and the SVR supplying resistive load.

in Fig. 35. However, the peak currents registered during this
tap change were relatively minor: equal to 11.45 A (0.96 pu)
and 12.13 A (1.02 pu) in windings 1 and 2, respectively, thus
proving the functionality of the switching resistors in limiting
the short-circuit currents in the windings during tap changing.

While still considering the operation of the SVR supplying
a 300 W resistive load, tests were performed to verify the
effectiveness of the static voltage regulator in attenuating
short duration voltage variations. As such, two momentary
voltage events were applied to the SVR input, as shown in
Table 6. In order to illustrate the results obtained under these
conditions, Fig. 36 presents the input and output voltages
of the SVR at the moment these two voltage events are
imposed, thus resulting in the activation of taps +3 and —2,
respectively.
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FIGURE 36. Recorded instantaneous and RMS voltages on the input and
output of the SVR, supplying resistive load when the short duration
voltage variation events I and Il occur.

For the same test, the instantaneous input and output cur-
rents of the SVR, along with the instantaneous currents in
both tap windings, are shown in Fig. 37.

The highest peak current values observed in Fig. 37 occur
when the SVR returns to tap 0: 11.41 A (0.96 pu) for the
return from tap 43 and 14.93 A (1.25 pu) when the equipment
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FIGURE 37. Recorded instantaneous currents on the input and output of
the SVR, along with tap windings 1 and 2 supplying resistive loads when
the short duration voltage variation events I and Il occur.
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FIGURE 38. Recorded RMS voltages on the input and output of the SVR,
supplying a nonlinear load.

returned from tap —2. Once again, it can be observed that the
switching resistors were capable of limiting the short-circuit
current.

C. SVR SUPPLYING A NONLINEAR LOAD

The final set of SVR performance tests considers the equip-
ment supplying a 156 W nonlinear load, constituted of elec-
tronic lamps of different technologies. The RMS voltages
registered on the input and output of the SVR during the long
duration voltage variations, shown in Table 8, are presented
in Fig. 38.

For illustration purposes, Fig. 39 presents the instantaneous
and RMS voltages during the switching process from tap 0 to
tap position +2, indicated as Situation II in Fig. 38.

From the analysis of Fig. 39, it can be noticed that the
process of tap changing was concluded 3 cycles after the
beginning of the voltage sag. Still considering Situation II
of Fig. 38, the instantaneous input and output currents of
the SVR, along with the instantaneous current registered in
winding 2, are presented in Fig. 40.

Similar to the previous tests, the analysis of Fig. 40 shows
that the triggering of the intermediary tap caused
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FIGURE 39. Recorded instantaneous and RMS voltages on the input and
output of the SVR, supplying a nonlinear load during the change from tap
0 to tap +2.
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FIGURE 40. Recorded instantaneous input and output currents, along
with the instantaneous current in winding 2, when changing from tap
position 0 to tap position +2 and the SVR supplying a nonlinear load.

a short-circuit on winding 2. However, the peak value of the
instantaneous current in winding 2 was only 9.56 A (0.80 pu).

Finally, to conclude this third set of performance tests
on the SVR, the equipment was subjected to the two short
duration voltage variation events indicated in Table 6. The
input and output voltages of the SVR along this test are
presented in Fig. 41.

The instantaneous currents on the SVR’s input and output,
along with the currents in windings 1 and 2, are presented
in Fig. 42.

Once again, the current values registered in the windings
during switching were satisfactory, thus guaranteeing the safe
operation of the static switches and of the autotransformer.
The peak value registered for the instantaneous current in the
tap windings was 19.22 A (1.57 pu) in winding 2.

It is important to emphasize that the short-circuit currents
observed in the laboratory tests presented values much lower
than the simulated ones, shown in section IV. This difference
is due to the impedances inherent to the physical assembly
of the equipment, such as the cables connecting the vari-
ous components of the SVR, for example, as can be seen
in Fig. 23, which result in an increase in the short-circuit

20761



IEEE Access

R.N. D. C. Lima, J. R. Macedo, Jr.: Novel Switching Methodology for Low Voltage Static Regulators

w
o
o

—VRMS (in) — V RMS (out) v(t) (in)

i

— v(t) (out)

== N
©
o o

e
N
o

(2]
o

Voltage (V)
®» o &
o O O o

)
X
IS

o
S
S

FIGURE 41. Recorded RMS and instantaneous voltages on the input and
output of the SVR, supplying a nonlinear load when the short-duration
voltage variation events I and Il occur.
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FIGURE 42. Recorded instantaneous currents on the input and output of
the SVR, as well as in tap windings 1 and 2, supplying a nonlinear load
when the short-duration voltage variation events I and 11 occur.

impedances of the windings, decreasing their short-circuit
currents and ensuring safer operation for the autotransformer
and switches.

