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Abstract

This paper presents a comprehensive analysis of the dynamic properties of low-power
current transformers (LPCTs) in the context of their application in both power systems and
electromechanical systems. Momentary changes in external loads occurring in the mechan-
ical parts of systems, affecting their correct operation, cause the appropriate monitoring
and control systems, including LPCTs, to operate in transient states where dynamic errors
are significant. The issues discussed in this article are therefore important from both an
electrical and mechanical engineering perspective. The study focuses on the evaluation of
dynamic errors using two complementary performance criteria: the mean squared error
and the absolute dynamic error. An equivalent circuit model of the LPCT is formulated and
employed to investigate its response under transient conditions representative of modern
energy networks as well as electromechanical devices, including drives, converters, and
rotating machines operating under variable loads. A key contribution of this work is the
determination of the upper bounds of dynamic errors, which establish the ultimate accuracy
constraints of LPCTs when subjected to rapid current variations. The obtained results pro-
vide quantitative evidence of the impact of dynamic properties on the reliability of current
measurements, thereby reinforcing the importance of the proposed error evaluation frame-
work. In this context, the study demonstrates that a rigorous assessment of dynamic errors
is essential for improving the functional performance of LPCTs, particularly in applications
where steady-state accuracy must be complemented by a reliable transient response.

Keywords: low power current transformer; power system; electromechanical system;
dynamic error; mean squared error; absolute dynamic error

1. Introduction
Low-power current transformers (LPCTs) [1,2] differ from conventional current

transformers [3,4] in that they do not supply a secondary current of considerable power but
instead generate a low-power voltage or signal proportional to the measured current [5].
This characteristic makes them particularly suitable for integration with modern measure-
ment systems, including current transducers [6], digital platforms [7], and power quality
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analyzers [8]. Depending on the implementation, LPCTs may employ ferrite cores with ded-
icated windings integrated with electronic subsystems [9], or alternative sensing techniques
such as the Hall effect [10] and other current measurement principles [11].

Today, LPCTs are a key element of modern measurement and protection systems in
power grids and electromechanical systems [12]. Their advantages—high steady-state accu-
racy, low losses, and ease of integration with electronic systems—make them increasingly
competitive with traditional current transformers [13]. However, in practice, operating con-
ditions are rarely limited to the steady state. Transient phenomena caused by sudden load
changes, switching operations, network disturbances, or the presence of higher harmonics
are common [14]. In such cases, the performance of the transformer depends not only
on its static accuracy but also on its behavior during rapid current variations [15]. These
situations often generate dynamic errors [16,17], which can significantly distort secondary
signals and impair the correct operation of protection, diagnostic, and control systems.
Such current changes are inherent in practical applications, for example, in electric drives
operating under variable loads or converters supplying rotating machines [18]. For these
reasons, the study of dynamic properties of LPCTs is essential [19]. Mathematical analyses
make it possible to quantify their accuracy and limitations under real conditions and to de-
velop models that describe their transient behavior. The obtained results allow not only for
identifying the scale of dynamic errors but also for creating methods to reduce them [17,20],
which directly improves the reliability of measurement, protection, and diagnostic systems
in both power generation and electromechanical environments [21,22].

The issue of dynamic errors is particularly critical during short circuits, sudden load
changes, or switching processes, when rapid current variations must be correctly reflected
on the secondary side [23,24]. Under these conditions, transformer cores may saturate,
leading to waveform distortion and underestimation of the measured current [20]. As
a result, protection devices may trip incorrectly or with a delay, compromising system
reliability. In addition, transient waveforms often contain higher harmonics, which must be
accurately transmitted; otherwise, errors in power quality assessment and interference with
advanced measurement systems may occur [25]. Thus, dynamic errors in LPCTs can cause
critical situations in which protection devices fail to react in time, exposing infrastructure
to serious risks [26]. Recognizing this, contemporary standards and research emphasize
the need to evaluate LPCTs not only in terms of steady-state accuracy but also during fast
current changes [27]. Such studies provide the basis for developing more effective error-
compensation methods aimed at improving the reliability of power and electromechanical
systems. Evaluating LPCT dynamic performance requires a diverse set of test signals [28].
A sinusoidal current is used to verify steady-state accuracy [29], a ramp signal highlights
dynamic errors during linear current changes [30], while a step signal examines the ability to
reproduce instantaneous transients [31]. Short-circuit currents simulate overload conditions
close to actual fault scenarios [32], and harmonic signals test the accuracy of representing
multiple frequency components [33]. Together, these signals provide a comprehensive
framework for assessing the dynamic behavior of LPCTs under realistic conditions [34].
A thorough analysis of these behaviors requires not only calculating dynamic errors for
individual test signals but also determining their upper bounds relative to defined error
criteria [35–37]. Two widely recognized approaches are the mean squared error (MSE) [38]
and the absolute dynamic error (ADE) [39]. The MSE evaluates average deviations between
the LPCT output and the reference by integrating squared differences, whereas the ADE
indicates the maximum instantaneous error occurring during transients.

