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Abstract: Simulations of emergency states and tests of resistance of electrical devices to emergencies
are performed in specialized high-power laboratories, the so-called short-circuit laboratories. For
most electrical power devices, such measurements are required by international standards. The basic
equipment of short-circuit testing laboratories consists of current transformers for measuring short-
circuit currents. These transformers should not only enable the accurate conversion of sinusoidal
currents—which is typical for conventional current transformers, but also asymmetrical short-circuit
currents containing an aperiodic component, which classic current transformers cannot reproduce.
Therefore, manufacturers and designers try to meet the market demands and design these special
class 0.2 current transformers. To meet the high technical requirements, the field-circuit method with
three-dimensional space–time analysis of electromagnetic fields was used during design, considering
physical phenomena in ferromagnetic cores (i.e., hysteresis and eddy current losses) and the load of
the secondary winding of the current transformer by the measurement system. The article presents
simulations of secondary currents for the short-circuit current transformer model, and the results
were confirmed by measurements and oscillograms of the currents flowing in the windings of the
real model. The prototype of the designed short-circuit transformer meets the IEC/EN standard
requirements. When measuring harmonic currents, the transformation errors meet the requirements
of class 0.2. During the short-circuit current waveforms, the maximum instantaneous peak error
does not exceed 1% of the error for all the subsequent maxima of the current waveform during the
specified transient switching cycle. In comparison, the standard allows this error to be 10%.

Keywords: cascade current transformers; short-circuit current measurements; transient state; finite
element method

1. Introduction

Short-circuit testing laboratories enable the performance of basic design tests and tests,
allowing the use of automatic power protection in the power industry. Classic current
transformers are used to convert sinusoidal alternating currents. Problems occur in the
measurement of asymmetrical currents when the measured current contains a decaying
non-periodic component with a time constant. The non-periodic component of the current
causes saturation of the current transformer’s ferromagnetic cores and leads to significant
transformation errors. Therefore, the waveforms of the short-circuit currents can only be
processed by current transformers of a special design. So, the essential equipment of these
laboratories consists of short-circuit current transformers.

Current transformers of this type are used in short-circuit laboratories and protection
automation devices.

Each measuring or protection current transformer, as part of a measuring or protection
system, must meet the requirements of the International Electrotechnical Commission and
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the European Standard (IEC/EN) [1,2]. The IEC/EN standard also covers terminologies
and symbols in the field.

Under normal operating conditions, the current transformer can be described by
a classic equivalent circuit, which has its source in the theory of transformer operation.
However, the equivalent circuit with constant parameters does not consider a number
of phenomena related to saturation and the mechanism of the occurrence of core losses.
For this reason, there are several publications that introduce some improvements to this
scheme; above all, these publications allow the approximate saturation effect and hysteresis
to be considered [3]. In addition, many works were related to the transformation problem
for waveforms that were distorted and with a frequency higher than 50 Hz [4–8]. In
the analyzed case, we additionally deal with two winded cores connected to each other,
which forces the interaction of their leakage fluxes to be taken into account.The classic
equivalent scheme is not able to reproduce the phenomena related to the complicated
spatial distribution of the electromagnetic field.

A big problem is the saturation of the current transformer cores, especially at high
currents. A number of scientific publications deal with this problem [9–12]. There are
two approaches: one using different signal processing techniques applied to distorted
waveforms; and the other using a cascade structure, which is much more resistant than a
single transformer with the same parameters.

However, short-circuit current transformers, in addition to testing transformation
errors in steady states, should also be tested during short circuits, i.e., with asymmetrical
short-circuit currents, as in power systems. The short-circuit test laboratory research in
the field of symmetrical and asymmetric short-circuit currents, the decay time constant of
the non-periodic short-circuit component, the asymmetric peak factor, and various types
of short-circuit tests were performed on multiple devices operating in power systems
and on current transformers [13,14]. The article [15] describes a method of checking the
accuracy of current transformers for measuring short-circuit currents and gives examples
of oscillograms.

The testing can only be performed after building an expensive prototype, in this case,
of a special short-circuit current transformer for laboratory operation. This article aims
to show that the properties of short-circuit current transformers can be assessed at the
design stage.

