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Abstract

During the asymmetric short-circuit period and the fault recovery stage of the renewable
energy collection system, the non-fault phase and the PCC point show transient overvoltage
characteristics, respectively, which threaten the safe and stable operation of the system.
Aiming at the transient overvoltage problem during the asymmetric fault of the renewable
energy collection system, this paper first establishes the sequence component equivalent
circuit of the renewable energy collection system, deduces the expression of non-fault
phase overvoltage at the fault point considering asymmetric fault ride-through control
of renewable energy, and reveals the influence of negative-sequence reactive current of
renewable energy on non-fault phase overvoltage. Secondly, combined with the system
equation and the constraints of overcurrent and overvoltage, the safety region of the
renewable energy current reference value under asymmetric fault is established. On
this basis, the transient overvoltage comprehensive suppression strategy based on the
optimization of the current reference value during fault and the rapid identification of
fault clearing time is proposed, which realizes the overvoltage suppression in the full
process of asymmetric fault. Finally, the renewable energy collection system is built in the
Matlab/Simulink R2023b simulation platform, and the correctness and effectiveness of the
transient overvoltage analysis and suppression strategy proposed in this paper are verified.

Keywords: transient overvoltage; asymmetric short-circuit fault; new energy collection
system; overvoltage suppression

1. Introduction

Low-voltage ride-through control is commonly adopted in renewable energy integra-
tion systems to support stable operation during faults. However, asymmetric short-circuit
faults lead to transient overvoltage in the non-faulted phases, and after fault clearance,
delayed control exit produces reactive power surplus, which further induces overvoltage
at the grid connection point, easily causing generator disconnection and threatening sys-
tem security and renewable energy absorption [1-3]. With large-scale renewable energy
feeding into the main grid through high-voltage AC channels, and the collection areas
lacking synchronous source support, transient overvoltage problems become increasingly
prominent [4-6]. Therefore, analyzing the transient overvoltage mechanisms of renewable

Energies 2026, 19, 3773 https://doi.org/10.3390/en19163773
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energy delivery systems under asymmetric faults and studying their suppression methods
is an important basis for ensuring safe and stable system operation.

Existing studies on transient overvoltage in renewable energy transmission systems
primarily focus on overvoltages occurring after the clearance of symmetric faults and
during asymmetric faults. In symmetric fault scenarios, references [7-11] analyze the
mechanisms of overvoltage caused by renewable energy after fault clearance, indicating
that delayed withdrawal of low-voltage ride-through by renewable units results in reactive
power surplus, which subsequently leads to overvoltage in the system. Reference [12] ana-
lyzes the mechanisms by which reactive power compensation devices produce a surplus of
reactive power in the system. Reference [13] presents a method for calculating overvoltage
caused by reactive power surplus under symmetric faults, while reference [14] proposes an
evaluation approach for overvoltage in systems with multiple renewable energy plants.
Regarding overvoltage mitigation under symmetric faults, reference [15] derives reason-
able setpoints for renewable reactive current based on transient overvoltage expression
following symmetric short-circuit clearance. Reference [16] introduces an adaptive reac-
tive current compensation strategy, which adjusts generator current references based on
measured system parameters to suppress overvoltage after symmetric fault clearance.

For asymmetric fault scenarios, existing studies primarily focus on analyzing and miti-
gating transient overvoltage during the fault. Reference [17] examines transient overvoltage
issues under non-full-phase operation and indicates that the overvoltage magnitude is
influenced by factors such as renewable power output and control strategies. Reference [18]
proposes a method to calculate system overvoltage during asymmetric short circuits but
does not detail how key factors affect the overvoltage characteristics. To address over-
voltage suppression under unbalanced voltage sags, Reference [19] introduces a voltage
support strategy at the point of common coupling (PCC) of renewable energy systems,
which prevents the phase voltage magnitude at the grid connection point from exceeding
defined limits during short-circuit faults. Reference [20] theoretically analyzed the dynamic
processes of transient overvoltage at the rectifier station induced by commutation failures
under different types of asymmetrical faults. Reference [21] proposed a transient over-
voltage mitigation strategy based on reactive power support; however, its test cases are
primarily limited to symmetrical fault scenarios, with little consideration given to asym-
metrical ones. The above references focus only on suppressing overvoltage at renewable
energy integration points during asymmetric short-circuit faults and do not consider the
suppression of power-frequency overvoltage in non-faulted phases at the system fault
location. In addition, current control strategies are designed only for overvoltage during
the fault, with few addressing overvoltage after asymmetric fault clearance, making it diffi-
cult to achieve comprehensive overvoltage suppression throughout the entire asymmetric
fault process.

This study addresses transient overvoltage in AC transmission systems delivering
renewable energy under asymmetric short-circuit faults. It first quantitatively characterizes
overvoltage in the unfaulted phases at the fault location and reveals the mechanism by
which negative-sequence reactive current contributes to the overvoltage. Based on system
constraints, a transient overvoltage safety region is then constructed. Building on this,
a comprehensive mitigation method is proposed that suppresses transient overvoltage
both during the fault and after fault clearance, utilizing the full-process voltage support
capability of renewable energy. Finally, simulations validate the accuracy and effectiveness
of the proposed approach.

https://doi.org/10.3390/en19163773
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2. Analysis of Transient Overvoltage During Asymmetric Faults
2.1. AC Collection System for Renewable Energy

The AC transmission system of a direct-drive wind farm is illustrated in Figure 1.
The wind farm connects to the 35 kV bus and is stepped up to 220 kV before delivery
to the grid via AC transmission lines, with the fault located on the high-voltage AC line.
The 0.69 kV /35 kV transformer employs a Dyn11 connection, while the 35 kV /220 kV
transformer uses a YNd11 connection.

0.69kV/35kV
T
Yg/A
T

Renewable Energy Unit

35kV/20kV

Equivalent
System
AC Line

PCC

Yg/A

Figure 1. System structure diagram.

The grid-side converter of the direct-drive wind turbine adopts a control strategy
based on a voltage-oriented dual current loop for positive and negative sequences. In
this strategy, the positive- and negative-sequence electrical quantities are transformed into
d-q coordinates of forward and reverse rotating reference frames, respectively, enabling
decoupled control of the positive- and negative-sequence components. The converter is
then controlled through the output of sinusoidal pulse width modulation (SPWM) signals.
The control scheme is illustrated in Figure 2. The positive-sequence and negative-sequence
voltage reference values provided by the current loop are

Ugref1 = kpl iqrefl - iql) + ki f (iqrefl - iql>dt —wLgip + Ugl
Odref2 = kpa\ idrefa — idz) + kix f(idrefz — g |dt — wlgigy +ug
Ogref2 = kp?. iqrefZ - iqZ) +kip f (iqrefZ - iq?.)dt + (‘JLgidZ + Ug

Vdref1 = kp1(idref1 — idl) + ki f(idrefl - idl)dt +wLgig +un
) 1)

e

Vdrefl

ejcul

Varefl

———————————————————————————— | SPWM  |—»

Viref2

e-jwt

Varef2

Figure 2. Positive- and negative-sequence dual current-loop control structure of the grid-side
converter under asymmetric fault conditions.
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In the equation, k;, and k; represent PI control parameters, the subscripts 1 and 2
denote the positive-sequence and negative-sequence components, respectively, and the
subscripts d and g denote the components of the electrical quantities on the d-axis and
g-axis, respectively. L, represents the AC-side inductance of the converter, u represents the
voltage at the renewable energy grid connection point, and 7 represents the output current
of the renewable energy source.

The control structure shown in Figure 2 is based on the positive- and negative-sequence
dual current-loop control commonly used for grid-connected converters under unbal-
anced grid-voltage conditions [18]. The positive-sequence voltage and current compo-
nents are transformed into the forward synchronous rotating reference frame, whereas
the negative-sequence components are transformed into the reverse synchronous rotating
reference frame. Therefore, the positive- and negative-sequence current components can be
controlled separately.

In the positive-sequence current loop, i1 and i;1 are regulated by PI controllers
according to their reference values. With the adopted voltage-oriented control, i;; mainly
corresponds to the positive-sequence active current, while i1 mainly corresponds to the
positive-sequence reactive current. In the negative-sequence current loop, iy, and i, are
regulated in the reverse synchronous rotating reference frame.

