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Abstract:

CEPEL’s (Electrical Energy Research Center) high-power laboratory uses specialized short-
circuit transformers to conduct tests on various equipment. However, the laboratory’s testing
capabilities are limited by restrictions imposed by the power grid. This limitation is due to the
need for the electrical network to provide high power in a short period of time to reach the test
current. As short-circuit levels of electrical equipment continue to advance, there is a growing
demand for short-circuit applications that easily surpass 400 MVA.

The main contribution of this work is the utilization of PSCAD modeling to propose a solution
aimed at enhancing the flexibility and efficiency of Cepel’s power laboratory. The methodology,
employing a transient analysis software, demonstrates that through the superexcitation method,
the short-circuit generator can meet the high-power requirements of the laboratory, generating
sufficient short-circuit power to test the equipment. This study addresses the lab’s underuse
issues and offers a sustainable solution to meet the growing needs of national projects.
Moreover, the research underscores the significant advantage of employing a short-circuit
generator compared to the current setup, showcasing a threefold increase in efficiency based on
power density per square meter. Recognizing the need for laboratory expansion, this approach
demonstrates a viable path forward to accommodate the increasing requirements for high-power

testing.

Keywords: Short-circuit generator; Short-circuit of transformer; high power laboratory;
Short-circuit test; high power equipment; PSCAD/EMTDC.

1. INTRODUCTION

The expansion of electrical power systems is occurring
at an exponential rate. Within this vast network, many
electrical equipment such as switchgear, transformers, in-
sulators, and cables are deployed. Ensuring the reliable
and safe operation of each of these components, free
from outages, is crucial for maintaining uninterrupted
power supply. To achieve this objective, all interconnected
equipment must possess the ability to withstand potential
system faults. Therefore, it is imperative to verify the
resilience of power equipment against such faults before
commissioning them for service. This quality assurance
is achieved through rigorous testing conducted per estab-
lished national and international standards. Among these
tests, the short-circuit test emerges as one of the most
critical assessments for all high-power equipment.

The Cepel, Electric Energy Research Center, located in
Rio De Janeiro, Brazil, began its operations in the late

* This work was carried out with the support of the Electric Energy
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1970s. It was established to conduct experimental research
and provide technological services, addressing complex de-
mands for projects, tests, measurements, inspections, and
technical expertise. Additionally, it undertakes fieldwork
for the Brazilian electrical sector and abroad, as demon-
strated by Cardoso et al. (2023).

The high-power laboratory, one of the oldest facilities at
Cepel, encompasses two areas of expertise: high-power and
high current. The high-current section was inaugurated
in 1981 and has been primarily used for the evaluation
of the electrical and thermomechanical performance of
equipment. On the other hand, the high-power section
has been operational since 1983 and stands as one of the
laboratories with the highest capacity in South America.
In both areas, Cepel has an extensive track record of
conducting high-current tests on low, medium, and high-
voltage equipment. These include but are not limited to
circuit breakers, current transformers, shielded busbars,
electrical panels, power transformers, current transform-
ers, grounding transformers, reactors, load tap changers,
short-circuit limiters, and OPGW cables, among others.
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However, on the international scale, the laboratory has one
of the lowest power capacities. As a result, the laboratory
has limited involvement in international projects.

The main laboratories worldwide are presented in table 1,
as demonstrated by Zheleznyak and Korovkin (2022). The
Cepel laboratory currently has one of the lowest capacities,
exacerbated by its external limitations. With the ongoing
expansion of the power system, within a few years, the
laboratory will no longer be able to accommodate the
majority of existing projects for electrical equipment due
to the rising short-circuit levels. Therefore, there is a
pressing need for an expansion of the laboratory’s capacity
to remain competitive in the market soon. It is worth
mentioning that the 2022 Electric Energy Statistical Year-
book report published by EPE (2024)(Research Electric
Power Company) shows that Brazil is one of the countries
that has the highest growth in installed capacity from
2021 to 2022. With an increase of 3.2% compared to the
previous year, ranking below China, which is the fastest
rising country.