In regards to the input and output voltages of the SVR,
when the two short duration voltage variation events occurred
(considering three different load conditions: no-load, resistive
load, and nonlinear load), the equipment presented an out-
standing performance in all observed situations. In all these
conditions, the SVR was able to reduce voltage variations
quickly, regulate the load voltage safely in less than 4 cycles,
and control the current during tap change, ensuring that nei-
ther the switches nor the autotransformer were damaged.

Additionally, it is essential to emphasize that the control
developed and presented in this paper does not use the current
in static switches or the autotransformer windings to perform
the tap changing. This reduces the complexity of the control,
and the required number of sensors and signal conditioning
circuits.

Another important consideration is that, as the SVR takes
up to 4 cycles to perform a tap change, the regulator will not
compensate events with durations of fewer than 4 cycles.
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Finally, it is imperative to mention that the switching
methodology presented in this paper does not require current
sensors on the switches and on the autotransformer windings
to perform tap changes. Nevertheless, for equipment to be
installed in real grids, which are susceptible to transient over-
voltages (caused by atmospheric discharges, for example) and
overcurrents (caused by short-circuits or transformers’ inrush
currents passing through the SVR, for example), it is neces-
sary to employ protection devices for both overvoltages and
overcurrents. With regard to overcurrent protection, it may
be necessary to utilize current sensors at the input of the
SVR in order to protect the equipment against currents with
dangerous magnitudes. However, the current measured by
these sensors would not be used by the control to perform
a tap change, but rather by the protection devices to prevent
damage to the SVR.

VI. CONCLUSION

This paper presents a new switching methodology for static
voltage regulators on low voltage grids. As it does not depend
on the current signal measurement of the switches and tap
windings, the new switching methodology does not present
the operational limitations of other methodologies found in
the literature, which can present operational restrictions on
electric networks with low loading rates and high levels of
harmonic current distortions. The new switching methodol-
ogy was computationally simulated and implemented onto a
static voltage regulator prototype, and its performance was
tested under three distinct load conditions: no-load, resistive
load, and nonlinear load. The results showed that the pro-
posed methodology is promising. It corrects voltage varia-
tions in less than 4 cycles of the fundamental frequency, thus
presenting aptness for attenuating long and short duration
voltage variations with duration higher than 4 cycles. Based
on the obtained performance, the presented methodology can
be used in many different applications, whether to comply
with steady state voltage regulations, to attenuate short dura-
tion voltage variations when dealing with sensitive loads,
or even to interface distributed generation systems with the
low voltage distribution network. Finally, the development of
a three-phase control and prototype, as well as the implemen-
tation of SVR’s protection devices against overcurrents and
overvoltages will addressed in the continuity of the research
and will be discussed in future works.
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METODO DE CHAVEAMENTO PARA REGULADORES DE TENSAO
ESTATICOS DE BAIXA TENSAO

Campo dainvengéo
[001] A presente invencao refere-se a uma metodologia de chaveamento que
tem aplicacdo nos sistemas de energia elétrica, mais especificamente no que

tange a regulacéo dos niveis de tensdo em curta e longa duracéo.

Estado da arte

[002] As variacOes de tensédo podem ser divididas em dois grupos a depender
da sua duracédo: variacdes de tensao de longa duracéo (VTLDSs) e variacfes de
tensao de curta duracao (VTCDs). De forma geral, VTCDs sé&o distarbios no valor
eficaz da tensdo com duracéo podendo ir de meio-ciclo da tensdo fundamental
(8,33 ms para frequéncia fundamental igual a 60 Hertz) até um ou trés minutos,
a depender da normativa a qual se refere. Variacbes com duracao maior do que
as supracitadas sao classificadas como VTLDs.

[003] Uma das maneiras de se amenizar ou corrigir variagcdes de tensdo, sejam
elas de longa ou curta duracao, € através da aplicacdo de reguladores de tenséo.
De uma forma simplista, tais equipamentos se tratam de aparatos magnéticos
em que um dos seus enrolamentos é dividido em varias derivacdes (taps) e
colocado em série com a carga/sistema que se deseja ter a tensao regulada. A
depender da magnitude da tensdo, o regulador aciona um de seus taps
realizando a regulacao da tensdo em sua saida.