It should be noted that the sign of the negative-sequence reactive current depends on
the adopted current reference direction and reactive-power convention. To avoid ambiguity,
in this paper, positive iy, is defined as the negative-sequence capacitive reactive current
output by the renewable energy converter, while negative i;> corresponds to the absorption
of negative-sequence inductive reactive current.

The wLg terms in Figure 2 are introduced as decoupling compensation terms for the
converter-side inductor, and uy, ug1, uz2, and ugp are used as voltage feedforward terms.
After PI regulation and decoupling compensation, the positive- and negative-sequence
voltage references are transformed back to the stationary reference frame and synthesized
as the modulation voltage reference. The SPWM module then generates the switching
signals for the grid-side converter.

During normal operation, the wind turbine outputs the positive-sequence active
current according to the active power command, while the positive-sequence reactive
current and the negative-sequence current references are set to zero. When an asymmetric
voltage sag is detected at the PCC, the converter switches to the asymmetric fault ride-
through mode. In this paper, the asymmetric fault condition is identified when the positive-
sequence voltage amplitude U enters the low-voltage ride-through range and the negative-
sequence voltage amplitude U, or the voltage unbalance factor U, /U; exceeds a preset
threshold. This condition corresponds to unbalanced short-circuit faults, such as two-phase-
to-ground faults and phase-to-phase faults.

Under the asymmetric fault ride-through mode, the positive-sequence reactive current
reference is generated according to the positive-sequence voltage deviation. It can be

expressed as
. 0, u; >09
in =9 1 @)
1(09 - U1), Upin < U7 <09

where U is the positive-sequence voltage amplitude at the PCC and k; is the positive-
sequence reactive current coefficient. The calculated current reference is further limited by
the converter current capacity.

In this paper, the negative-sequence active current reference is set to zero, and positive
i52 is defined as the negative-sequence capacitive reactive current output by the renewable
energy converter. This current is introduced to regulate the negative-sequence voltage
component and suppress the overvoltage of the non-faulted phase during asymmetric

https://doi.org/10.3390/en19163773
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faults. Therefore, iy is selected as the main optimization variable, and its feasible range
is determined by the converter current limit, the PCC voltage limit, and the non-faulted
phase voltage limit at the fault location.

During asymmetric faults, the short-circuit current provided by the renewable energy
source is determined by its control strategy. Therefore, the renewable energy can be
modeled as a current source, assuming that the actual output current equals its current
reference. This study analyzes and calculates two types of asymmetric short-circuit faults:
two-phase-to-ground faults and two-phase faults.

2.2. System Overvoltage Analysis During Two-Phase-to-Ground Fault

When a two-phase metal-to-ground fault occurs on an AC transmission line, the equiv-
alent circuit for the system’s sequence components can be established as shown in Figure 3,
based on Figure 1, where the renewable energy source is modeled as a current source.

{1 1}
+ Xt I T X it + RO
U, U, v,
& _
(a)

Figure 3. Each sequence circuit in the case of a two-phase grounding short circuit: (a) positive-
sequence equivalent circuit; (b) negative-sequence equivalent circuit; (c) zero-sequence equivalent
circuit.

In Figure 3, X} is the sum of the line reactance on the grid side and the system
equivalent reactance, whilst X7 is the sum of the line reactance on the renewable energy side
and the transformer reactance. U I are the phase vectors of the voltage and current to earth
at the fault point. The subscripts 1, 2 and 0 represent positive-sequence, negative-sequence
and zero-sequence quantities, respectively. The positive-sequence terminal voltage vector
of the renewable energy source is U,; = U, /8,1, and the positive-sequence output current
vector Irl is 111 Z(0,1—Ad1). The expressions are

Irl =\ Idlz + Iq12 (3)

Aé = arctan(Ip1/I5)

where I; and I; are the active and reactive current components of the new energy
source, respectively.
The phasor of the negative-sequence terminal voltage of the renewable energy source is
U,z = Uy £0,p; the phasor of the negative-sequence current of the renewable energy source
I r2 i8 IjpZ(642 + Ady), which has no active current component, and therefore Ad, = 90°.
From Figure 3, the system circuit equations can be derived; for the purposes of analysis,

line-to-ground capacitance and resistance are neglected. The forward voltage equation is

Uoer = Us + jZ111n
Z_eql :.]'ZLl _
U = upcl - Zeql'll

Uy = Uy +jZmIn

4)

https://doi.org/10.3390/en19163773
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The negative-sequence voltage equation is

UacZ - jZL2Ir2
Zegp = jZ12

UZ = uocz - ZquIZ
Up = Uz + jZ12l

©)

The zero-sequence voltage equation is

uocO =0
Zer - jZO . (6)
Up = _ZerIO

The system boundary conditions in the event of a metal-to-ground fault on phases B
and C are

S0 T @)
Iy+L+1I,=0

{ U =U, =
where U, is the open-circuit voltage at the fault location, and Zeq is the Davenport equiva-
lent impedance at the fault location.

Substituting Equations (4)—(6) into Equation (7) yields the voltage phasor of the non-

faulted phase A at the fault point as

ZquZer Uocl + Zeql Zer UocZ
Zeql Zqu + Zeql Zer + Zeqzzeqo

Uy =3, =3 ®)
In this paper, Ze;1 = Zega, s0 the voltage phasor of the non-faulty phase A at the fault
point can be simplified to

UA = % (Uocl + uocZ)
Uoer = Us + jX11ln ©)

Uper = jZL21r2
where k = Zeg0/ Zeg1 -

2.3. System Overvoltage Analysis for a Two-Phase Short Circuit

When a two-phase short-circuit fault occurs on the transmission line, the equivalent
circuit diagram of the system is similar to that in Figure 3, but without the zero-sequence
circuit. The positive-sequence and negative-sequence voltage equations of the system are
identical to Equations (4) and (5). The boundary conditions for a short circuit between

phases B and C are
I, =0
u = (10)
L+, =0

It can be derived that the voltage of the non-faulty phase at the fault point is
UA = Uocl + UOCZ (11)

It can be observed that Equation (11) lacks the coefficient term 3k/(1 + 2k) compared to
Equation (9). Therefore, when k is greater than 1, the magnitude of the transient overvoltage
caused by a two-phase short circuit will be smaller than that caused by a two-phase-to-
ground fault.

https://doi.org/10.3390/en19163773
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For single-phase-to-ground faults, the method for calculating system transient over-
voltage is similar to the approach described above. However, because the overvoltage is
relatively low under single-phase-to-ground conditions, this study focuses on analyzing
the system overvoltage under two-phase short-circuit faults.

2.4. Analysis of Factors Affecting Transient Overvoltage During Asymmetrical Faults
2.4.1. The Influence of Negative-Sequence Reactive Current During a Two-Phase
Short Circuit

As can be seen from Equation (9), system overvoltages are primarily influenced by the
positive-sequence and negative-sequence reactive currents from renewable energy sources.
The following analysis examines two scenarios: when the wind turbine does not generate
power, and when it generates positive-sequence active power.

First, we analyze the case where the renewable energy source outputs only positive-
sequence reactive current and negatlve sequence reactive current. From Equations (3) to (7),
it can be deduced that U,e and U, lie on the same line (i.e., these two phasors are in-
phase or out-of-phase), and that U, and jxI,1 are in-phase. When the renewable energy
source outputs positive-sequence reactive current and outputs negative-sequence capacitive
reactive current, the phasor relationships are shown in Figure 4. The phases of U, and
U, are out of phase; therefore, when the negative-sequence reactive current absorbed
by the renewable energy source is increased during a fault, the magnitude of U,e, will
increase accordingly, whilst the magnitude of U, + Uyep will decrease. Consequently, as
can be seen from Equation (9), the magnitude of the overvoltage on the non-faulted phase
at the system fault point will decrease. Furthermore, when the positive-sequence reactive
current output from the new energy source is increased, it follows from Equation (4) that

Uocl
the fault point.

will increase, thereby exacerbating the overvoltage level in the non-faulty phase at

I.r2

oc2

A\ 4
A

Y
v

I.rl inrl

A
I
I
I
I
I
v

Figure 4. Electrical quantity phasor relationship diagram of two-phase grounding.