The remainder of this paper is organized as follows. Section 2 presents the equivalent
circuit of the LPCT along with its transfer function model and the reference standard
model used for error determination. It also provides formulas for calculating dynamic
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errors under five characteristic test signals and for estimating the upper bounds of the
MSE and ADE. Section 3 discusses the experimental results, and Section 4 summarizes
the conclusions.

The main contribution of this work lies in the development of a comprehensive pro-
cedure for determining LPCT dynamic errors together with their upper bounds. Unlike
previous studies focused primarily on steady-state performance, this study systematically
evaluates both the MSE and ADE under rapidly changing currents. The proposed methodol-
ogy enables not only a quantitative assessment of LPCT dynamic properties across various
scenarios—sinusoidal, step, ramp, short-term overload, and harmonic—but also the de-
termination of limiting error values that define their ultimate accuracy under transient
conditions. This approach allows accurate prediction of LPCT performance in real-world
networks and electromechanical systems, supports the design of reliable protection and
diagnostic solutions, and helps identify factors with the greatest influence on dynamic
errors. Consequently, the findings improve strategies for error compensation, enhance the
understanding of LPCT limitations, and contribute directly to the reliability and safety of
systems in which these transformers operate as critical measurement elements.

Although numerous studies have addressed the accuracy of current transformers,
most of them have focused primarily on steady-state conditions or on individual aspects
of frequency response and harmonic distortion. However, there remains a lack of a uni-
fied analytical framework that quantitatively evaluates dynamic errors under transient
conditions representative of real operating environments. Existing models typically do
not determine the upper bounds of such errors, which are crucial for defining the ultimate
accuracy limits of LPCTs. The present study addresses these gaps by introducing a com-
prehensive modeling and error analysis procedure that integrates an equivalent-circuit
representation, transfer-function and state-space formulations, and the determination of
mean squared and absolute dynamic error bounds. This combination enables a more com-
plete characterization of LPCT performance during fast current variations and provides
a methodological advancement over earlier approaches limited to steady-state analysis.
This novel combination of modeling and error evaluation methods provides an original
analytical contribution to the metrological study of LPCTs, offering a practical basis for
assessing their performance in real transient conditions.

2. Materials and Methods
This chapter presents the mathematical foundations of modeling and analyzing the

operation of low-power current transformers (LPCTs). Section 2.1 introduces the equiva-
lent circuit of the LPCT together with the corresponding differential equations, which are
subsequently transformed into the transfer function and the state-space model. Section 2.2
describes the reference model in the form of a fourth-order Butterworth band-pass filter, en-
abling the comparison of the LPCT output signal with the ideal reference signal. Section 2.3
focuses on the analysis of LPCT dynamic errors, including both the mean squared error
(MSE) and the absolute dynamic error (ADE), as well as their estimation under worst-case
conditions (UBDE). The adopted evaluation criteria and the set of test signals allow for a
comprehensive analysis of the accuracy and dynamic properties of the transformer under
various operating conditions.

2.1. Mathematical Model of LPCT

The behavior of a low-power current transformer (LPCT) can be rigorously charac-
terized by means of its equivalent circuit representation. Such a model provides a formal
description of the fundamental physical processes governing the device, including magne-
tization dynamics, core loss mechanisms, winding resistance effects, and the interaction
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with external measurement circuitry. The equivalent circuit serves as a convenient basis for
deriving the corresponding differential equations and developing both transfer function
and state-space representations. Figure 1 illustrates the equivalent circuit of the LPCT,
where the measured primary current i1(t) induces the secondary current i2(t) through
the magnetic coupling represented by the magnetizing inductance Lm and the core-loss
resistance RFe. The winding resistance, shunt resistor, load resistance, and cable capacitance
represent electrical losses and the external measuring circuit. This representation enables
the analysis of both steady-state and dynamic behavior of the transformer, forming the
foundation for subsequent modeling and error evaluation.