This study proposes conducting an expansion analy-
sis of Cepel’s High Power Laboratory. The methodol-
ogy utilized to simulate the short-circuit generator is
PSCAD/EMTDC. The simulation aims to demonstrate
the ability to sustain a short-circuit current at its terminals
throughout the entire test duration without any current
drop during the short circuit, using the superexcitation
method. Additionally, the possible location for the expan-
sion will be presented.

2. HIGH POWER LABORATORY DESIGN

The short-circuit withstand capability levels specified by
standards for projects, often have values that are unattain-
able by common power sources. Hence, the need for special
power sources to simulate a short circuit in equipment
connected to the power system is essential for certifying
such equipment. However, designing, operating, and main-
taining equipment capable of producing a high-power short
circuit demands a high level of knowledge and technical
expertise.

The high-power laboratory was constructed with flexibil-
ity in mind, aiming to facilitate configuration variations,
as demonstrated by CEPEL (2024). Three single-phase
transformers with a short-circuit rating of 350 MVA, with
a maximum duration of 1 second of application, were
commissioned. This setup forms a three-phase transformer
bank with a short-circuit power of 1050 MVA. The nominal
values of the transformer are expressed in table 2. Power
is supplied through a 138 kV transmission line connected
to the Adriandpolis substation in Nova Iguagu/RJ. For a
three-phase arrangement, the primary connection is typi-
cally in Delta, and the secondary is in Star. This config-
uration is crucial as it prevents the zero-sequence current
circulation to the electrical network and vice versa.

To limit the current, adjust the peak value, or achieve a
desired behavior, there are reactors covering a range of
0.001 — 250 €, Resistors of 32 €2, and capacitors covering
a range of 15 nF to 2 pF. This combination is often
used in a variety of situations, with an example being the
modification of the asymmetry factor or for applications
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Figure 1. Diagram Cepel’s High Power Laboratory

New High power laboratory

Figure 2. Cepel’s High Power Laboratory

such as transient recovery voltage (TRV), among other
purposes.

The schematic diagram of the current high-power labora-
tory is shown in figure 1. The entire structure occupies an
area of 1620 m?2. The overall view of the laboratory area is
depicted in figure 2 and a potential expansion of the high-
power laboratory, as depicted in the figure, has a usable
area of 2318 m2.

3. EXPANSION STUDY

The need for expanding Cepel’s high-power laboratory has
arisen from the growth in generation levels, driven by the
integration of renewable sources and the construction of
new power plants to meet increased demand. As a result
of this scenario, there is a growing demand for higher short-
circuit current withstand capability of electrical equip-
ment. Additionally, another crucial factor is the imperative
participation in international projects, motivated by the
increase in nominal capacity. The expansion, therefore, be-
comes essential to meet the requirements of these projects
and keep the laboratory competitive in the international
scenario.

The expansion of the laboratory involves studying the
feasibility of commissioning a short-circuit generator to
achieve power levels on the order of gigavolt-amperes
(GVA). The main distinction between a short-circuit gen-
erator and a short-circuit transformer is that the generator
does not require a direct connection to the electrical net-
work to apply a high-power short circuit. This is because
the generator’s stator is not electrically connected to the
grid. This eliminates the limits currently imposed by the
local utility. Additionally, in terms of physical space occu-
pancy, the short-circuit generator exhibits higher power
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Table 1. Existing Laboratory with the use of Short-Circuit Generator

Laboratory DNV KEMA  CESI GROUP SEII]\Z]I:%II?(;\I;
Local Netherlands Ttaly Germany
Number of units 4 n/a 3
Short circuit power (MVA) 2100 2100 2800
Frequency (Hz) 50 162/3 /50/60 162/3 /50
n° poles 2 2 8
Rated voltage (kV) n/a n/a /1?1((\2)

and 162/ Hz)

AICHI Toshiba LG
ABB CPRI ELETRIC CO  High Power Industrial System
Sweden Bangalore Japan Korea Korea
2 3 1 1 1
2500 / 1300 2500 330 8800 1603
50/60 50/60 50/60 50/60 50/60
4 2 2 2 2
7.5/13/15/26 13.2 kV (Y) 13.2 kV (Y) 18 kV (Y)
(26 kV only at 25 15 kV -
/7620 V(A) /11 kV(A) / 15 kV(A)