[004] Em se tratando de VTLDs, os reguladores de tensao eletromecéanicos, que
sdo equipamentos que realizam o chaveamento de forma mecanica de seus
taps, sdo amplamente utilizados nas redes elétricas do mundo todo. De forma
geral, para que a alteracéo de um tap de um regulador eletromecéanico ocorra, 0
controle do equipamento deve detectar que tensdo em sua saida ficou fora da
faixa adequada por algumas dezenas de segundos, ndo sendo, entdo, um
equipamento que se aplica na correcdo de VTCDs. Adicionalmente a sua
velocidade de atuagédo na ordem de segundos, o chaveamento dos taps dos

reguladores eletromecanicos ocorre de maneira sequencial, ndo sendo possivel
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0 equipamento passar de sua posicdo +1 para a +3 sem antes passar pelo tap
+2. Essa caracteristica atrasa ainda mais a recuperacéo da tensao durante uma
VTLD mais severa. Por fim, os reguladores eletromecanicos, por interromperem
a corrente em seus reatores de comutacéo de forma mecanica, estao sujeitos ao
desgaste de seus contatos moveis devido a formacgéo de arcos elétricos, o que
eleva a frequéncia de manutenc¢des do equipamento.

[005] Diante do exposto, observa-se que o0s reguladores de tensédo
eletromecanicos, mesmo sendo equipamentos amplamente empregados nas
redes elétricas, ndo sdo capazes de corrigir VTCDs e sdo equipamentos que
demandam uma periodicidade de manutencao relativamente alta quando se
compara com outros equipamentos dos sistemas elétricos de poténcia. Visando
preencher essas lacunas deixadas pelos reguladores eletromecéanicos, foram
concebidos os reguladores de tensdo estaticos (RTEs). Conceitualmente, os
RTESs, por se tratarem de reguladores de tensdo, também realizam a regulacdo
através do acionamento dos taps de um aparato magnético. No entanto, a
mudanca dos taps ocorre de forma estética conseguindo, assim, modificar a
tensdo na sua saida em poucos ciclos da tensédo fundamental. De outra forma,
os reguladores estéticos, por terem velocidade de acionamento de seus taps na
ordem de dezenas de milissegundos, conseguem atenuar VTLDs e VTCDs,
atuando mais rapidamente que reguladores eletromecanicos. Por fim, devido ao
acionamento das derivacdes ocorrer de forma estatica, sem partes moveis, a
mudanca de tap € livre de arco elétrico, reduzindo a quantidade de manutenc¢des
necessarias.

[006] Os RTEs ndo sao equipamentos comerciais no mundo, ainda. As
metodologias e trabalhos que abordam tais equipamentos quando ndo acabam
ficando somente no ambiente de simulagdes computacionais, avangcam para a
concepcao de protoétipos de projetos pesquisa, mas ndo alcancam a producéo
industrial massiva.

[007] Quando se trata de aplicacdo em redes reais, uma grande barreira das

metodologias de chaveamento estatico dos RTEs observadas na literatura € a
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dependéncia do conhecimento da passagem por zero da corrente em suas
chaves e/ou taps. Em sistemas de distribuicdo reais, a corrente € um dos
parametros mais dinamicos que se pode ter, podendo assumir valores na faixa
de milhares de Ampére quanto na ordem de poucas unidades de Ampeére para
um mesmo circuito. Sendo assim, o desafio consiste em conceber um sistema
de medicdo que consiga medir com precisdo a corrente para uma faixa grande
de valores e que seja capaz de identificar a passagem por zero da corrente
mesmo em situacdes de carregamento baixo.

[008] Adicionalmente, a presenca de correntes de frequéncias diferentes da
fundamental pode tornar dificil a determinacdo do instante de passagem por zero
da corrente, podendo até adicionar um novo instante de passagem por zero no
periodo de um ciclo.

[009] E importante salientar que para as metodologias dependentes da
informacéo da passagem por zero da corrente, o acionamento das chaves em
momento inadequado significa o fechamento de um curto-circuito interno ao
equipamento associado a sua parada de funcionamento.

[010] As patentes US3275929A e US3530369 foram pioneiras no estudo dos
reguladores de tensdo estaticos. Os trabalhos apresentaram aparatos
magnéticos acionados por chaves estaticas e valvulas. A metodologia proposta
em ambos trabalhos para acionamento dos taps € baseada no conhecimento da
passagem por zero da corrente, sendo necessaria a medi¢cdo assertiva dessa
grandeza elétrica. Outras caracteristicas relevantes em relacdo a essas duas
metodologias séo: (i) possibilidade de surgimento de distor¢ées harmonicas na
tensdo de saida do equipamento (US3275929A) e (ii) assimetria da corrente
demanda da fonte (US3530369), fenbmenos indesejaveis para o funcionamento
de sistemas elétricos.