When the positive-sequence active current output by the renewable energy source
is non-zero, Equations (4)—(7) yield that UO is in phase with U, but out of phase with
ll1. Furthermore, combining this with Equation (4) shows that Uocl is in phase with Ul.
Combining this with the renewable energy control conditions yields that jxI,q is in phase
with Uj. From the renewable energy control conditions and Equation (5), it follows that
U, is out of phase with U,,. From Equations (4) to (7), it follows that U, and U,; are out
of phase, and from Equatlon (4), it is evident that Uocl and LI1 are in phase Itis easy to
deduce that Llocl and Llocz are in phase, and it can also be shown that Llocl and Uocz are

collinear. As shown in Figure 4, increasing the inductive negative-sequence reactive current
absorbed by the renewable energy source can reduce the overvoltage of the non-faulted
phase at the fault location. According to the adopted current reference direction, this
absorption of inductive negative-sequence reactive current is equivalent to the injection
of capacitive negative-sequence reactive current, which weakens the negative-sequence
voltage component and mitigates the non-faulted phase overvoltage.

https://doi.org/10.3390/en19163773
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The preceding analysis demonstrates that increasing the negative-sequence capacitive
reactive current injected by the renewable energy source can increase the overvoltage of
the unfaulted phase at the fault location.

2.4.2. The Effect of Negative-Sequence Reactive Current During a Two-Phase Short Circuit

As deduced from Equations (4), (5), and (10), the transient overvoltage of the unfaulted
phase at the fault location during a phase-to-phase short circuit exhibits characteristics
similar to those observed under a double-phase-to-ground fault. Specifically, increasing
the negative-sequence capacitive reactive current injected by renewable energy systems
mitigates the overvoltage in the unfaulted phase.

3. Safety Margin for New Energy Current Reference Values
3.1. Establishment of the Safety Margin for New Enerqy Current Reference Values

This paper analyzes the case of a two-phase earth fault occurring on an AC trans-
mission line. Given the system parameters and the reference values for the forward active
and reactive currents of the renewable energy source, i3; and i;1, Equations (4)—(7) can
be coupled with the corresponding constraint equations. By solving this system of equa-
tions, the corresponding iz> boundary values for different combinations of forward active
and reactive currents from the renewable energy source can be determined. The corre-
sponding iz, boundary values can be obtained separately, and the boundary surface of the
reverse-sequence reactive current from the renewable energy source can be constructed
in a three-dimensional coordinate system with i1 and i41 as the x and y axes and iy, as the
z-axis. A boundary value surface for the negative-sequence reactive current of the renew-
able energy source can be constructed. In this paper, the constraint equations comprise
three categories: 1. Phase current amplitude constraints for the renewable energy output.
2. Overvoltage amplitude constraints for the non-faulted phases at the fault point. 3. Phase
voltage amplitude constraints at the renewable energy grid connection point.

Regarding the calculation of boundary values on iy, the primary consideration is
the constraint on the phase current limit of the renewable energy source, for which the
constraint equation is defined such that the phase current magnitudes of the three phases
(A, B, C) of the renewable energy source are each equal to the limit value 1

Late = In = \/(10)* + (L2)? + 2Ly Ly cos(g; + ¢)

I =/ (In)* + (Iql)z (12)
Ip = (IdZ)z + (Iq2)2

Here, I, and I, represent the positive-sequence and negative-sequence current am-
plitudes of the renewable energy source, respectively. ¢; denotes the difference between
the initial phase angles of the positive-sequence and negative-sequence currents, where
@ =0°/120°/-120°.

Combining Equations (4)—(7) and (12) yields a boundary surface constrained by the
phase current amplitude. The minimum surface is defined as the upper boundary of the
parameter domain. When the negative-sequence reactive current reference remains below
this boundary, the renewable energy unit avoids overcurrent conditions.

The voltage boundary constraints comprise two types: non-fault-phase voltage con-
straints and grid-connection-point voltage constraints. The first type of voltage boundary
constraint is defined as follows: let the overvoltage of the non-fault phase at the fault point
be equal to the limit Uyy:

’UA’ :3‘u1‘ — U,y (13)

https://doi.org/10.3390/en19163773
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Combining Equation (13) with Equations (4)—(7) yields the boundary surface for iz,
under the first voltage constraint. Monotonicity analysis demonstrates that selecting values
above this boundary prevents the overvoltage of the unfaulted phase from exceeding the
defined limits.

The second type of voltage boundary constraint is as follows: set the phase voltage
magnitudes of the three-phase voltage U, at the renewable energy grid connection point to
equal the limit V,,, where the phase voltage magnitudes at the grid connection point are

given by
Uu,, 1 1 1\ [(u,
Uy, | =|a*> a 1]||Uu, (14)
U, a a® 1 0

Combining the constraint Equation (14) with Equations (4)—(7) yields the boundary
surface for the negative-sequence reactive current, which is constrained by the phase
voltage amplitude at the grid connection point of the renewable energy system.

The region enclosed by these boundary surfaces defines the safe operating area for
the renewable energy current references. Selecting values within this area ensures that
the renewable energy system avoids overcurrent conditions while maintaining both the
voltage at the grid connection point and the unfaulted phase voltage at the fault location
within their specified limits.

3.2. Case Study

This section takes as an example a BC-phase earth fault occurring near the system side
on a 220 kV AC line. The 220 kV AC line is set to a length of 100 km, with line parameters
as shown in Table 1. The system positive-sequence equivalent reactance is 0.25 p.u., the
system negative-sequence equivalent reactance is 0.84 p.u., and the transformer leakage
reactance is 0.05 p.u. I, is set to 1.15 p.u., Vi, to 1.1 p.u.,, and Uy to 1.2 p.u. During the
fault, the forward active current of the renewable energy source is set to 0-0.25 p.u., and its
forward reactive current to 0.3-0.65 p.u. Based on the safety-region calculation procedure
described in Section 3.1, the feasible region of the negative-sequence capacitive reactive
current reference of the renewable energy source is obtained, as shown in Figure 5.

Table 1. Unit length parameters of AC line.

Reactance per Unit Length (p.u./km)

Line forward reactance 25 %1073
Line zero-sequence reactance 7 x 1073
Phase Current'Constraint 09
0.8 - 08
; ' 0.7
= s
E%: 0.6
R 0.5
4 -
04
0.2 4 03
02

0.1

Figure 5. Renewable energy current reference value security region.
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Under the system parameters specified in this section, the phase voltage at the grid
connection point remains within limits during a double-phase-to-ground fault, and there-
fore the corresponding surface is omitted from the figure. In Figure 5, the region enclosed
by the upper surface derived from the renewable energy phase current constraint and the
lower surface determined by the system overvoltage constraint defines the safe operating
area for the current references. The voltage and current limits used for constructing the
security region are selected according to relevant power-quality requirements, renewable
energy ride-through requirements, and the converter current-limiting capability of the
studied system. In this paper, Vi, =1.1 p.u. is adopted as the upper limit of the phase
voltage at the renewable energy grid connection point, and Uy = 1.2 p.u. is adopted as
the transient overvoltage security boundary for the non-faulted phase at the fault loca-
tion. The converter phase-current limit is set to I, = 1.15 p.u. These limits are used to
define the feasible current-reference region under asymmetric faults. Operating within
this domain ensures that the converter output current, the PCC phase voltage, and the
non-faulted phase voltage at the fault location remain within the predefined limits adopted
in this study.

4. Comprehensive Method for Suppressing System
Transient Overvoltages

To address the overvoltage characteristics associated with asymmetric faults, this
paper proposes a coordinated suppression method that covers both the fault-on period
and the post-clearance recovery period. During the asymmetric short-circuit period, the
method aims to limit the overvoltage of the non-faulted phase at the fault location. Af-
ter fault clearance, it suppresses the transient overvoltage at the renewable energy grid
connection point caused by the delayed withdrawal of fault ride-through control and the
resulting reactive current surplus. The proposed approach fully leverages the transient
voltage control capabilities of renewable energy systems both during and after the fault to
effectively suppress system overvoltage.