Table 2. Cepel High-Power Laboratory

Permanent/ Transitory (1s)
/ short-circuit (MVA)

Voltage (kV)

T
Unit Primary / Secondary

Laboratory ~ Equipament Number for Taps

Transformer
short-circuit 3
single phase

Cepel 10.9 / 350 MVA 84 138 / 4.122 - 33.482

density. Its MVA/m? ratio is greater than that of the
transformer. An example of a high-power laboratory using
a short-circuit generator is demonstrated by Koshizuka
(2016). Its total area is 460 m?, resulting in a density
of 0.64 MVA/m?2. In contrast, Cepel’s laboratory has a
density of 0.37 MVA /m?2. Therefore, from a physical per-
spective, using a short-circuit generator as a power source
is more advantageous than a transformer.

The short-circuit generator assembly has seen technolog-
ical variations. In its earlier version, a 2 or 4-pole syn-
chronous generator was used, along with a wound-rotor
induction motor to start the shaft and a small DC genera-
tor to power the field winding of the synchronous generator
according to Kilgore et al. (1963). Currently, there are
more types of variations, and the study will present the
advantages and disadvantages of using each one of them.

Therefore, the possible configurations for the generator set
for a laboratory expansion are, being common to all of
them a high inertia synchronous generator.:

(1) wound-rotor induction motor + DC generator
2) wound-rotor induction motor + AVR system (auxil-
iary transformer and rectifier)
3) inverter for static start + DC generator
4) inverter for static start + AVR system (transformer
and rectifier)
) induction motor with inverter + AVR system (trans-

former and rectifier)

(
(
(
(5

The application of a wound-rotor induction motor to start
the shaft was used in the 1960s when there were no issues
with the initial test frequency, as defined in the IEC 62271-
1 International Electrotechnical Commission (2017). For
this type of machine, the only option is to increase slip to
boost starting torque, and it is not possible to exceed the
rated speed without using a inverter.

On the other hand, the application of a thyristor-based
inverter directly to the synchronous generator for starting
is a recent solution. However, there are some issues due to
capacitive and inductive couplings concerning the shaft,
resulting in induced voltages on the shafts according
to Datta et al. (2014). Therefore, while feasible, in terms of
operational complexity and technology, items 3 and 4 are
not the most suitable choices due to the mentioned issues.

Finally, the application of an induction motor through
an inverter makes the operation flexible, allowing for ap-
plications at different frequency values. Additionally, the
machine’s power is reduced due to the possibility of using
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Figure 3. Diagram of short-circuit setup

vector control that maintains nominal torque throughout
the start-up and, to manage the field winding, the Au-
tomatic Voltage Regulator (AVR) system has become a
prevalent practice in the synchronous generator market.
The use of an exciter machine is rare, particularly in newer
alternators, making the AVR system the preferred choice
due to its simplicity and efficiency in operation. This set
is demonstrated in figure 3.

This study proposes conducting an expansion analysis
with a configuration composed of a high-inertia syn-
chronous generator, an induction motor controlled by an
inverter, and an AVR system.

4. PROPOSED SOLUTION

The primary role of a short-circuit testing generator is
to provide a short-circuit GVA (giga-volt-amperes). This
requires a machine designed with very low reactance,
relatively long time constants, and suitable for impulse
excitations or superexcitation as indicated by Yoda et al.
(2002). Furthermore, it should be capable of operating in
both three-phase and single-phase modes, as well as at
speeds lower than its rated capacity.

CEPEL’s laboratory employs three single-phase short-
circuit transformers with a capacity of 1050 MVA for
high-power testing. However, the local utility imposes a
limitation, allowing for a maximum capacity of 400 MVA
for 1 second application without third-party approval.
Any utilization beyond this threshold necessitates approval
from the ONS (National System Operator). It’s important
to note that during periods of heavy load, such approvals
from ONS may be denied.