[011] Diversos outros documentos abordam o tema reguladores de tenséo
estaticos, como US6351106, US6137277, EP1226480 e KR20210017655A. No
entanto, todas as metodologias de acionamento das chaves estaticas estéo

embasadas no conhecimento da passagem por zero do sinal de corrente.
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[012] Tem-se também patentes que tangem o tema regulador de tensédo
estatico como a Pl 8605313-2 e a PI 1003956-2. A primeira apresenta um
regulador de tensé&o estético que utiliza chaves unidirecionais, tiristores, no caso,
para realizar o chaveamento dos taps, sendo necessaria duas chaves por ramo
de chaveamento. Neste primeiro trabalho, a abertura/fechamento das chaves
estaticas deve ocorrer no momento de passagem por zero de suas correntes. Na
segunda, ndo ha qualquer mencgéo a metodologia de chaveamento das chaves
estaticas, sendo apresentado apenas o0 esqueméatico de poténcia do
equipamento.

[013] Em se tratando de trabalhos publicados na literatura técnica, como
revistas e repositorios de universidades, sdo encontrados alguns trabalhos
abordando o tema reguladores estéticos de tensao.

[014] Um dos trabalhos encontrados na literatura propde um transformador de
dois enrolamentos com regulacéo estética feita por tiristores em seu primario.
Nessa metodologia, o controle deve acionar as chaves em momentos
especificos das formas de onda de tensao e corrente dos tiristores, determinados
pelo deslocamento angular entre esses dois sinais. Sendo assim, esse método
de chaveamento € altamente dependente da correta medicdo dos sinais de
tenséo e corrente das chaves (YOUSEF-ZAI, F. Q.; OKELLY, D. Solid-state on-
load transformer tap changer. IEE Proceedings-Electric Power Applications, v.
143, n. 6, p. 481-491, 1996. https://doi.org/10.1049/ip-epa:19960578).

[015] Outro estudo apresenta um transformador de dois enrolamentos com
regulacao estatica feita em seu lado primario. Neste artigo, os autores propdem
a utilizacédo de TRIACs como chaves estéticas, pois 0s mesmos séo dispositivos
bidirecionais, o que diminui pela metade a quantidade de chaves estaticas em
comparacao com um dispositivo que emprega tiristores. Assim como observado
Nnos outros textos, o controle envia comando para a abertura e fechamento dos
TRIACs no instante de passagem por zero de suas correntes, logo, novamente,
a medicao e a identificacdo precisa do instante de passagem por zero da

corrente das chaves é decisiva para a operacdo adequada do regulador
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(ABBASZADEH, K.; ARDEBILI, M.; ALAEI, A. R. Design and built of on-load fully
electronic tap-changer with triac switch: simulation and practical results, in 1st
Power Electronic & Drive Systems & Technologies Conference, Teera, 2010.
https://doi.org/10.1109/PEDSTC.2010.5471794).

[016] Em mais um trabalho técnico, os autores também apresentam um
regulador estéatico fundamentado em um transformador de dois enrolamentos.
Neste estudo, os autores propdem a utilizacdo de IGBTs como chaves estaticas.
O emprego desse tipo de chave garante uma maior flexibilidade e seguranca nas
mudancas de tap, uma vez que elas conseguem interromper a sua corrente
passante em momentos diferentes da passagem por zero, ao custo de uma
sobretensdo em seus terminais. No entanto, neste trabalho, os IGBTs ainda séo
chaveados no instante de passagem por zero de sua corrente visando minimizar
a sobretensdo em seus terminais e aumentar a seguranca operativa das chaves.
Dessa forma, semelhantemente as diversas metodologias supracitadas, o
controle das mudancas de tap depende do conhecimento do instante de
passagem por zero da corrente das chaves (QUEVEDO, J. O.; CAZAKEVICIUS,
F. E.; BELTRAME, R. C.; MARCHESAN, T. B.; MICHELS, L.; RECH, C,;
SCHUCH, L. Analysis and design of an electronic on-load tap changer distribution
transformer for automatic voltage regulation, IEEE Transactions on Industrial
Electronics, V. 64, n. 1, p. 883-894, 2017.
https://doi.org/10.1109/TIE.2016.2592463).

[017] Em outro texto encontrado na literatura técnica, o autor apresenta a
concepcdo de um regulador de tensdo estdtico e o seu controle. Séo
apresentadas trés configuracdes distintas para o circuito de comutacao. Dentre
0s trés arranjos, o autor escolhe para aprofundar e explorar computacionalmente
um modelo de regulador sem reator de comutacéo, o que reduz o niumero de
componentes, diminui a quantidade de chaves, aumenta a velocidade de
comutacdo e facilita a logica do controle; entretanto, a opc¢do escolhida
interrompe a tensao e corrente na carga por até 1 ciclo e meio, o que é uma

grande fragilidade desta metodologia. (LIMA, R. R. Contribui¢bes ao controle
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eletronico inteligente de reguladores de tenséo para sistemas de distribuicdo de
energia em 13,8 kV. Dissertacdo (Mestrado) - Universidade Federal de
Uberlandia, 2007).