4.1. Method for Suppressing System Transient Voltage During Asymmetric Short Circuits

Based on the system topology shown in Figure 1, the relationship between the positive-
sequence and negative-sequence voltage amplitudes at the PCC point and the system
voltage is given by

Vv, = \/(Vgl)z — (wLIg)? + wLly
V2 =/ (V) — (wLIp)? - wLip

In the equation, V; and V) are the positive-sequence and negative-sequence voltage

(15)

amplitudes at the PCC point, respectively; V1 and Vg, are the positive-sequence and
negative-sequence voltage amplitudes on the system side, respectively; and L is the equiva-
lent line inductance. The relationship between the phase voltage amplitude V ;. at the PCC
point and the positive-sequence and negative-sequence voltage amplitudes at the PCC
point is given by

Ve = \/(Vl)2 + (Va)? 4 2V4 Vs cos(y, + @) (16)

where ¢, is the difference in initial phase angles between the positive-sequence and
negative-sequence voltages at the PCC point. ¢ = 0°/120°/—-120°.

Taking into account that the renewable energy source terminal and the PCC point are
connected via the Dy11 transformer, whose positive- and negative-sequence voltages are
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shifted by 30°, respectively, the expression for the phase voltage amplitude at the renewable
energy source terminal can be derived as

Viawe = \/(V1)? + (V2) 42V Vo cos gy, + ¢ + 60°) 17)

The expression for the three-phase current amplitudes I ;. of the renewable energy
output is

Labe = \/ (1) + (2)? + 2Lt > cos(g; + ) (18)

where [1 and I, are the positive-sequence and negative-sequence current amplitudes
of the renewable energy source, respectively. ¢; is the difference in initial phase angles
between the positive-sequence and negative-sequence currents.

From Equations (14)—(17), it can be seen that by selecting appropriate current ref-
erence values, the objective of ensuring that phase voltages and phase currents do not
exceed the limits can be achieved. Vg1, Vo1, ¢y, ¢; and other electrical quantities can
be obtained through real-time system monitoring and extracted from the positive- and
negative-sequence components. To ensure the safe grid connection of the renewable energy
source during an asymmetric short circuit, the following constraints are set: (1) the phase
voltage amplitudes at the PCC point and the generator terminal of the renewable energy
source shall not exceed the constraint value V,; and (2) the phase current amplitude of the
renewable energy source output shall not exceed the constraint value I,.

To limit the power-frequency overvoltage of the non-faulted phase at the fault location,
the negative-sequence reactive current reference of the renewable energy source should
be increased within the allowable current and voltage constraints. Therefore, the deter-
mination of the current reference is formulated as a constrained nonlinear optimization
problem. Since the fmincon function in MATLAB R2023b solves minimization problems,
the objective function is defined as minf(x) = —iz», which is equivalent to maximizing
the negative-sequence reactive current reference i;>. The optimization is subject to the
converter phase-current limit, the PCC phase voltage limit, and the non-faulted phase
voltage limit at the fault location. In addition, the positive-sequence reactive current of
the renewable energy source is calculated in accordance with national standards, and the
expression is given by Equation (2), where k; is the positive-sequence reactive power ratio
coefficient of the renewable energy source. The positive-sequence active current of the
renewable energy source is set as a constant, and its negative-sequence active current is
Op.u.

In summary, the calculation process for the renewable energy current reference values
during an asymmetric short circuit is shown in Figure 6.

In principle, the renewable energy current reference calculated by the proposed
method lies on the upper boundary of the safe operating area shown in Figure 5. Further-
more, the effectiveness of this strategy in mitigating the overvoltage of the unfaulted phase
depends on additional factors, including the capacity of the renewable energy system and
specific system parameters.

4.2. Comprehensive Suppression Method Accounting for Overvoltage Following Asymmetric
Short-Circuit Clearance

Following the clearance of an asymmetric fault, the negative-sequence reactive current
of renewable energy systems exhibits a withdrawal delay. Consequently, this current output
not only fails to suppress the transient overvoltage but instead exacerbates the overvoltage
level, as illustrated in Figure 7.

https://doi.org/10.3390/en19163773
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Figure 6. The current reference value calculation flow chart of renewable energy.
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Figure 7. The influence of ig; on transient overvoltage.

Given that the transient overvoltage following fault clearance primarily results from
the delayed withdrawal of fault ride-through control in renewable energy systems, rapidly
identifying the fault termination instant is essential for suppressing this overvoltage.

Consequently, this paper proposes a rapid fault clearance detection method based
on the first derivative of the positive-sequence voltage amplitude at the point of common
coupling. In the proposed fault-clearance detection method, the positive-sequence voltage
amplitude at the PCC s first processed by a first-order low-pass filter to reduce the influence
of measurement noise. The derivative of the filtered positive-sequence voltage amplitude
is then calculated. When the derivative exceeds a predefined positive threshold, the fault is
considered to be cleared, and the post-fault compensation control is activated.

During the LVRT exit-delay period after fault clearance, compensation terms are added
to the positive- and negative-sequence reactive current references to offset the remaining
reactive current commands generated by the LVRT controller. Specifically, once the fault-
clearance condition is satisfied, the compensation mechanism is enabled and generates
offset components that counteract the reactive current commands produced during the
LVRT stage. As a result, the remaining positive- and negative-sequence reactive current

https://doi.org/10.3390/en19163773
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commands are rapidly reduced to zero or near zero during the LVRT exit-delay period.
When the LVRT controller is deactivated, the compensation mechanism is also disabled,
and the additional control action is removed. Compared to traditional methods relying on
voltage amplitude thresholds, this approach significantly reduces the detection delay and
effectively suppresses the overvoltage.

Integrating the suppression methods presented in Section 4.1 with those detailed in
this section yields a comprehensive mitigation strategy for system transient overvoltage,
applicable both during asymmetric short-circuit faults and subsequent to fault clearance.
Figure 8 illustrates the corresponding control block diagram.

| lilrejl
T
| lflreﬂ
Ve " Current | __ __ __ :
Reference | N | |
Calculation | [ 1 qreﬂ| I
Voce During Low- | Ctri—» | : i
Voltage P
Ride- * | Current
Through | | Inner-Loop
—>
I (Figure 5) | 5 Al |l Control
1 |
Ctrl—» .
| + °—@ | I lqreﬂ
’ |
'~ — Tmproved
Strategy

Figure 8. Transient overvoltage comprehensive suppression strategy diagram.

In Figure 8, the variable Ctrl serves as the enable signal for the control strategy
proposed in this section. A value of 1 activates the strategy, whereas a value of 0 deactivates
it. In this paper, the compensation component for the current reference is set to the negative
value of the corresponding current reference.

5. Case Study Analysis
5.1. System Parameters and Simulation Scenarios

A system model, as shown in Figure 1, was constructed using MATLAB/Simulink:
the wind turbine employs a voltage-source converter model, and during a fault, a positive-
and negative-sequence dual current-loop control strategy based on grid voltage orientation
is adopted. The wind turbine uses a multiplicative model, with a total capacity of 200 MVA.
The 220 kV AC transmission line is set to a length of 100 km, with its parameters as shown
in Table 1. An asymmetric fault occurs at the system end of the 220 kV AC transmission
line at 0.4 s and is cleared at 0.8 s. All electrical quantities are expressed in normalized
values, with reference values set at 200 MVA and 220 kV.

5.2. Effect of Negative-Sequence Reactive Current from Renewable Energy on System Ouvervoltage

During the fault, the positive-sequence active and reactive currents of the renewable
energy source are 0.2 p.u. and 0.4 p.u., respectively, whilst the reference values for the
negative-sequence reactive current are taken as 0 p.u., 0.1 p.u. and 0.3 p.u. The theoretical
and simulated values of the non-fault phase voltage at the fault point during a BC phase-
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to-ground fault are shown in Table 2, and the waveforms of the non-fault phase voltage at
the fault point under different short-circuit fault types are shown in Figure 9.