 

Figure 1. Equivalent circuit of LPCT [2]. i1(t)—measured current, i2(t)—secondary current,
Lm—excitation inductance, RFe—core loss resistance, R2—total resistance of the secondary wind-
ing and the load, im(t)—current through inductance Lm, iFe(t)—current through resistance
RFe, Rsh—shunt sampling resistor, Cc—capacitance of the cable, v2(t)—secondary voltage,
Rl—load resistor.

From the equivalent circuit shown in Figure 1, the following differential equation can
be derived [2]:

Cc
d
dt

v2(t) +
v2(t)
Rp

= i2(t), (1)

where Rp = Rsh ∥ Rl =
RshRl

Rsh+ Rl
, and:

Lm
d
dt

im(t) = i2(t)R2 + v2(t), (2)

while
im(t) + iFe(t) = i1(t)− i2(t), (3)

and

im(t) +
Lm

d
dt im(t)
RFe

= i1(t)− i2(t). (4)

By expressing Equations (1)–(4) in the s-domain and performing the corresponding
transformations, the transfer function can be obtained as follows [40]:

KLPCT(s) =
V2(s)
I1(s)

=
b1s

a1 + a2s + a3s2 = CLPCT(sILPCT −ALPCT)
−1BLPCT, (5)

where ILPCT is the corresponding identity matrix, and

b1 = LmRFeRp,
a1 =

(
R2 + Rp

)
RFe,

a2 = Lm
(

RFe + R2 + Rp
)
+ CCR2RFeRp,

a3 = CcRpLm(RFe + R2).

(6)
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The matrices: ALPCT, BLPCT and CLPCT denote the state matrix, input matrix and
output matrix, respectively.

The corresponding state-space model is defined by the following Equations:

x(t) =

[
v2(t)
.
v2(t)

]
, (7)

and
u(t) = i1(t). (8)

where x(t) and u(t) denote state vector and input signal, respectively.
The state and direct transmission matrices are defined as follows:

AILPCT =

[
0 1
− a1

a3
− a2

a3

]
, (9)

and
DILPCT = 0. (10)

The input–output vectors are defined as follows:

BILPCT =

[
0
b1
a3

]
, (11)

and
CILPCT =

[
0 1

]
. (12)

The impulse response for t > 0 is given by the following formula:

kLPCT(t) = CILPCTeAILPCT tBILPCT

= b1
a3

e−ξωnt
[

cos(ωdt) + ξ√
1−ξ2

sin(ωdt)
]

,
(13)

where

ωn =

√
a1

a3
, (14)

and
ωd = ωn

√
1− ξ2, (15)

while
ξ =

a2

2
√

a3a1
. (16)

2.2. Mathematical Model of Reference

The transfer function of the four-order Butterworth band-pass filter can be obtained by
transforming the corresponding transfer function of the low-pass filter, given as follows [41]:

Kr(s) = α·∏4
i=1

1
(s− pi)

. (17)

To obtain the transfer function of the band-pass filter, the following substitution can
be performed:

s← T(s) =
s2 + ω0

2

B·s , (18)

where ω0 = 2π
√

fl · fh and B = 2π( fh − fl) denote the angular frequency and bandwidth,
respectively, while fl and fh are the lower and higher frequencies of the band-pass filter.
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The symbol α in Equation (17) denotes the amplification factor, while the poles pi are
calculated using the following formula:

pi = ejπ 2·i+1
2·n = ejπ 2·i+1

8 , (19)

where n denotes the filter order.
Thus, the transfer function of the band-pass filter can be expressed as follows:

Kr(s) = Cr(sIr −Ar)
−1Br =

α
(T(s)−p0)(T(s)−p1)(T(s)−p2)(T(s)−p3)

= α

T(s)4+β3T(s)3+β2T(s)2+β1T(s)+β0
,

(20)

where Ir is the identity matrix, and the coefficients: β0, β1, β2 and β3, are as follows:

β0 = p0 p1 p2 p3,
β1 = −(p0 p1 p2 + p0 p1 p3 + p0 p2 p3 + p1 p2 p3),

β2 = p0 p1 + p0 p2 + p0 p3 + p1 p2 + p1 p3 + p2 p3,
β3 = −(p0 + p1 + p2 + p3).