The cascade consists of a limited number of transformers; the primary winding of
each after the first is powered by the secondary of the previous one. The cascade is used in
power and voltage transformers [16–19].

The cascade structures are used at high currents or voltage values. A secondary
winding with thousands of turns would be necessary through a current transformer with a
large winding ratio and single-wire structures. This would result in a significant increase
in the dimensions of the current transformer and would be very laborious and expensive.
Moreover, in the case of the accidental opening of the secondary terminals of the current
transformer, a very high voltage would be induced in the secondary winding [19,20]. With
the use of numerical methods [21–28] and space–time analysis of 3D electromagnetic fields,
it is possible to check the operation of a short-circuit current transformer during short
circuits before testing a prototype at the design change, i.e., the currents at an asymmetrical
short circuit [29–32].

The applied field-circuit method [22,32] considers the phenomena resulting from the
load on the secondary circuit of the current transformer and the physical phenomena in
the core (i.e., hysteresis and eddy current losses); this allows the study of the secondary
current waveform during a short circuit in the primary circuit. Moreover, this method
gives much more accurate results than the analytical methods. The tests were conducted at
the short-circuit testing laboratory in accordance with the method described in the article
for checking the accuracy of current transformers for measuring short-circuit currents [15].
The obtained oscillograms were used for comparison with the calculated results.

The following parts of this article are structured as follows.
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Section 2 presents the geometrical model of the 50 kA/5 A short-circuit current trans-
former design, the magnetization characteristics, and the specific power loss characteristics
of the transformer steel used in the cores. Section 3 describes the mathematical model
and computer simulation data. Section 4 compares the results of the simulation and ex-
perimental tests. A comparison of the measured and calculated transformation error and
oscillograms of the secondary currents of the short-circuit transformer model with com-
ments on accuracy are presented. The practical conclusions of the research are presented in
Section 5.

2. Construction of Cascade Current Transformers for Measuring
Short-Circuit Currents

The article presents the assessment of the operating accuracy of a 50 kA/5 A cascade
current transformer for short-circuit current measurements, with two cores and a large
number of 920 turns. The calculations by the field-circuit method were performed based on
the numerical finite element method, and their results were compared with the tests of the
real model.

Laboratory equipment short-circuit tests of elements operating in power systems
with a high time constant (such as bus bars leading the power supply from the power
plant and circuit breakers near the generator) must be equipped with short-circuit current
transformers, tested for short-circuit conditions at a high time constant of approximately
200 ms.

The analysis of the operation of a 50 kA/5 A cascade current transformer for measuring
short-circuit currents was conducted. Designed and manufactured by TRANSFORMERS,
the prototype of the current transformer has a sleeve structure and ring-shaped cores
without gaps. This current transformer’s two spiral magnetic cores are made of cold-rolled
ET 120-30 steel sheets.

Basic parameters:

• rated insulation voltage: 30 kV;
• primary rated current: 50 kA;
• rated secondary current: 5 A;
• rated power: 20 VA;
• accuracy class: 0.2;
• decay time constant of the non-periodic component of the short-circuit current;
• Tp = 200 ms;
• continuous operation: up to 20 kA.

Figure 1 shows a 3D model of the tested current transformer (50 kA/5 A).

Figure 1. A 3D geometrical model of the 2-stage cascade current transformer for measuring short-
circuit currents 50 kA/5 A (a) and its equivalent electric circuit (b), where P1, P2—primary bar
terminals, S1p, S2p—terminals of secondary winding the first stage of cascade, P1s, P2s—terminals of
primary winding the second stage of cascade, S1s, S2s—terminals of secondary winding the second
stage of cascade.
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The manufacturers of ferromagnetic sheets do not always provide the characteristics
of the magnetism in the saturation part. On the other hand, computer programs during
iteration follow the characteristics that are also in the saturation part. Therefore, a charac-
teristic B = f (H) above the value at which the device is working is required. This is why,
using the Froelich method, verified and used many times by various authors [33,34], the
magnetization curve was extended to the value of induction in the saturation range.

Figure 2 shows the magnetization curve and the specific power loss characteristics of
the magnetic cores used in the tested current transformer. The hypothetical σ conductivity
of the laminated core was determined based on the material-specific power loss character-
istics, core dimensions, and magnetic induction distribution. This method, considering the
power losses in laminated cores, has been used by various authors [23,28,35–37].