Table 2. Comparison of theoretical value and simulation value of non-fault phase voltage at

fault point.
iga/p-u. Theoretical Value/p.u. Simulated Value/p.u. Relative Error/%
0 1.265 1.281 1.26
0.1 1.234 1.249 1.22
0.3 1.172 1.184 1.02
1.4 14
1:3_ 13
Loy 12
a 211
5 1.1 —— I,,=0pu 5 ﬁ
1 — I»=0.1pY 1 .
— = —1,=0.1pu
0.0} 1,2=0.3py 0.9 _155:0-31011
085362 05 06 07 08 09 1 %3 07 03 0% 07 08 09
Time/s Time/s

(a) (b)

Figure 9. The influence of negative-sequence reactive current on transient overvoltage. (a) BC
short-circuit to earth fault; (b) BC short-circuit fault.

Table 2 indicates that the theoretical and simulated values of the unfaulted phase
voltage exhibit minimal deviation, demonstrating the high accuracy of the proposed
mathematical model in calculating the system power frequency overvoltage during a
fault. Furthermore, Figure 9 illustrates that an increase in the negative-sequence reactive
current absorbed by renewable energy systems during the fault leads to a reduction in
the unfaulted phase voltage. The results also confirm that the overvoltage condition
induced by a double-phase-to-ground fault is more severe, which aligns with the preceding
analytical findings.

5.3. Verification of System Overvoltage Suppression Methods During Asymmetric Faults

This section analyzes a scenario involving a BC-phase metallic earth fault occurring
on an AC line close to the system side. The converter current limit I, is set to 1.15 p.u.;
the phase voltage limit V;, is set to 1.1 p.u. Two operating conditions are set out below to
compare system overvoltages during the short-circuit event.

Condition 1: During the fault, the forward reactive power ratio coefficient k; of the
renewable energy source is set to 1.2, the forward active current reference value is set to
0.2 p.u., and the reverse active current reference value of the renewable energy source is set to
Opu.

Condition 2: The positive-sequence current parameters remain the same as in Case 1,
with the negative-sequence current reference fixed at 0.3 p.u.

Condition 3: The positive-sequence current parameters remain the same as in Case 1,
while the negative-sequence current is adjusted to limit the PCC phase voltage according
to the method described in [19].

Condition 4: The forward-sequence current parameters for the renewable energy
source are the same as in Case 1, whilst the reference value for the reverse-sequence
reactive current of the renewable energy source is derived using the method proposed in
this paper.

https://doi.org/10.3390/en19163773
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Figure 10 illustrates the voltage waveforms of the unfaulted phase at the fault location
under the four operating conditions. The corresponding voltage and current waveforms
for the second operating condition are presented in Figure 11.

SR
B =i

0.3 035 04 045 05 055 0.6 0.65 0.7
Time/s

(@)

Uagc/pu

703 035 04 045 05 055 0.6 065 0.7
Time/s

(d)

Figure 10. Three-phase voltage waveform of 220 kV fault point. (a) Operating Condition 1;
(b) Operating Condition 2; (c) Operating Condition 3; (d) Operating Condition 4.

As shown in Figures 10 and 11, under Operating Condition 1, when the renewable
energy source does not output negative-sequence current, the voltage of the non-faulted
phase at the fault point exceeds 1.3 p.u.; under Operating Condition 4 following the
application of the method described in this paper, the voltages at both the generator
terminal and the grid connection point remain within limits, the output current does not
exceed the limit value, and the overvoltage of the non-faulted phase is reduced to below
1.3 p.u.

We added simulations with 100 ms and 200 ms fault durations to verify the response
capability of the proposed method under short-duration faults. The results demonstrate
that the proposed fmincon-based current-reference calculation can still provide effective
current references and suppress transient overvoltage under shorter fault durations. In
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addition, filtering of the measured input quantities has been added in the control process
to reduce the influence of measurement delay, noise, and transient oscillations, thereby
improving the practical robustness of the proposed control strategy.

This method fully utilizes the transient voltage control capability of renewable energy
sources to effectively reduce power-frequency overvoltages during faults whilst ensuring
safe grid connection.
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Figure 11. Control effect of Condition 4. (a) Three-phase voltage waveform at the PCC point;
(b) three-phase voltage waveform at the renewable energy generator terminal; (c) three-phase current
waveform of the renewable energy source.

5.4. Verification of Overvoltage Suppression Strategy Following Asymmetric
Short-Circuit Clearance

In this paper, the control switching delay for renewable energy sources is set to 20 ms,
the time constant of the inertial filter is set to 0.05 s, and the threshold for the first derivative
of voltage is set to 0.3 p.u./s. During the ride-through of an asymmetric fault, the analysis
of renewable energy sources follows the example of Scenario 4 in Section 5.2. After the
fault is cleared, the following two scenarios are set up to compare the transient overvoltage
conditions at the grid connection point of the renewable energy sources after the short
circuit is cleared.

Condition 5: The additional control proposed in this paper is not activated after
fault clearance.

https://doi.org/10.3390/en19163773
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Condition 6: The additional control proposed in this paper is activated after the fault
is cleared.

A comparison of the control performance between Scenario 5 and Scenario 6 is shown
in Figure 12.

Condition5
— Condition6

03 04 05 06 07 08 0.9 1
Time/s

(a)
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0.1

0903 04 05 06 07 08 09 1

Time/s

(b)
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0.4f Condition5
Condition6
02 03 04 05 06 07 08 09 1 11

Time/s

(d)

Figure 12. Comparison of control effect of Conditions 5 and 6. (a) Command value for negative-
sequence reactive current of the renewable energy source; (b) command value for positive-sequence
reactive current of the renewable energy source; (c) renewable energy reactive power output; (d) grid
connection point voltage amplitude.

As shown in Figure 12, in Condition 4, following fault clearance, the retraction of
both positive-sequence and negative-sequence reactive currents from the renewable energy
source was relatively slow, resulting in a significant reactive power surplus. The transient
overvoltage at the grid connection point exceeded 1.3 p.u., posing a risk of disconnection;
under Operating Condition 6, following the application of the control method proposed
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in this paper, the reactive current began to recede at 0.803 s (approximately 20 ms earlier
than in Operating Condition 3), and the overvoltage peak was reduced to 1.06 p.u., which
is below 1.3 p.u., effectively suppressing the transient overvoltage.

In conclusion, the proposed strategy mitigates the overvoltage of the unfaulted phase
during asymmetric short circuits and suppresses the overvoltage at the grid connection
point following fault clearance, thereby ensuring the safe operation of the system.

6. Conclusions

This paper addresses the transient overvoltage issue in renewable energy AC transmis-
sion systems under asymmetric short circuits. It reveals the overvoltage mechanism of the
unfaulted phase during the fault, establishes a safe operating area for the negative-sequence
reactive current, and proposes a comprehensive transient overvoltage suppression method
for the entire process that accounts for the conditions following fault clearance. The main
conclusions are summarized as follows:

(1) During an asymmetric short-circuit fault, a power frequency overvoltage occurs on
the unfaulted phase at the fault location. This overvoltage depends on the system
parameters, alongside the positive-sequence and negative-sequence control param-
eters of the renewable energy system. Increasing the negative-sequence capacitive
reactive current output by the renewable energy system reduces this power-frequency
overvoltage during the fault.

(2) By integrating system voltage equations with overcurrent and voltage constraints, this
paper establishes a safe operating area for transient overvoltage under asymmetric
faults. Selecting values within this domain ensures that renewable energy systems
avoid overcurrent conditions while maintaining both the voltage at the grid connec-
tion point and the unfaulted phase voltage at the fault location within their specified
limits.

(3) This paper proposes a comprehensive transient overvoltage suppression method for
the entire asymmetric fault process. By fully exploiting the voltage control capabilities
of renewable energy systems under both steady-state and transient conditions, the
proposed approach mitigates system transient overvoltage during asymmetric short
circuits and subsequent to fault clearance. Simulation results demonstrate that the
proposed strategy effectively suppresses overvoltage.
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Abstract

This work provides a theoretical/methodological contribution to the transient analysis
of asymmetrical faults in three-phase systems. Transient analysis of three-phase systems
is usually performed by resorting either to the instantaneous Symmetrical Component
Transformation (SCT) or to numerical methods. In this paper, an analytical methodology
based on the time-domain Clarke transformation is presented for the transient analysis of
the most common asymmetrical faults. For each kind of asymmetrical fault, a specific circuit
coupling between the Clarke «x[30 circuits is derived. Two main advantages are obtained
over the SCT approach. First, the Clarke circuits involve real-valued voltages/currents,
instead of complex variables as with the SCT. Second, the Clarke circuits 30 are not all
coupled to each other. Therefore, the dynamic order of the Clarke equivalent circuits is
lower than that of the SCT circuits. This property can be of interest in both the derivation
of analytical and numerical solutions. A simple radial system is used to exemplify the
proposed methodology.