(21)

The corresponding state and direct transmission matrices are as follows:

Ar =


0
...
−β0

1
...
−β1

0
...
−β2

0
...
−β3

, (22)

and
Dr = 0. (23)

The corresponding input–output vectors are as follows:

Br =


0
0
0
α

, (24)

and
Cr =

[
0 0 0 1

]
. (25)

The impulse response for t > 0 is given by the following formula:

kr(t) = CreArtBr = ∑3
i=0

α

∏3
j=0
j ̸=i

(
pi − pj

) , (26)

where pi are the poles of the polynomial in the denominator on the right-hand side of the
transfer function given in Equation (20).

2.3. Dynamic Error for LPCT

A low-power current transformer (LPCT) is a sensor used to measure alternating
current in protection, control, and diagnostic systems, designed for minimal energy con-
sumption. Unlike conventional electromagnetic current transformers, the LPCT utilizes
a high-permeability magnetic core and a simplified winding design, making its behavior
highly dependent on transient phenomena such as rapid current changes or magnetic
saturation. During transients in power systems—for example, during short circuits, load
transfers, or load shedding—the instantaneous current value can change many times faster
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than under steady-state conditions. In such situations, the transformer’s response can be
delayed or distorted, leading to significant dynamic measurement errors. To date, research
has focused primarily on steady-state modeling of LPCTs or frequency analysis, which
provides only limited information about their dynamic properties. This creates a significant
research gap in describing the behavior of these devices during rapid current changes and
quantifying the resulting dynamic errors. This work aims to fill this gap by developing
a comprehensive analytical approach for modeling the time-domain behavior of LPCTs
and determining the upper bounds of dynamic errors. The proposed method enables a
systematic assessment of the accuracy of current transformers under transient conditions
and provides a basis for further development of compensation and control methods to
mitigate these errors.

The response of the LPCT to an excitation in the form of the test current it(t) is
given by:

y(t) =
∫ t

0
it(τ)k(t− τ)dτ, (27)

where
k(t) = kLPCT(t)− kr(t), (28)

and τ is the variable of integration, while k(t) denotes the total impulse response [35–37].
It is possible to determine the value of the dynamic error for an adopted quality

criterion, based on the formula given in Equation (27). In studies of current transformers
(including nonconventional LPCTs), the most commonly used criterion may be the mean
squared error (MSE), given by:

MSE =
1
T

∫ T

0
⌈y(t)⌉2dt, (29)

where T denotes the duration of the LPCT testing [35–37].
The error given in Equation (29) represents the squared difference between the simu-

lated LPCT output signal and the reference signal, averaged over the period T. In practice,
the MSE is very convenient because it consolidates all errors over time into a single scalar
value, enabling easy comparison of different transformer models or operating conditions.
This error accounts for both amplitude deviations and phase shifts by evaluating the
squared difference between the secondary current and the reference current throughout the
entire test period, allowing assessment of the transformer’s dynamic properties, particularly
its response to rapid current changes and transient overloads.

In studies of LPCTs, the absolute dynamic error (ADE) is often used alongside the
MSE criterion. It is defined as follows:

ADE = max|y(t)|. (30)

In technical literature, it is a widely used and practical criterion, as it allows one to
determine the maximum instantaneous deviation of the secondary signal from the reference
signal, which is particularly important when analyzing the transformer’s dynamic proper-
ties. The ADE provides a simple and unambiguous measure of the peak error, regardless
of the signal behavior over the considered period T. It is commonly applied in electrical
engineering, automation, and power and electromechanical systems, where maximum
deviations are critical, for example, during transient overloads, short-circuit currents, or
rapid signal changes [35–37]. Together, the MSE and ADE criteria complement each other
by characterizing both the overall accuracy and the worst-case dynamic performance
of LPCTs.
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Various test signals are used to test LPCTs, depending on the test objective (static
accuracy, dynamic accuracy, or overload resistance):

1. Sinusoidal current—to assess static accuracy.
2. Current ramp—to investigate dynamic errors during rapid current changes.
3. Current step—to simulate rapid current changes and evaluate the dynamic response.
4. Short-circuit current—to test resistance to transient overloads.
5. Complex harmonic signal—to study the effects of harmonics and nonlinear loads.

The sinusoidal current signal is expressed by the following formula:

it1(t) = M·sin(2π f t), (31)

where f denotes the frequency [Hz] of the current signal, and the parameter M is deter-
mined through the following steps:

1.1. Substitute: s = jω into: KLPCT(s) given in Equation (5), where j is the imaginary unit
and ω is the angular frequency [rad/s].

1.2. Calculate: |KLPCT(jω)|.
1.3. Find the derivative: d

dω |KLPCT(jω)| and set it equal to 0. This gives the Equation
for ωmax.