[018] Por fim, em um documento que trata do tema reguladores estaticos, 0s
autores apresentam uma metodologia de chaveamento que é embasada no
monitoramento da tensdo das chaves, e ndo da corrente, porém ela necessita
de transistores de efeito de campo de 6xido de metal semicondutor (MOSFETS,
em inglés) ou IGBTs para conseguir interromper a corrente das chaves a
qualquer momento. Ainda de acordo com o documento, realizar a abertura das
chaves estaticas na passagem por zero das suas correntes diminui a magnitude
das sobretensbes em seus terminais, sendo, portanto, recomendado que assim
o seja feito. Adicionalmente, o autor indica a instalacdo de capacitores de
amortecimento em paralelo com os terminais de poténcia das chaves de forma
a amenizar tais sobretensoées. (FAIZ, J.; SIAHKOLAH, B. Electronic tap-changer
for distribution transformers. Springer Science & Business Media, v. 1, 2011.
https://doi.org/10.1007/978-3-642-19911-0_1).

[019] Diante de todo o exposto, percebe-se que no que tange as metodologias
de chaveamento empregadas em reguladores estéticos, a principal fragilidade
se trata da dependéncia da medicdo da corrente e a determinagdo da sua

passagem por zero.

Sumério da invencao

[020] A presente invencao apresenta uma metodologia de chaveamento de taps
a ser aplicada em reguladores de tenséo de baixa.

[021] A metodologia de chaveamento proposta ndo é dependente da medicao
da corrente em nenhum ponto do circuito para realizar o acionamento das chaves
estaticas. Adicionalmente, a metodologia de chaveamento emprega chaves
estaticas bidirecionais, o que reduz o tamanho dos circuitos de controle pela
metade, diminui a complexidade do controle e também reduz o preco do

equipamento. Por fim, a metodologia de taps proposta € capaz de ir da posicéo
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0 para qualquer um dos taps de forma direta, ndo necessitando do acionamento
sequencial dos taps.

[022] O regulador de tensédo estéatico apresentado € capaz de mudar a posi¢ao
de tap em menos de 4 ciclos da frequéncia fundamental, podendo sair da posi¢céo
neutra para qualguer posicdo sem necessitar passar por posicoes

intermediarias.

Listagem de figuras

[023] A pressente invengdo podera ser melhor compreendida com base nas
figuras em anexo, onde:

FIGURA 1: apresenta o circuito de poténcia do regulador de tenséo estatico
proposto para um RTE de 7 taps.

FIGURA 2: apresenta o circuito de poténcia do regulador de tensdo estatico
proposto para um RTE de 7 taps estando com a posicdo 0 acionada.

FIGURA 3: apresenta o circuito de poténcia do regulador de tenséo estatico
proposto para um RTE de 7 taps estando com o tap intermediario +1 acionado.
FIGURA 4: apresenta o circuito de poténcia do regulador de tensdo estatico
proposto para um RTE de 7 taps estando com a posicdo +1 acionada.

FIGURA 5: apresenta as tensdes eficazes e instantaneas na entrada e saida do
RTE na mudanca da posicao de tap O para tap +2, para variagao de tensao de
0,79 pu — Regulador alimentando carga nao-linear.

FIGURA 6: apresenta as correntes instantaneas na entrada, saida e
enrolamentos de taps do RTE na mudanca da posicéo de tap O para tap +2, para
variacao de tenséo de 0,79 pu — Regulador alimentando carga n&o-linear.
FIGURA 7: apresenta as tensfes eficazes e instantdneas na entrada e saida do
RTE na mudanca da posicéo de tap O para tap -1, para variacao de tenséo de
1,18 pu — Regulador alimentando carga com fator de poténcia indutivo.
FIGURA 8: apresenta as correntes instantaneas na entrada, saida e
enrolamentos de taps do RTE na mudanca da posicao de tap O para tap -1, para
variacdo de tensao de 1,18 pu — Regulador alimentando carga com fator de

poténcia indutivo.
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Descricao dainvencao

[024] A presente invencéo se trata de uma metodologia de chaveamento para
ser aplicada em reguladores de tensdo estaticos de baixa tenséo, sem a
presenca de chaves eletromecénicas. A maior contribuicdo para o estado da
técnica da presente invencdo € o fato desta metodologia de chaveamento néo
necessitar da medicdo da corrente, e também do conhecimento da passagem
por zero desse sinal, para acionar as chaves estaticas de forma segura.
Adicionalmente a essa contribuicdo, a metodologia proposta emprega chaves
estaticas bidirecionais, no caso TRIACSs, reduzindo pela metade a quantidade de
chaves e circuitos de controle, além de reduzir a complexidade e o custo do
equipamento, visto que esse semicondutor tem custo reduzido e robustez
elevada quando comparada com outras chaves, como IGBTs e MOSFETSs, por
exemplo.