Figure 2. An ET 120-30 magnetization curve of the magnetic cores of the tested model of the cascade
current transformer (a) and the specific power loss characteristics (b).

3. Mathematical Model of the Current Transformer

The calculation of errors of the current transformer at load, as required by the stan-
dard [1,2], was performed using the 3D field-circuit method, which enables the calculation
of the currents induced in the secondary circuit (similar to articles [23–29]).

The steady-state harmonic analysis was performed using the Helmholtz-type equation
for a harmonic electromagnetic field.

∇2A− µ∇
(

1
µ

)
×∇×A− jωµσA = −µJp (1)

Ψ =
ns

Ss

∫
Ωs

A · lsdv (2)

Us = jωΨ = (R + jωL)Is (3)
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where A is the complex magnetic vector potential (complex magnetic induction B =5 × A),
Jp is the complex vector of primary current density); Ψ is the complex magnetic flux passing
through the secondary coil; Is and Us are the complex secondary current and voltage,
respectively; and ω is the angular frequency of the voltage. The boundary conditions are A
× n = 0, where n is the unit normal vector to the boundary and V = 0 for the electric scalar
potential on the border of the entire system with the surrounding air.

R and L are the load resistance and inductance of the secondary winding current
transformer, respectively; µ is the permeability; σ is the conductivity of materials; and ns
and Ss are the number of turns and the cross-sectional area of this coil, respectively. Ωs is
the volume of the secondary winding, and ls is the unit tangent vector along the direction
of the secondary current in the winding.

Calculations of the secondary current as a function of time at the short-circuit current
in the primary circuit of the current transformer were performed using the field-circuit
method with three-dimensional space–time analysis [30–33].

The diffusion-type equation describes the electromagnetic field in electrical devices
at transient.

∇×
(

1
µ
∇×A

)
= σ

(
−∂A

∂t
− gradV

)
(4)

Ψ =
ns

Ss

∫
Ωs

A · lsdv (5)

us =
dΨ

dt
= Ris + L

dis

dt
(6)

where A, Ψ, us, and is are quantities varying in time, magnetic vector potential, flux, and
secondary voltage and secondary current; B = 5 × A; and the boundary conditions are
A × n = 0 and V = 0 for an electric scalar potential at the boundary of the entire system
with the surrounding air. The rest of the symbols are the same as Equations (1) to (3).

Even small losses in the laminated cores significantly impact the errors of such precise
devices as instrument transformers. Therefore, the average value of the conductivity
σ of the cores was entered. The loss in a core phenomenon (i.e., hysteresis and eddy
current losses) was considered using homogenization and by calculating the equivalent
conductivity σ of the cores depending on the pre-calculated magnetic induction distribution
in the cores at σ = 0 and the loss characteristics of the magnetic material.

Both methods, being steady-state and transient analysis, use the magnetization curve
and the hypothetical specific σ conductivity of the laminated cores based on the character-
istics shown in Figure 2.

The field distributions in the cascade current transformer were calculated at a steady
state using the ELEKTRA STEADY-STATE module. In contrast, the ELEKTRA TRANSIENT
module of the professional software OPERA 3D was used during short circuits.

Accuracy analysis carried out by refining the mesh for the 3D model of the current
transformer with 920 turns gave the result of 101,627,377 elements. The space–time analysis
was performed with a time step of 5.00 ms.

The secondary current was calculated and used to obtain the characteristics of the
transformation errors, and to draw the secondary current waveforms during the short
circuit. The obtained results were used for comparison with the measurements.

4. The Results of the Calculations and Tests

The calculations and measurements of the prototype transformation errors were
performed under the same conditions, and the results were compared.

The values of short-circuit currents used to test the resistance to dynamic short circuits
are much higher than the value of symmetrical currents.

The starting point of the research was to determine the accuracy of the tested current
transformer’s model for the transformation of a sinusoidal current with a frequency of
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50 Hz in accordance with the IEC/EN standard. The IEC/EN standard defines transforma-
tion errors as the current error [2]:

∆I =
IsKn − Ip

Ip
· 100% (7)

where Kn is the nominal currents ratio, and phase displacement between the waveform of
the secondary and primary currents:

δi = ϕis − ϕip (8)

As a result of the performed calculations and measurements, the current errors and
phase displacement of the current transformer at different supply currents were compared
(Table 1). The test was carried out in the laboratory of TRANSFORMEX. On this basis,
in both cases, the prototype class of a short-circuit transformer was determined, which
according to the standard [2], was 0.2.