A short-circuit generator differs from a generator for a
power station and requires a special structure. Short-
circuit generators were carefully designed and manufac-
tured using modern technology and materials. There have
been new commissions of short-circuit generators world-
wide, one of them being the commissioning of two 2500
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Figure 4. Field Control ST2A

MVA short-circuit generators by CPRI in Bangalore since
2022.

4.1 Short circuit generator operation

The configuration of the model integrates a motor-
generator set as its short-circuit generator arrangement.
The motor employed is an asynchronous type, tailored
with ample starting torque to overcome the inertia of
the synchronous generator. Its speed regulation employs
a vector control system known as Field-Oriented Control
(FOC), ensuring a seamless acceleration profile. Upon
reaching a shaft speed exceeding 10% above the rated
value, the power supply to the motor is automatically
cut off. Consequently, as the electrical machine experi-
ences power loss due to friction®, the generator gradually
decelerates until it reaches the rated frequency. At this
designated frequency threshold, a synchronous switch is
activated, imposing a short circuit on any connected test
equipment. Moreover, to confine the short-circuit current
within defined limits, reactors with precise values are in-
corporated into the circuit. To sustain the short-circuit
current for the specified duration, a method of overexci-
tation is employed to counteract the armature reaction,
which is responsible for the demagnetization of the core.

4.2 Field-Voltage control

Short circuit generators are designed for special use and
are required to increase the initial current upon a short cir-
cuit. To maintain the short-circuit current over extended
cycles, the field control of the generator must increase the
voltage field to compensate for the voltage drop during the
short circuit. This technique is known as superexcitation
according to Sreeram et al. (2015).

The field control to be used was developed according to
standard 421.5-2016 IEEE (2016), ST2A, which refers to
a bus-fed thyristor bridge supplying the generator field
winding, as demonstrated in figure 4. This control is
important for evaluating the transient behavior of an
application.

This control monitors some variables: Voltage terminal Vi,
reference Voltage V¢, field voltage Vp, field current I;q,
phasor magnitude of armature current Ir and of armature
voltage V. When a short circuit event occurs, the arma-
ture current and voltage measurement circuit will transmit

1 The bearings for both the generator and the motor should be
fluid dynamic with a forced oil lubrication system to further reduce
friction.
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Figure 5. Direct Axis Currente Id with superexcitation
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Figure 6. Direct Axis Currente Id without superexcitation

a step signal, which will be amplified by a proportional
gain within the primary control loop. Consequently, the
control output will receive an increase in field voltage
during the short circuit, thereby ensuring that the direct-
axis current, Id, remains constant. In essence, this adjust-
ment compensates for the demagnetization of the core,
thus mitigating voltage drop during the application of the
short circuit. The phenomenon of core demagnetization
is depicted in figure 5, illustrating how the application of
overexcitation control maintains current Id throughout the
short circuit, compared to figure 6, where an absence of
overexcitation control results in Id declining towards zero
during the short circuit. It is pertinent to note that the
current Id correlates with the magnetization of the core.

For the field control design, the response to a step was
evaluated, which consists of an instantaneous change in
the control’s Ef value to up to 5 times higher, representing
the overexcitation condition. These field winding voltage
values can reach up to 10 pu, depending on the generator’s
design and requirements according to Yoda et al. (2002).

(5 (D) (D))
V3 | zqg T, x4 xr,

The equation 1 demonstrates the behavior of a short
circuit in a generator directly at the machine terminals.
The value of U is the line voltage, x4 is the direct-

I(t) =
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Figure 7. Current during short circuit considering the
overexcitation factor p

. / . . . .
axis reactance, x,; is the transient direct-axis reactance,
" . . . . / .
and z,; is the subtransient direct-axis reactance. T is

the time constant for the transient term, and T; is the
time constant for the subtransient term. Especially for
the case under study, p represents a overexcitation term.
The conventional short-circuit equation does not include p
because this type of overexcitation is used to compensate
for the demagnetization during a short-circuit test in a
laboratory, which would not be necessary in a conventional
generator, for example, in a hydroelectric plant.