Keywords: Clarke transformation; asymmetrical fault analysis; power quality; power
system analysis; space vectors; time-domain analysis; transient analysis; voltage sags

1. Introduction

Transients are a common phenomenon in three-phase power systems. Indeed, tran-
sients can be due to external causes like lightning or internal intended /unintended causes
like system operations and faults. Transient analysis is of paramount importance in modern
power systems because, typically, they imply temporary overcurrents and overvoltages
that could lead to malfunctioning and damage of system components [1].

As far as faults are concerned, extensive literature can be found about steady-state ana-
lytical calculation of voltage/current faults [2,3]. Such conventional approaches are mainly
based on a proper adaptation of the well-known Symmetrical Component Transformation
(SCT) operating on phasor variables.

On the contrary, when time-domain analysis (i.e., transient analysis) is required, the
related literature appears fragmentary and less systematic, especially when asymmetrical
faults are concerned. Actually, the inadequacy for transient analysis of the phasor SCT
was soon recognized, and the time-domain Clarke transformation was recognized as more
suited to transient analysis [4,5]. Papers [4,5], however, were not using the so-called
power invariant form of the Clarke transformation, and therefore, a systematic and general
derivation of equivalent circuits for asymmetrical faults was not provided.

Thus, asymmetrical faults were typically approached through numerical tools such
as the well-known Electromagnetic Transient Program (EMTP) [6,7]. Other interesting
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methods have been introduced and studied in the past years, such as dynamic phasor
modeling, able to provide accurate models of converter-dominated power systems, with
remarkable computational speed gains [8,9].

As far as analytical approaches are concerned, providing deeper insight into transient
phenomena, a further attempt to use the SCT for asymmetrical faults was introduced
through the instantaneous SCT [10-12]. The main advantage of the instantaneous SCT is
the use of the same interconnections of sequence circuits as for asymmetrical faults in the
sinusoidal steady state. An important drawback, however, is the introduction of complex
time-domain voltages and currents in the resulting dynamic circuits.

In the past few years, the Clarke transformation was rediscovered as a powerful
tool well-suited for manipulating time-domain variables. The first systematic application
of the Clarke transformation for transient analysis of asymmetrical faults was proposed
in [13], where it was also made clear that the Clarke equivalent circuits can also be useful
for numerical analysis. Advantages of the Clarke transformation over the instantaneous
SCT were confirmed in [14], where a simplified equivalent circuit was obtained for the
single-phase fault.

This paper is based on the systematic use of the Clarke transformation for the
transient analytical solution of asymmetrical faults, i.e., single-phase and double-phase
grounded /ungrounded faults. For each kind of asymmetrical fault, a proper circuit cou-
pling between Clarke «, (3, and zero circuits is derived, allowing the exact analytical
transient solution of the resulting dynamic circuit. Moreover, it is shown that the Clarke
equivalent circuits have lower dynamic order with respect to the corresponding instanta-
neous SCT equivalent circuits. This point leads to simpler analytical solutions and provides
deeper insight into the transient phenomena.

Clarke transformation is also the basis for the definition of voltage/current space
vectors [15-18]. A voltage/current space vector is a complex-valued time function where
the real and imaginary parts are given by the a and 3 components of a Clarke-transformed
voltage/current, respectively. In the ideal unfaulted case, the trajectory of the voltage space
vector on the complex plane is circular. On the contrary, in the case of an asymmetrical
fault, the trajectory of the voltage space vector on the complex plane is elliptical, where the
inclination angle of the ellipse allows the classification of the kind of fault [19-30]. Figure 1
shows the classification angles for single-phase (S) and double-phase (D) faults [30]. Notice
that in [30], only the special case of a steady-state single-phase fault was considered. In this
paper, however, the transient solution through the Clarke transformation is proposed, and
a more general fault condition is considered, including asymmetrical double-phase faults.
Thus, the results derived in the paper also allow straightforward detection, classification,
and characterization of a specific kind of fault. Moreover, the impact of circuit parameters
on the effectiveness of fault characterization can be readily determined.

The general methodology introduced in this paper can be outlined as follows. The
main assumption is the three-phase symmetry of the system, apart from the fault section
where fault constraints are typically asymmetrical. The symmetric part of the three-phase
system is processed according to the Clarke transformation. Thus, three circuits, named «,
B, and zero, with transformed topology and variables can be defined. The asymmetrical
part, i.e., the fault section, is characterized by specific constraints on the phase variables,
depending on the kind of fault (i.e., single/double-phase, grounded /ungrounded). The
constraints on the phase variables, once Clarke transformed, become constraints on the «,
3, and 0 variables at the fault location. Through specific mathematical derivations, it is
shown that such constraints can be represented as proper circuit elements (mainly ideal
transformers) coupling the «, 3, and 0 circuits. Thanks to such simple equivalent circuits,
the three-phase transient can be easily solved in the time domain for each specific kind of
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fault. It is worth highlighting that such an approach is not approximate, but it provides
a rigorous and exact analytical solution, equivalent to the instantaneous SCT solution.
Numerical simulations of transients in a three-phase radial system validate the correctness
of the proposed analytical approach.

Dac /—S D,

S, s,
Dyc Dee
S, S,

D,. S—/ D,.

Figure 1. The voltage space vector shows an elliptical behavior on the complex plane, where the
inclination angle of the ellipse depends on the kind of fault. Single-phase faults (S, ;, o) correspond to
0°,60°, and 120°. Double-phase faults (Dyp beac) correspond to 30°, 90°, and 50° [30].

The paper is organized as follows. In Section 2, the instantaneous SCT is dis-
cussed. In Section 3, the Clarke transformation and some topological aspects are re-
ported. In Section 4, the analytical derivations for the single-phase fault, the double-phase
grounded /ungrounded faults, and the introduction of the related equivalent circuits are
presented in detail. In Section 5, a comparison between the instantaneous SCT and Clarke
equivalent circuits for transient analysis is presented. Numerical validation of the derived
analytical results and equivalent circuits is reported in Section 6 for a three-phase radial
system. Finally, conclusions are presented in Section 7.

2. Conventional Transient Analysis Through Instantaneous SCT

Transient analysis of three-phase systems was introduced in [10] with specific refer-
ence to rotating electric machines. The methodology, however, can be readily extended
to general power systems as shown in [11]. The basic underlying idea consists of extend-
ing the conventional SCT, originally introduced in the phasor domain, to time-domain
variables. Therefore, by considering a column vector of time-domain phase voltages

T
Vabe = [va v vc} , the instantaneous SCT (ISCT) is defined as:

— ;p — Svp = —— 0 ;2 aa Za (1)
pn0 n abc \/5 b
v 1 1 1o

where S is the SCT matrix in the power invariant form such that S =T g=¢ ZTH, Tp
and Uy, are complex-valued voltages such that v, = 7, whereas vy is a real-valued voltage.
Of course, the same transformation given in (1) holds for phase currents.

Notice that since the ISCT (1) is based on the same transformation matrix S as the
conventional SCT, asymmetrical-fault transient analysis leads to the same equivalent
circuits commonly used for the steady-state analysis of asymmetrical faults. This point
will be detailed in Section 5 where the ISCT approach will be compared with the Clarke
components approach proposed in this paper.
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3. Clarke Transformation and Three-Phase Circuit Analysis

Let us consider a column vector of time-domain phase voltages v,,.. The Clarke
transformation of v, is defined as [4-6]:

1 -1 _1
Oy 5 \/2 fg Og
Uapo = |Up| = Togp = \/; (1) ?3 717 Up 2)
% iovi vadlw

where the transformation matrix T is defined in the power invariant form, from the abc
domain to the transformed # 0 domain. This property is of paramount importance in order
to define consistent equivalent circuits in the Clarke domain.