Table 1. The transformation errors of the short-circuit current transformer in accordance with IEC/EN
61869-2.

Current Error
(±%)

Phase Displacement
(±min)

(%) Ipn 5 20 100 120 5 20 100 120

class limit 0.2 ±0.75 ±0.35 ±0.2 ±0.2 ±30 ±15 ±10 ±10

computations −0.113 −0.113 −0.08 −0.084 +5.2 +5.2 +4. 4 +4.2

Test −0.016 −0.021 −0.010 −0.012 +9.0 +3.5 +1.1 +1.0

Figure 3 shows the magnetic field distribution in cores of the current transformer,
obtained by analyzing the field-circuit method at a rated primary current of 50 kA in a
steady state.

Figure 3. Magnetic flux density (T) distributions in the cores of short-circuit current transformers
50 kA/5 A at the rated primary current of 50 kA in a steady state: side view (a) and top view (b).



Energies 2022, 15, 2925 7 of 14

The characteristics of the current and phase displacement errors were compared, ob-
tained from the calculations and measurements of a 50 kA/5 A cascade current transformer
with toroidal cores (Figure 1). Figure 4 shows a graphical comparison of the calculated and
measured transformation errors of the tested current transformer (Table 1) at the steady
state with the limits set by the IEC/EN standards for class 0.2. The current error and phase
displasement of the transformer are in the class defined by the standards as 0.2.

Figure 4. A comparison of the characteristics of the current error (a) and phase displacement (b) from
calculations and tests for short-circuit transformers 50 kA/5 A.

The results of the measurements and calculations of the transformation errors using
field methods in steady states are convergent. A cascade short-circuit transformer with
a sinusoidal supply has much smaller transformation errors than the limits of class 0.2
(Table 1). Moreover, as shown in Figure 3, both cores of the cascade are not saturated, and
the magnetic induction values reach a maximum of 0.25 T.

A transient state appears during a short circuit in the RL type system, i.e., a sine wave
with an asymmetric waveform superimposed. Calculations and tests of the instantaneous
secondary current as a function of time were performed for the worst transient conditions
under load. Estimates of the instantaneous secondary current versus time were performed
in the transient state for a load R = 0.88 Ω, a specified primary time constant Tp = 190 ms,
and a rated symmetrical short-circuit current ratio Kssc = 2.76.

The primary current was:

ip = −69.4
(

cos314.16t− e−5.26t
)

kA (9)

The tests were carried out in the short-circuit laboratory (Figure 5). The time constant
was set to 190 ms in the test system, and the load was R = 0.88 Ω. It was agreed that the
short-circuit current would be switched on with a large rated symmetrical short-circuit
current ratio Kssc = 2.76. Such extreme test parameters provided knowledge about the
phenomena occurring in the cascades of current transformers at the limit values.

The errors made during the transformation of the short-circuit current waveform are
so small that if the secondary current waveform is multiplied by the current ratio, the
waveforms practically coincide.

Similarly, to determine the errors of the current transformer in steady states, the errors
made during the transformation of the short-circuit current waveform were calculated for
the maximum values of the individual current peaks. The instantaneous peak error for
selected peaks was calculated using the formula [2]:
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ε̂ =
îε√
2Ipsc

· 100% (10)

where the instantaneous current error is iε = ·Knis − ip
The transient-state test results for the prototype 50 kA/5 A current transformer are

shown in Table 2, and the diagrams in Figures 6–9 are shown.

Figure 5. A prototype of a two-stage cascade current transformer 50 kA/5 A for the short-circuit
current measurements during tests on a test stand in a short-circuit test laboratory.

Table 2. A summary of the results of the prototype short-circuit tests 50 kA/5 A at the time constant
Tp = 190 ms, Kssc = 2.76, and load R = 0.88 Ω.