U=xp
e 2)

The limit of the short-circuit current when tending to
infinity, that is, the steady-state short-circuit current after
transient terms, is solved by the equation 2, together with
the overexcitation factor, in such a way that the high short-
circuit currents do not demagnetize the core.

lim I(t) =

t—inf

The main difference in equation 1 compared to the con-
ventional short-circuit equation, with its terms for steady-
state, transient, and sub-transient conditions, is the in-
clusion of a constant in the steady-state and transient
terms. this constant is introduced to extend the duration
of current sustenance. Without this overexcitation, the
current would tend to dramatically reduce due to core
demagnetization. This phenomenon can be observed in
figure 7 when p = 1.

in the figure 7 illustrates that for different levels of overex-
citation, and with a constant impedance value, the arma-
ture current displays distinct behaviors. These behaviors
vary according tn the desired superexcitation factor, ul-
timately affecting the degree of current sustainment. For
instance, when the excitation factor p = 2.2, the effective
sustained current in the armature current reaches approx-
imately 40.4 kA. Higher factors result in greater currents.
however, there exists a limit to the level of superexcitation
that the field winding can endure.

4.8 An example of the application of a short-circuit
generator

To make a comparison between an application without and
with overexcitation, one can observe in figure 8 and fig-
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Table 3. Short-circuit generator simulation pa-

rameters
Parameters  Values
zq(pu) 1.26
,;i(pU) 0.422
zq (Pu) 0.29
T(S) 1
Td (s) 0.1
150 Clurrentlal
Ll \V"\ [l
‘ MUMHJ L‘ WV\ i
100 0.2 0.4 D'ﬁrime(sj 0.8 1 12

Figure 8. Current Ia without superexcitation

ure 9, respectively, the current in phase A. The simulation
utilized parameters values from a short-circuit generator
from the 1970s used to study transients in circuit breaker
operations, as detailed in HELB (1971) and shown in table
3.

In figure 8, it’s evident that during a 1 second short-
circuit application, core demagnetization prevents the sus-
tained current throughout the test. Conversely, in figure
9, overexcitation in the field winding enables sustained
current throughout the steady state. This overexcitation
compensates for core demagnetization, enabling the short-
circuit generator to conduct a comprehensive short-circuit
test, replicating grid-connected equipment conditions. The
capability to uphold current continuity throughout the
test is paramount for accurately evaluating equipment
performance under short-circuit conditions.

As indicated by equation 1, overexcitation solely affects
the transient and steady-state terms, while the third term,
referred to as the subtransient term, remains unaffected by
the overexcitation factor p. This phenomenon is apparent
when contrasting figures 8 and 9, where the initial cycles
are identical. This observation underscores how overexci-
tation selectively impacts specific aspects of the system’s
response, preserving the initial behavior within the sub-
transient terms.

In the case of without superexcitation, the field voltage is
maintained 1 pu throughout the short circuit. Therefore,
during the short circuit, the core will demagnetize, causing
a voltage drop, and consequently the short circuit current
will decrease over time. In this way, the generator did not
reach the necessary conditions to replicate a real short
circuit.

in the case of figure 9, the field voltage receives a step
change from the control to sustain its current throughout
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Figure 9. Current Ia with superexcitation
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Figure 10. Field voltange during superexcitation

the test. Therefore, using this excitation method is crucial
to achieve the test conditions defined by standards.

5. CONCLUSION

This paper demonstrates the application of a short-circuit
generator for a power laboratory through modeling in
PSCAD. The study reveals that without the overexcitation
method, the short-circuit current experiences a significant
reduction over time. Conversely, with overexcitation, the
current remains sustained throughout the entire short-
circuit duration, with no voltage drop. The generator
planned for construction in CEPEL’s laboratory holds
the capability to conduct high-power tests. Moreover, in
terms of physical space, the short-circuit generator offers
a 1.5 times greater advantage compared to a transformer
connected to the grid. Furthermore, the generator’s inde-
pendence from the electrical grid makes it an even more
appealing option. Therefore, incorporating a short-circuit
generator into the laboratory expansion plans would miti-
gate these issues effectively. Additionally, this will provide
a competitive power capacity for testing on an interna-
tional level. However, the current challenge is that there is
no domestic manufacturing of this type of machine, which
adds an extra layer of difficulty to the project.
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