1.4. Solve the equation for ωmax.
1.5. Substitute ωmax into |KLPCT(jω)| to find the amplification parameter K.
1.6. Calculate M = I2max

|KLPCT(jωmax)| .

The current ramp signal is expressed as follows:

it2(t) =

{(
I0 +

Imax−I0
Tr

)
t, 0 < t ≤ Tr,

Imax , t > Tr ,
(32)

where I0, Imax and Tr are the initial current value, maximum current value, and ramp rise
time, respectively.

The current step signal is expressed as follows:

it3(t) =

{
I0, t < t0 ,

Istep , t ≥ t0 ,
(33)

where t0, I0 and Istep are the step trigger time, initial current value, and current value after
the step, respectively.

The short-circuit current signal is expressed by the following system of Equations:

it4(t) =


Ipc
Tr

t , 0 < t ≤ Tr ,
Ipc , Tr < t ≤ Tr + Tp ,

Ipc
Tf+Tp+Tf−t

Tf
, Tr + Tp < t ≤ Tr + Tp + Tf ,

0 , t > Tr + Tp + Tf ,

(34)

where Tr, Tp, Tf and Ipc are the rise time, peak hold time, fall time and peak current,
respectively.

The complex harmonic signal is expressed as follows:

it5(t) = ∑N
k=1 Iksin(ωkt + ϕk), (35)

where N, Ik, ωk and ϕk are the number of harmonic components, the amplitude of the k-th
harmonic, the angular frequency of the k-th harmonic, and the initial phase of the k-th
harmonic, respectively.
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The upper bound on the dynamic error (UBDE) for the mean squared error crite-
rion, constrained simultaneously in time T and magnitude M [42], is expressed by the
following Formula:

MSEUBDE =
∫ T

0

[∫ t

0
k(t− τ)iMSE

UBDE(τ)dτ

]2
dt. (36)

The constrained signal iMSE
UBDE(t) is determined using the following iterative procedure:

iMSE
l+1(t) = M·sign

[∫ T

0
iMSE

j(τ)
∫ T

0
k(v)k(t + v)dvdτ

]
,for l = 0, 1, 2, . . . , L, (37)

where sign, L and v are the signum function, the number of iterations assumed in advance,
and the variable of integration, respectively [37,43,44]. The parameter M corresponds to
the magnitude constraint of the signal iMSE

UBDE(t).
The determination of the upper bound of the dynamic error (UBDE) is carried out using

an iterative fixed-point algorithm that identifies the worst-case excitation signal within
predefined time and amplitude constraints. In each iteration, the algorithm updates the
constrained signal to maximize the deviation between the LPCT output and the reference
response, thereby converging to the input waveform that produces the maximum possible
dynamic error. This approach ensures that the obtained UBDE represents the true upper
limit of the error under the assumed operating conditions and provides a robust criterion
for evaluating model stability and accuracy.

The upper bound on the dynamic error for the absolute dynamic error (ADE) is
expressed as follows [35–37]:

ADEUBDE = M
∫ T

0
|k(t)|dt, (38)

while the corresponding signal iADE
UBDE(t) is determined using the following Formula:

iADE
UBDE(t) = M·sign[k(T − t)]. (39)

The formulas given in Equations (36) and (38) allow estimating the worst-case scenario
of dynamic error for LPCTs and determining the signals that lead to these errors, which is
useful for analyzing the stability and accuracy of such devices.

3. Results and Discussion
The dynamic behavior of a low-power current transformer (LPCT) was investigated

using the equivalent-circuit parameters shown in Figure 1, namely: Lm = 0.5 H, RFe = 5 Ω,
R2 = 50 Ω, Rsh = 2 Ω, Cc = 120× 10−9 F, Rl = 2 Ω [2]. These values are representative
of typical LPCTs and served as the basis for simulating dynamic errors using Mathcad
15 software. The simulation results provide insight into the expected performance of the
transformer and form the foundation for designing a comprehensive experimental setup.

This setup, intended for future verification, includes an LPCT, a function generator, an
oscilloscope, a spectrum analyzer, a current amplifier, load resistors, and other necessary
components, enabling practical validation of the simulation findings. The equivalent-circuit
parameters used in the model (inductances, resistances, and capacitances) were selected
based on typical values reported in earlier experimental studies [2] and on representative
data from commercial LPCT datasheets. These values correspond to medium-range indus-
trial sensors commonly used in power and electromechanical systems. Minor adjustments
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were applied to ensure numerical stability of the simulation model and consistency with
the analytical assumptions presented in Section 2.