[025] Conforme apresentado anteriormente, as metodologias de chaveamento
aplicadas a RTEs encontradas na literatura técnica sdo dependentes do
conhecimento da passagem por zero da corrente em seus componentes. Em
situacdes de baixo carregamento de uma rede e/ou elevada distorcdo harménica
de corrente — situacBes cotidianas de redes de distribuicdo reais — a
determinacao assertiva da passagem por zero da corrente pode ser um grande
desafio, se ndo uma barreira. Para as publicacdes observadas, o chaveamento
ocorrendo em um momento diferente da passagem por zero pode causar um
curto-circuito no equipamento, colocando em risco a integridade material, a
seguranca de pessoas proximas ao regulador, além da continuidade do
fornecimento de energia elétrica.

[026] O circuito de poténcia do RTE proposto € composto por um
autotransformador (1a — enrolamento de magnetizacéo e 1b — enrolamentos de
taps), TRIACs (S1, S2, Ss, S4, Ss, Ss, S7e Sg) e resistores de chaveamento (R1 e
R2), conforme apresenta a FIGURA 1. O equipamento apresentado na referida
figura tem o seu enrolamento de taps dividido em duas parcelas e 8 TRIACs,
possibilitando a mudanca da posicdo neutra para trés taps superiores e trés

inferiores, totalizando 7 taps distintos. Caso se deseje um ajuste de tensdo mais
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fino, pode-se aumentar o numero de enrolamentos, no entanto, a metodologia
de acionamento das chaves estéticas é a mesma.

[027] Para realizar a mudanga de uma posi¢cao de tap para outra, o controle do
equipamento aciona um ou ambos resistores de chaveamento, a depender do
tap em que o equipamento se encontra e para qual posicdo 0 mesmo deve ir.
Esse acionamento dos resistores de chaveamento é denominado acionamento
de tap intermediério. Dessa forma, antes do controle do RTE acionar o tap que
melhor atenuard uma certa variacdo de tensao, os resistores de chaveamento
sao colocados em operacao, visando limitar a magnitude de um eventual curto-
circuito nas bobinas secundéarias a um valor seguro para os componentes do
equipamento. Somente depois de garantir que a corrente das chaves que tiveram
seu sinal de gate retirado estdo efetivamente abertas (corrente igual a zero), o
controle aciona o tap final, retirando os resistores R1 e/ou R2 de operacédo. Esse
periodo que os resistores estdo em operacao € denominado “tempo morto”. De
forma ilustrativa, as FIGURAS 2, 3 e 4 apresentam a transi¢cao do tap O para o
tap +1.

[028] Vale salientar que o curto-circuito das bobinas de tap, quando ele ocorrer,
tera duracdo maxima de % ciclo. Essa é uma informacao relevante no processo
de dimensionamento da suportabilidade térmica dos TRIACs e do aparato
magnético.

[029] Conforme apresenta a FIGURA 2, quando o regulador estd no tap O,
apenas 0s TRIACs Sz e S4 estdo acionados e conduzindo corrente. Todas as
outras 6 chaves estdo abertas. No instante em o equipamento detecta a
necessidade do acionamento do tap +1 para realizar uma compensacéo positiva
de tensdo, o controle do mesmo aciona o tap intermediario +1, conforme
apresenta a FIGURA 3. O acionamento do tap intermediario +1 significa acionar
as chaves Sz e Sz e abrir a chave S4, colocando o resistor de chaveamento Ri
em funcionamento. Como os TRIACs somente se abrem efetivamente apds sua
corrente passar por zero, a depender do instante da forma de onda da corrente

em que Sa4 teve seu sinal de gate removido, a mesma pode continuar em
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conducdo por mais alguns instantes (até a sua corrente passar por zero),
implicando em um curto-circuito da bobina de taps 1, visto que a chave S: foi
acionada. O papel do resistor de chaveamento R1 é precisamente o de limitar o
valor desta corrente de curto-circuito a um valor seguro para as chaves e
enrolamentos do RTE.

[030] O curto-circuito da bobina de taps 1, caso ocorra, sera extinto apos a
corrente da chave S4, que esta sinal em seu gate zerado, passar por zero, 0 que
leva, no maximo, % ciclo para ocorrer.

[031] Dessa forma, apds o acionamento do tap intermediario +1, o controle do
RTE deve esperar, no minimo, ¥ ciclo para acionar a chave Sz de forma a
garantir que a corrente de S4 tenha passado por zero e esta chave tenha se
aberto efetivamente (“‘tempo morto”).