The main feature of the Clarke transformation is the diagonalization of balanced
three-phase component matrices. As a remarkable example, for a symmetrical mutual
inductor in the time domain, we obtain [30]:

(4 Lph Ly Lp iy
'U‘B =T Lm Lph Lm T_l% lﬁ =
0o Ln Lp Lph iO__
Ly — L 0 0 i
= 0 Lyn — L 0 4lig| = 3)
0 0 Ly +2Lu|  |io
Ly, 0 O iy
_ d |;
= 0 Lﬁ 0 it Zlg

0 0 Lo| i

Thus, three uncoupled equations were obtained in (3). Moreover, by considering that
Ly = Lg, the first two equations can be combined in one complex equation as:

_ ) da, . . d-
U= vy + jog = Lﬁ(l“ + jig) = Lﬁl 4)

where the voltage/current space vectors 7 and i have been introduced.
In case of a three-phase sinusoidal voltage source with phase voltages e =

T
{ea ey ec} , by using the Clarke transformation, we obtain the following space vector:
€=ey+jeg = Epe/""t + Efe it (5)

where E, and Ej, are the positive/negative sequence components provided by the phasor
SCT [29,30]:
E, 1 a a||E
Es= |E,| =SE=—1|1 a* al||E (6)
Eo

Under sinusoidal steady state, the trajectory of the space vector e is elliptical, and the
semi-major axis s, the semi-minor axis r,;, and inclination angle ¢, are given by [29,30]:

rm = |Ep| +1Exl,  rm = [|Ep| — |ES] @)

9= %[ﬂrg(b"p) +arg(E;)] ®)

Clarke equivalent circuits in the a0 variables can be obtained by transforming three-
phase components as in (2) and by transforming three-phase symmetrical connections. The
most common three-phase connections are the star connections, where the star center can
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be either non-accessible or accessible to connect the three-phase system to single-phase
networks [30].

3.1. Star Connection with Non-Accessible Center

Figure 2 shows a star connection with a non-accessible star center. By assuming a
reference terminal G valid for the whole three-phase system, the star connection can be
considered a three-port network characterized by the following independent relationships:

Ug = Uy, Op = Uc, igtip+ic=0 )

a

—_—
Va

b ib

—— \/
Vb

c ic

R —

Ve
G

Figure 2. A star connection with a non-accessible center [30].

By using (9) in the Clarke transformation (2), we obtain:
vy =vp =0 (10)

ip=0 (11)

i.e., the star connection with a non-accessible center is equivalent to a short circuit in the a8
domains and an open circuit in the 0 domain.

3.2. Star Connection with Accessible Center

Figure 3 shows a star connection with an accessible star center. The star center is
normally used to connect the three-phase system to a single-phase circuit. This connection
can be treated as a four-port network whose independent relationships are given by:

Vg =0y, Uy =0y, UVc=0y, Igt+ip+tic=1y (12)
a s
+
Va
b b y
Vb X
c [
+
Vy
Ve
G

Figure 3. A star connection with an accessible center [30].

By using (12) in the Clarke transformation (2), we obtain that this kind of connection
is a short circuit in the a8 domains, whereas in the 0 domain:

0y = \/gvy (13)

51~
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i.e., the interconnection between the 0 (three-phase) domain and the single-phase domain
can be represented as an ideal transformer with a turn ratio v/3 (see Figure 4). The well-
known properties of ideal transformers can be readily used to analyze circuits in the 0
domain and the interconnections with single-phase circuits.

Vo I Vy

Figure 4. A zero-component equivalent circuit of a star connection with an accessible center [30].

4. Clarke Transient Analysis of Asymmetrical Faults

In this section, the time-domain analysis of asymmetrical faults based on the Clarke
transformation recalled in Section 3 will be developed. In particular, the following faults
will be considered: (a) single-phase faults, (b) double-phase grounded faults, (c) double-
phase ungrounded faults.

Figure 5 shows the effect of Clarke transformation on the circuit variables. In the abc
domain, phase voltages and currents belonging to the symmetrical part of the three-phase
circuit are coupled, whereas the asymmetrical fault can usually be represented as uncoupled
phase constraints. On the contrary, after Clarke transformation, the &30 variables in the
symmetrical portion of the three-phase circuit are uncoupled, whereas the asymmetrical
fault constraints result in coupled «f30 variables. Thus, the «f30 circuits result in coupled
circuits at the fault location only. The effect of the Clarke transformation is, therefore, to
move the circuit coupling from the whole three-phase system (i.e., the left side in Figure 5)
to the asymmetrical fault only (i.e., the right side in Figure 5).

Coupled Uncoupled
fmm e Uncoupled fm—mm———— . Coupled
! Va ! S phases : Va ! N phases
1 1 I |
H Phasea P—> H alpha H—>
1 | la 1 1 la
} [}
1 Vo : Clarke | Ve :
1 | > transformation —'—‘9. \
H phaseb B—>- Fault " H beta H—> Fault
1 1 I 1 1 Is
1 1 I |
1 1 1 |
| Ve IE | Vo |;
1 1 1 1
4 Phasec pH—> . zero —>
[} g I | io
LA 1 S —— !
Reference o, Reference rrrr

Figure 5. Clarke-transformed variables at an asymmetrical fault location.

4.1. Single-Phase Faults

A single-phase fault can be represented as in Figure 6, where only the switch cor-
responding to the faulted phase is closed. For the sake of simplicity, we assume a resis-
tive fault Ry; however, a generic RLC fault could be considered in the proposed time-
domain analysis.
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Va

Figure 6. A single-phase fault implemented as the closure of one switch only. Fault of phase a is
obtained by closing switch a.

By assuming that the faulted phase is phase 4, the corresponding fault constraints on
the phase variables are given by:

Vg = Ryig, iy = ic =0 (15)

By using (15) in the Clarke transformation defined in (2), we can readily obtain the
a0 voltages and currents:

. ; +0c
Oy 2 1 _\/% _\%[ Rf L 2 Rf\luf_ = 20
Vago = =20 ¥ 3 =4/ 3o, 16
ap0 = | Up 3, 2 2 o 3 Rfiﬂ+v;,2+vc 16)
Yo V2 V2 V2 Oc V2
- 1 177 .
Iy 5 I - 2 2 Ig 5 la
o v ova wnllo vale

From (17), we observe that ig = 0, i.e., 3 is an open circuit. Moreover:

i = éia (18)

By taking into account (17) in (16), for the « and 0 circuits, we obtain:

vb+vc

V6

vb+vg
V3

Thus, from (18)—(20) we can readily obtain the circuit representation of coupling
between « and 0 circuits through an ideal transformer with a turn ration = —1/+/2 as in
Figure 7, where the open {3 circuit is also represented.

Notice that, according to the space vector definition (4), the 3 component of the
voltage is not affected by the fault, whereas the transient of the o« component is affected
by the coupling with the 0 circuit. As far as the current space vector is considered, we can
observe that its 3 component is zero. Thus, the current transient is fully described by the o
component of the current space vector, affected by the coupling with the 0 circuit.

vy = Rfio + (20)
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R: Ts ig=0
— Jr—1
] ed —
o °
zero
alpha Va Vo il beta Ye
circuit circuit circuit

Figure 7. Clarke circuit representation of a single-phase fault.

Finally, once the a30 circuits in Figure 7 are solved, the phase abc variables at the fault
location can be recovered through the inverse Clarke transformation. As far as the voltages
are concerned, we obtain:

o, 5 10 Sy, . Re{7} + —570
ST Y T 1 BNV NPT N e
Ve B RV L] Lo Re{av} + 500

where 7 is the space vector defined in (4), and Re{-} takes the real part.
As far as the abc currents are considered, in this case, only i, is different from zero.
From (17), we readily obtain:

iy = gia = /3ip (22)

4.2. Double-Phase Grounded Faults

Double-phase grounded faults involve two phases and the ground. In the general case,
a double-phase fault can be represented as in Figure 8, where only two switches are closed.
By closing the switches b and c, the corresponding constraints on the phase variables are

given by:
ip=0,7v,= Rflib + sz(ib +ic), vc = Rf1ic + sz(ib +ic) (23)
a
b
c o
Iﬂ ib Ic+
Rn R R
Vb Ve
Re
s

Figure 8. Circuit representation of double-phase grounded faults. By closing only the switches b and
¢, the corresponding two phases are involved in the fault.