In this study, the dynamic errors were evaluated for five representative test signals:
a sinusoidal current, a current ramp, a current step, a short-circuit current, and com-
plex harmonic signals. Additionally, the upper bound on the dynamic error (UBDE) was
determined according to two quality criteria: the mean squared error and the absolute
dynamic error. This analysis allows for a quantitative assessment of the LPCT’s perfor-
mance under varying operating conditions and establishes a reference for subsequent
experimental investigations.

Let us determine the parameter M. To this end, we calculate the modulus of the
transfer function given in Equation (5) by substituting s← jω . Then, we have:

|KLPCT(jω)| = b1ω√
(a1 − a3ω2)

2 + (a2ω)2
, (40)

and
d

dω
|KLPCT(jω)| =

b1
√

P− P′

2
√

P
b1ω

P
, (41)

where
P =

(
a1 − a3ω2

)2
+ (a2ω)2,P′ = −4a3ω

(
a1 − a3ω2

)
+ 2a2

2ω. (42)

Equating the right-hand side of Equation (41) to zero and then solving it yields
ω = ωmax, which is:

ωmax =

√
a1

a3
. (43)

By substituting ω = ωmax given in Equation (43) into Equation (40), we have:

|KLPCT(jωmax)| =
b1ωmax

a2ωmax
=

b1

a2
. (44)

By determining the parameters a2 and b1 based on Equation (6) and using the parame-
ter values of the equivalent circuit, we finally obtain: |KLPCT(jωmax)| = 0.0893 V/A. For
the current I2max = 5 A, the value of the parameter M is equal to 52 A, according to point
1.6 included in Section 2.

The parameter M represents the maximum value of the transfer function magnitude
of the LPCT, which is defined as the ratio of the output voltage to the input current. This
means that the parameter M characterizes the maximum transfer impedance of the system,
i.e., the ratio of the voltage generated at the transformer’s output to the current flowing
through its primary winding, evaluated at the frequency where the amplitude response
reaches its peak. Since the transfer function is expressed as U/I, its physical dimension
corresponds to resistance; therefore, the parameter M is expressed in ohms [Ω]. In practice,
this value indicates how much voltage can be generated at the transformer’s output for a
given input current under resonant conditions.

For the purposes of the conducted simulation, the following parameters were adopted:
the total simulation time, corresponding to the LPCT testing interval, T = 1× 10−6 s, and
the temporal quantization step, ∆t = 1× 10−10 s.

Figure 2 shows the impulse response kLPCT(t) given in Equation (13) and obtained as
the inverse Laplace transform of the transfer function given in Equation (5).
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Figure 2. Impulse response kLPCT(t).

The impulse response exhibits an exponential decay up to approximately T = 5× 10−7 s,
after which it asymptotically approaches a steady state. The time T was assumed as the
time constraint for further analysis.

Figure 3 shows the impulse response kr(t), given in Equation (26) and obtained as
the inverse Laplace transform of the transfer function given in Equation (20). The cut-off
frequency fcut was assumed to be equal to 107 Hz.

 
Figure 3. Impulse response kr(t).

The impulse response kr(t) exhibits a damped oscillatory behavior and attains a
constant value for t = T.

The impulse response k(t) given in Equation (28) has a shape similar to that of the
impulse response kr(t) due to the much smaller values of the impulse response kLPCT(t).
This response serves as the basis for determining the errors: MSE, ADE and UBDE.

Figure 4 shows the sinusoidal current signal it1(t) given in Equation (31) and the
corresponding dynamic error y1(t) calculated using Equation (27). The frequency f is equal
to 10 MHz.
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Figure 4. Excitation current signal it1(t) and corresponding error y1(t) (LPCT output current calcu-
lated using the convolution integral).

The signal y1(t) remains at zero until approximately 1× 10−7 s. It then gradually
increases in an oscillatory manner, oscillating around values between−2× 103 and 2× 103.
The value of the mean squared error MSE1, given in Equation (29), is 1.71 Vs2, while the
value of the absolute dynamic error ADE1, given in Equation (30) is 2.21× 103 Vs.

Figure 5 shows the current ramp signal it2(t) given in Equation (32) and the corre-
sponding dynamic error y2(t). The parameters I0, Imax and Tr are assumed to be equal to 0,
M and T

2 , respectively

  
Figure 5. Excitation current signal it2(t) and corresponding error y2(t) (LPCT output current calcu-
lated using the convolution integral).