Instantaneous Peak Errors at Selected Peaks No. [%]:

peaks no. 1 2 5 10 15

Computations 0.11 0.22 0.29 0.21 0.42

Test 0.05 0.18 0.72 0.35 0.45

For transient protection (TP) current transformers with a core without an air gap, the
instantaneous peak error ε̂ may not exceed 10%, according to the IEC/EN standard. This
error did not even exceed 1%. The discussed transformer meets this condition (Figure 6).

During operation at the rated current, the induction in the second core of the cascade
was 0.26 T (Figure 3). In contrast, during a short circuit, the maximum magnetic induction
reached 1.47 T at the highest value of the primary current and then dropped at the second
maximum to 1.27 T (Figure 8). The value of the induction at 1.47 T is lower than the
saturation induction. The short-circuit current transformer meets the requirement not to
distort the tested waveform (Figures 6 and 7).
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Figure 6. The waveform of the primary short-circuit current with the time constant Tp = 190 ms,
Kssc = 2.76, and the load R = 0.88 Ω during the tests: the course of the entire test (a), the course of the
first 16 current peaks (b), and the calculations (c) ip = −69.4

(
cos 314.16t− e−5.26t) kA.
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Figure 7. The calculated waveforms of primary (a) and secondary short-circuit currents in the first
stage cascade (coupling winding) (b) and the second stage cascade (c).
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Figure 8. The distribution of magnetic flux density (T) in the cores of short-circuit current transformers
50 kA/5 A in a transient state in: 0.01 s—peak 1 (135.24 kA) (a) and 0.03 s—peak 2 (128.38 kA) (b).

Figure 9. The percentage errors on the selected current peaks for the 50 kA/5 A short-circuit current
transformer prototype based on the on the tested and calculated waveforms.

The current error of the 50 kA/5 A short-circuit current transformer for the maximum
current 50 kA does not exceed the limit specified for the accuracy class 0.2 established
by the standard for a steady state (Figure 4). It also meets the standard requirements for
transformers of the transient protection (TP) type; i.e., the maximum instantaneous peak
error may not exceed 10% (Figure 9).

The results show the advisability of using numerical methods before building an
expensive prototype.
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5. Conclusions

Since devices such as short-circuit current transformers are expensive, and since it is
difficult to calculate the effects of the design using analytical methods, space–time analysis
was used, which gives accurate results; thus, this predicts the experimental results with
high accuracy.

Current transformers are precise devices and a failure to consider core losses basically
disqualifies calculations, especially the phase displacement values, the limits of which for
various classes are given in minutes. Even small losses in laminated cores significantly
impact the errors of such precise devices as current transformers. Therefore, an important
aspect is to consider the lamination of the cores by introducing a homogeneous conductivity
σ that models the losses in the cores during the calculations. The core loss phenomenon
(i.e., hysteresis and eddy current losses) was considered when calculating the equivalent
conductivity of the cores, depending on the previously estimated magnetic induction
distribution in the cores at σ = 0 and the loss characteristics of the magnetic material
(Figure 2).

The applied method was confirmed by the tests, and the obtained results in both
cases meet the requirements of the IEC/EN standard. The short-circuit current transformer
meets the conditions of class 0.2 (Table 1) when measuring sinusoidal waveforms. It also
meets the requirements for transient protection (TP) transformers; that is, the maximum
instantaneous peak error may not exceed 10% of the error for all the subsequent maxima
of the current waveform during the specified transient switching cycle. This error did not
even exceed 1% (Figure 9). The phase displacement for short-circuit current transformers
during short-circuits is practically irrelevant and the standards do not allow it.

The compatibility of the calculations and tests confirms the possibility of using the
field-circuit method to assess the accuracy of these special current transformers at the design
stage. In comparison, physical tests require the construction of an expensive prototype
current transformer.

It was advantageous to develop such a model of a digital cascade current transformer.
In this way, it was possible to obtain information about the peak value of the secondary
currents of both stages when a sinusoidal current or an asymmetrical current with a non-
periodic component flow through the primary winding, at different values of the time
constant of the primary circuit.

By changing individual elements of the current transformer model, this approach helps
us to obtain guidelines for the construction of other short-circuit transformer structures
with different current ratios and other time constants. The cascade design ensures that
the transformer works in the absence of core saturation and is the best choice for this type
of application.
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