[032] Por fim, ap6s a chave Si4 ser aberta e o TRIAC S7 ser acionado, a
mudanca para o tap +1 é concluida, conforme mostra a FIGURA 4. Todo o
processo de mudanca de tap € concluido em menos de 4 ciclos da tenséo
fundamental (66,67ms para frequéncia de 60 Hz) a contar do inicio do evento.
[033] A decisao de qual tap sera acionado é dependente de trés grandezas: (i)
a magnitude da tensdo do evento, (ii) a tensdo nominal da bobina secundaria do
autotransformador e (iii) da quantidade de derivacdes a bobina de taps tem.
[034] De forma a ilustrar a aplicabilidade da metodologia de chaveamento aqui
proposta, sdo apresentados os resultados de ensaios realizadas em um protétipo
monofasico de 1,5 kVA. Os testes apresentados consistem na aplicacdo de 2
VTCDs na entrada do RTE: um afundamento de 0,79 pu e uma elevacédo de 1,18
pu. No afundamento de tenséo, o equipamento estava suprindo uma carga nao
linear, composta lampadas LED, fluorescentes e incandescente acionada por
dimmer; durante a elevacédo de tensao, o equipamento estava suprindo uma
carga com fator de poténcia indutivo, igual a 0,89, composta por resistores e
indutores em paralelo.

[035] A FIGURA 5 apresenta o comportamento das tensdes na entrada e na

saida do RTE para o afundamento de 0,79 pu. Conforme pode ser observado, a
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tensdo na saida do equipamento foi corrigida para 0,99 pu em,
aproximadamente, 3 ciclos, mostrando a efetividade do equipamento para
correcdo de VTCDs. Vale salientar que a mudanca do tap O para o tap +2 néo
necessitou do acionamento da posi¢ao +1.

[036] Na FIGURA 6, sdo apresentadas as correntes na entrada, saida e nas
duas bobinas de taps do equipamento para 0 mesmo evento. O acionamento do
tap +2 corresponde & ativacdo somente da segunda parcela da bobina de taps,
dessa forma a corrente na bobina 1 fica zerada durante todo o processo.
Observa-se que a ativacao do tap intermediario +2 causa um curto-circuito no
enrolamento de taps 2, que tem duracdo um pouco menor do que ¥ ciclo.
Entretanto, a magnitude desta sobrecorrente foi projetada para um valor que nao
danificasse nenhum componente do regulador, seja o autotransformador ou as
chaves estéaticas. A magnitude controlada e a duragéo reduzida (maximo de %
ciclo) fazem com que as mudancas de tap sejam segura para todos os
componentes do RTE.

[037] Na FIGURA 7, sado apresentados os comportamentos das tensbes na
entrada e saida do RTE para uma elevacdo de 1,18 pu enquanto o mesmo
alimentava uma carga indutiva. Pela figura, observa-se que a sobretensao foi
corrigida para 0,98 pu em menos de 4 ciclos (3,5 ciclos), ratificando a eficacia do
equipamento para corrigir VTCDs, sejam elas sobre ou subtensoes.

[038] A FIGURA 8 apresenta as correntes nas duas bobinas de taps, na entrada
e ha saida do equipamento para a elevacdo em questdo. Nesta situacao, o
curto-circuito no enrolamento de taps 1 durou menos de ¥ de ciclo. Novamente,
o valor da sobrecorrente observado para o periodo de tempo esperado néo é
capaz de danificar nenhum dos componentes do equipamento.

[039] Diante de todo o exposto, algumas conclusbes podem ser elaboradas a
respeito da metodologia de chaveamento para reguladores estaticos proposta
na presente invengdo. Primeiramente, a metodologia de chaveamento
apresentada, que nao necessita da medicdo da corrente em nenhum

componente do equipamento, é capaz de realizar a mudanca de um tap para
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outro em menos de 4 ciclos. Outro ponto importante € que, conforme
supracitado, na ocorréncia de um curto-circuito entre as bobinas, essa
sobrecorrente € controlada pelos resistores de chaveamento e tera duracao
méaxima de Y% ciclo, ndo sendo danosa aos componentes do equipamento.

[040] Tomando como exemplo o protétipo apresentado, o emprego de TRIACs
resultou na diminuicdo de 16 sinais de acionamento das chaves para apenas 8,
caso se tivesse optado por chaves unipolares. Essa mesma reducao é aplicavel
aos circuitos de acionamento dos semicondutores, que tiveram a sua quantidade
reduzida pela metade.