The signal y2(t) remains at zero until approximately 1.8× 10−7 s. It then increases up
to about 6.5× 10−7 s, where it reaches approximately 3.15× 103, and gradually settles in
an oscillatory manner to around 3.05× 103. The value of the mean squared error MSE2 is
5.04 Vs2, while the value of the absolute dynamic error ADE2 is 3.13× 103 Vs.

Figure 6 shows the current step signal it3(t) given in Equation (33) and the correspond-
ing dynamic error y3(t). The parameters I0, Istep and Tr are assumed to be equal to 0, M
and T

2 , respectively.

  
Figure 6. Excitation current signal it3(t) and corresponding error y3(t) (LPCT output current calcu-
lated using the convolution integral).

The signal y3(t) remains at zero until approximately 6.1× 10−7 s. It then increases up
to about 7.1× 10−7 s, where it reaches approximately 3.7× 103, and subsequently settles in
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an oscillatory manner to around 3.1× 103. The value of the mean squared error MSE3 is
3.35 Vs2, while the value of the absolute dynamic error ADE3 is 3.76× 103 Vs.

Figure 7 shows the current step signal it4(t) given in Equation (34) and the corre-
sponding dynamic error y4(t). The parameters Tr, Tp, Tf and Ipc are assumed to be equal to
0.3× T, 0.4× T, 0.3× T, and M, respectively.

  

Figure 7. Excitation current signal it4(t) and corresponding error y4(t) (LPCT output current calcu-
lated using the convolution integral).

The signal y4(t) remains at zero until approximately 1.7× 10−7 s. It then increases up
to about 4.5× 10−7 s, where it reaches approximately 3.2× 103, and subsequently settles in
an oscillatory manner until around 8.3× 10−7 s, reaching about 3.1× 103. Finally, the signal
y4(t) decreases to approximately 1.8× 103. The value of the mean squared error MSE3 is
5.75 Vs2, while the value of the absolute dynamic error ADE3 is 3.18× 103 Vs.

Figure 8 shows the complex harmonic signal it5(t) given in Equation (35) and the
corresponding dynamic error y5(t). The parameter N is equal to 4, while the current com-
ponent Ik, angular frequencies ωk and initial phases ϕk are equal to: I1 = M, I2 = 0.5× I1,
I3 = 0.4 × I1, I4 = 0.3× I1, ω1 = 20 × π × 106 rad/s, ω2 = 50 × π × 106 rad/s,
ω3 = 100 × π × 106 rad/s, ω4 = 150 × π × 106 rad/s, ϕ1 = 0, ϕ2 = π

4 , ϕ3 = π
2 and

ϕ4 = π
3 , respectively.

  
Figure 8. Excitation current signal it5(t) and corresponding error y5(t) (LPCT output current calcu-
lated using the convolution integral).

The signal y1(t) remains at a constant value of zero up to approximately 1× 10−7 s. It
then gradually increases in an oscillatory manner, oscillating around values of −2.1× 103

and 2.2× 103. The value of the mean squared error MSE1 is 1.74 Vs2, while the value of the
absolute dynamic error ADE1 is 2.20× 103 Vs.

The upper bound on the dynamic error MSEUBDE obtained for the mean squared error
given in Equation (36) is 7.36 Vs2. Figure 9 shows the constrained signal iMSE

UBDE(t) ob-
tained by applying the fixed-point algorithm given in Equation (37), and the corresponding
error yMSE(t) calculated using Equation (27).
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Figure 9. Excitation current signal iMSE
UBDE(t) and error yMSE(t) (LPCT output current calculated

using the convolution integral).

The constrained signal iMSE
UBDE(t) contains five switching points, evenly distributed

in time. The first switch occurs at t = 7.06× 10−7 s, and the last one at t = 9.48× 10−7 s.
Up to the first switch, this signal maintains a constant value of 56 A. The signal yMSE(t)
initially rises sharply to approximately 3.8× 103, then in the interval from 2× 10−7 s to
8× 10−7 s, it oscillates around positive values of approximately 2− 3.8× 103. After this, it
falls to a minimum of about −3× 103, then increases again, and finally decays at the end of
the observed time interval. The entire waveform exhibits a transient oscillatory character
with noticeable damping in its final phase.