[041] Por fim, é importante salientar que a metodologia de taps desenvolvida e

apresentada para um proto6tipo monofasico € aplicavel a reguladores trifasicos.
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REIVINDICACOES

1. METODO DE CHAVEAMENTO PARA REGULADORES DE TENSAO
ESTATICOS DE BAIXA TENSAO caracterizado por compreender as seguintes
etapas:

a) No instante em que o controle do equipamento detecta que a tenséo
eficaz em sua saida esta fora da faixa adotada como adequada, inicia-
se 0 processo de mudanca de tap;

b) Em primeiro lugar, o controle aciona um tap intermediario do
regulador, que consiste em colocar em funcionamento 0(s)
enrolamento(s) de taps em conjunto com seus respectivos resistor(es)
de chaveamento, onde limitam a corrente de um eventual curto-
circuito das bobinas de tap, sendo assim, a mudanca do tap 0 (chaves
S3, S4 fechadas) para o tap +1 (chaves Sz, Sz e S7 fechadas) requer
que o regulador acione antes o tap intermediario +1 (chaves Sz e S3
fechadas) de forma que a chave Ss seja acionada e 0 TRIAC (Sa4) seja
aberto com seguranca, através da coloca¢do em operacéao do resistor
R1, que ira limitar um eventual curto-circuito da bobina de taps 1;

c) Ainda se tratando da mudanca do tap O para a posi¢cdo +1, apds o
acionamento do enrolamento de taps 1 juntamente com o seu resistor
de chaveamento, Ri, deve-se aguardar, no minimo, % ciclo da
frequéncia fundamental (8,33 ms) para que o curto-circuito da bobina
de taps (caso ele ocorra) seja extinto; o denominado “tempo morto”,
gue deve ser um pouco maior que %2 ciclo; algo no entorno de % de
ciclo da frequéncia fundamental,

d) Os resistores de chaveamento devem ser dimensionados visando
limitar a magnitude do curto-circuito do(s) enrolamento(s) de taps, que
tem duracdo maxima de %2 ciclo, a um valor seguro para as chaves

estéticas e enrolamentos do aparato magnético;
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e) ApoOs garantir que todos os TRIACs que foram retirados de operacao
efetivamente pararam de conduzir corrente, deve-se acionar a chave
estatica em paralelo com o resistor de chaveamento que estava
conduzindo corrente (Sv, para o tap +1, por exemplo), sendo com iSso
o resistor retirado de operacdo e a mudanca de tap concluida com
seguranga;

f)  Todo o processo de mudanca de tap, englobando a deteccao da
variacao de tensdo, o acionamento de tap intermediario, a duracdo do
“tempo morto” e o acionamento do tap final, considerando-se um
“tempo morto” de % ciclo de duracéo, leva menos de 4 ciclos para ser

concluido.

2. METODO DE CHAVEAMENTO PARA REGULADORES DE TENSAO
ESTATICOS DE BAIXA TENSAO, de acordo com a reivindicagdo 1,
caracterizado por realizar a mudanca de taps sem a dependéncia da medicéo

da corrente e de sua passagem por zero em nenhum componente do circuito.

3. METODO DE CHAVEAMENTO PARA REGULADORES DE TENSAO
ESTATICOS DE BAIXA TENSAO, de acordo com a reivindicacdo 1,

caracterizado por empregar de chaves estaticas bidirecionais.

4. METODO DE CHAVEAMENTO PARA REGULADORES DE TENSAO
ESTATICOS DE BAIXA TENSAO, de acordo com a reivindicacdo 1,
caracterizado por realizar a mudanca de taps estaticamente, sem a presenca

de partes méveis.

5. METODO DE CHAVEAMENTO PARA REGULADORES DE TENSAO
ESTATICOS DE BAIXA TENSAO, de acordo com a reivindicagdo 1,

caracterizado por realizar mudancas de taps de forma ndo sequencial.
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RESUMO

METODO DE CHAVEAMENTO PARA REGULADORES DE TENSAO
ESTATICOS DE BAIXA TENSAO

A presente invencdo refere-se a uma metodologia de chaveamento que tem
aplicacdo nos sistemas de energia elétrica, mais especificamente no que tange
a regulacdo dos niveis de tensdo em curta e longa duracado. A metodologia de
chaveamento proposta ndo € dependente da medi¢cdo da corrente em nenhum
ponto do circuito para realizar o acionamento das chaves estéticas.
Adicionalmente, a metodologia de chaveamento emprega chaves estaticas
bidirecionais, o que reduz o tamanho dos circuitos de controle pela metade,
diminui a complexidade do controle e também reduz o preco do equipamento.
Por fim, a metodologia de taps proposta € capaz de ir da posi¢ao 0 para qualquer
um dos taps de forma direta, ndo necessitando do acionamento sequencial dos
taps.
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