The upper bound on the dynamic error ADEUBDE obtained for the absolute dynamic er-
ror using Equation (38) is 6.50×103 Vs. Figure 10 shows the constrained signal iADE

UBDE(t),
determined by applying Equation (39), and the corresponding error yADE(t), calculated
using Equation (27).

  

Figure 10. Excitation current signal iADE
UBDE(t) and error yADE(t) (LPCT output current calculated

using the convolution integral).

The signal iADE
UBDE(t) contains seventeen switching points that are evenly distributed

over most of the interval, while the last switch occurs three times later than the preceding
ones. The signal yADE(t) increases in an oscillatory manner and reaches its maximum value
at t = T.

Table 1 summarizes the value of the errors obtained for the signals it1(t), . . . , it5(t),
iMSE

UBDE(t) and iADE
UBDE(t), for both considered error criteria.

The lowest mean squared error (MSE) values were obtained for the signals it1(t)
and it5(t), amounting to 1.71 and 1.74 Vs2, respectively, while the highest error occurs
for the signal it4(t), reaching a value of 5.75 Vs2. A similar trend is observed for the
absolute dynamic error (ADE), where the lowest values correspond to the signals it1(t)
and it5(t) (2.21× 103 and 2.20× 103 Vs, respectively), and the highest error occurs for
it3(t), amounting to 3.76× 103. The UBDE values obtained for the signals: iMSE

UBDE(t)
and iADE

UBDE(t) represent the maximum errors for both criteria, obtained using dedicated
computational procedures. This approach ensures greater accuracy in determining the
maximum error values compared to the results obtained for individual signals.
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Table 1. Value of errors obtained for the mean squared error and absolute dynamic error.

Mean Squared Error MSE [Vs2]

it1(t) 1.71
it2(t) 5.04
it3(t) 3.35
it4(t) 5.75
it5(t) 1.74

iMSE
UBDE(t) 7.36

Absolute error ADE [Vs]

it1(t) 2.21× 103

it2(t) 3.13× 103

it3(t) 3.76× 103

it4(t) 3.18× 103

it5(t) 2.20× 103

iADE
UBDE(t) 6.50× 103

The obtained results also have direct relevance for electromechanical systems, in which
low-power current transformers are often integrated within control and protection loops.
In such systems, rapid changes in load torque or supply voltage produce transient current
variations similar to those analyzed in this study. The proposed dynamic error evaluation
method makes it possible to quantify the impact of these transient phenomena on measure-
ment accuracy, thereby improving the reliability and responsiveness of electromechanical
control systems.

4. Conclusions
This study presented a comprehensive analytical framework for evaluating the dy-

namic errors of low-power current transformers (LPCTs) under transient operating condi-
tions. The proposed mathematical model, based on the equivalent circuit and its transfer
function and state-space representations, allows accurate assessment of dynamic per-
formance using two complementary criteria: the mean squared error and the absolute
dynamic error. The obtained results confirm that the model reliably reproduces transient
electromagnetic phenomena and enables quantitative evaluation of LPCT accuracy across
different excitation types. The developed approach makes it possible to determine the
upper bounds of dynamic errors, which define the ultimate accuracy limits of LPCTs. These
findings provide a practical foundation for improving current measurement reliability in
both power and electromechanical systems. In electromechanical systems, rapid variations
in load torque or supply voltage often generate transient current distortions similar to
those analyzed in this study. Therefore, the proposed dynamic error evaluation framework
can be directly applied to assess and improve the performance of current measurement
components integrated into control and protection circuits of electric drives and other
electromechanical devices. The methodology can also be used during the design and
calibration of measurement transformers and extended to other sensors, such as Rogowski
coils or Hall-effect devices. The proposed analytical framework extends beyond traditional
impedance modeling by enabling quantitative evaluation of dynamic error limits under
transient conditions, which represents a new contribution to LPCT metrological analysis.

Future research will include experimental verification of the developed model under
transient operating conditions of low-power current transformers, accompanied by a para-
metric analysis aimed at assessing the influence of key structural and electrical parameters
on dynamic errors. Moreover, the proposed methodology will be extended toward the
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evaluation of measurement uncertainty under dynamic conditions in accordance with ISO
GUM principles. These activities will further enhance the practical relevance, reliability,
and metrological consistency of the developed approach. Future research will also include
validation of the developed LPCT model using hardware-in-the-loop simulation and lab-
oratory experiments. Such verification will enable direct comparison between simulated
and measured data, providing an additional confirmation of model accuracy and ensuring
its reliable applicability in real operating conditions.
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