By using (23) in the Clarke transformation defined in (2), we can readily obtain the
a0 voltages and currents:
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Uy 1 _% _% Uq
Vapo = |Up| = \/g 0 ? —@ Rflib +Rf2(ib +Z'C) =
() % % % Rflic + sz(ib + ic) 1)
U — %(Rfl +2Rf2) (ip + ic)
=3 PRy (iy — ic)
I [oa+ (Rpr +2Rpa ) (i + )|
ix 5 1 *% *% 0 5 *%(ib+ic)
o = |ig| =150 B2 B [b] =1/5]F 00— (25)
i N L (i +1ic)
0 V2 V2 V2 c V2 b c
From (24) and (25), using simple algebra, we obtain:
ip = —V/2iy (26)
and
2 .
0 = V[30a+-(Rfl+-2Rf2)M 27)
?)lg = Rfliﬁ (28)
1 )
vy = %vu + (Rfl + 2Rf2> 10 (29)

Therefore, the o« and 0 circuits can be represented as coupled circuits through an ideal
transformer with a turn ratio n = \/i, whereas the 3 circuit is uncoupled and loaded with
the fault resistor R 11 (see Figure 9).

io  Rn*2Re n=+2 Ra+2Re
e |

[r—
L — -> L —

L] [ ) b
lph eta
alpha zero Ve [ Ru

circuit circuit circuit

|

Figure 9. Equivalent circuits in the Clarke domain for the double-phase grounded fault.

Notice that in this case, the transient involves all three components «30. Moreover,
fault grounding results in circuit coupling between « and 0 circuits.

4.3. Double-Phase Ungrounded Faults

In the special case of an ungrounded double-phase fault, the fault resistor Ry, in
Figure 8 is replaced by an open circuit (see Figure 10).
By taking into account the current constraint i, = iy, = 0, we can write:

ic = —i, (30)
Thus, the phase voltages in this case are given by:
Ua = vgy + vy

vy = Upy + vy = Ryip + 0y (31)

V¢ = Uy +0y = —sz'b + oy
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By using (30) and (31) in the Clarke transformation defined in (1), we can readily
obtain the «f30 voltages and currents:

On 7 1 Tfé _ég Z)ay‘ + oy 5 Oay '
Vago = |Vg| = 3 (1) ? —17 Rflb‘ +ouy | = \/; : \@Rflb (32)
) 2 2 —Ryip + vy V2 (Uuy + 3%)
1 1
L -2 - T A I 2
Lypo = 1./3 V3 (1) ? *17 Zb. = \/; \/glb (33)
fo Viovio o wvallw 0

Notice that v, and vp are not dependent on v,. Moreover, since iy = iy = 0, the oc and

0 circuits are open circuits, whereas the 3 circuit is closed on the fault resistor R fr such that
(see Figure 11):

vp = Ryig (34)

as in the grounded fault case (28). Thus, in the ungrounded double-phase fault, the
transient involves only the {3 circuit. This is the opposite behavior of the single-phase
fault described in Section 4.1. The « and 0 circuits remain in the steady-state open-circuit
condition; therefore, they can be readily solved as transient-free circuits.

Va Vb Ve
Ry Ry It

y

vy

LA LSS SIS SSS

Figure 10. Circuit representation of double-phase ungrounded faults. By closing only the switches b
and c, the corresponding two phases are involved in the fault.

i=0 i=0 ig

zero
alpha Va Vo i beta v R
circuit circuit circuit

Figure 11. Equivalent circuits in the Clarke domain for the double-phase ungrounded fault.

Once ig is calculated by solving the transient 3 circuit, i, can be recovered from (33)
as iy = ip /v/2. Moreover, the phase voltages can be recovered from the inverse Clarke
transformation (21).

https://doi.org/10.3390/en19112580
29



Energies 2026, 19, 2580

5. Comparison Between Clarke and ISCT Transient Analysis

Transient analyses by adopting Clarke and ISCT approaches will be compared using
the three-phase system depicted in Figure 12. It will be shown that since the Clarke ap-
proach provides equivalent circuits where the «, 3, and 0 components are not all coupled,
the dynamic order of each equivalent circuit is lower than the equivalent circuit correspond-
ing to the ISCT approach. Equivalent circuits with reduced dynamic order require simpler
calculations in both numerical and analytical/hand approaches.

€,

R1 L1, Lo1 R, L, Lo2

€b

R1 L1, Lox R> L2, Loz
< > N vy /\/_m

€c

< > N e~ w
Yia ib 44,;

Figure 12. A three-phase system used to compare the Clarke and the ISCT approaches.

As far as the single-phase fault is concerned, i.e., only switch a in Figure 12 is operated,
the ISCT provides the equivalent circuit in Figure 13 where Ry = Ry + Ry, and the
three sequence circuits are connected in series. Notice that the circuit in Figure 13 is a
third-order dynamic circuit. In fact, despite the number of inductors being five, the number
of independent inductors is three.

In Figure 14, the Clarke equivalent circuits corresponding to Figure 7 are shown. It is
apparent that the § circuit is independent of the « and 0 circuits. Actually, the -0 circuit
is a second-order dynamic circuit, whereas the {3 circuit is a first-order circuit, such that
the whole dynamic order remains equal to three. Moreover, notice that the {3 circuit has
no transients; thus, it requires the steady-state solution only. Therefore, by adopting the
Clarke approach, a second-order dynamic circuit must be solved instead of a third-order
circuit as in the ISCT approach.

As far as the double-phase grounded fault is concerned, the ISCT approach provides
the equivalent circuit represented in Figure 15, where the three sequence circuits are
connected in parallel. The effective dynamic order of the circuit, i.e., the number of
independent inductors, is four. Figure 16 shows the equivalent circuits provided by
the Clarke approach corresponding to Figure 9. Notice that in this case, the 3 circuit is
independent of the x-0 circuit. Moreover, both the Clarke circuits are second-order dynamic
circuits. Thus, the whole dynamic order remains equal to four, but the two independent
circuits provided by the Clarke approach require simpler calculations because each of them
is a second-order circuit whose solution can be readily obtained by hand calculations.
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3R¢ 2

: A R1 Loz

Figure 13. ISCT equivalent circuit for a single-phase fault.

eq 1 €
Ry

Figure 14. Clarke equivalent circuits for a single-phase fault.

As far as the double-phase ungrounded fault is concerned, the ISCT provides the
equivalent circuit represented in Figure 17. Notice that it can be derived from Figure 15 by
letting Ry — oo. The circuit in Figure 17 is a third-order dynamic circuit. Figure 18 shows
the equivalent circuits obtained from the Clarke approach, corresponding to Figure 11. The
three Clarke circuits are independent. Moreover, the « circuit is in steady state, whereas
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the 0 circuit is an open circuit. The transient is represented only by the {3 circuit, which is a
second-order dynamic circuit.

€p
R1 L1
R2
L2
Ret
€n v
R1 L
—
R2

A Rt
€o
: ) R1 Loy

/\R; /\3;‘2

Figure 15. ISCT equivalent circuit for a double-phase grounded fault.

Ru+2Rp

ep
R1 Ly

2 Re

Figure 16. Clarke equivalent circuits for a double-phase grounded fault.
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Re1

Ra

A

Figure 17. ISCT equivalent circuit for a double-phase ungrounded fault.

(=]

Lox R1

io=

ep

Ri Ly
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Figure 18. Clarke equivalent circuits for a double-phase ungrounded fault.

6. Numerical Validation

The analytical results derived in Section 4 were validated through numerical simula-
tion in Matlab/Simscape R2025b of the simple radial system depicted in Figure 19.

The equivalent balanced generator is characterized by a 60 Hz phase voltage equal
to 1//2 kV, positive/negative reactance X, = 0.5 Q) and resistance R, = 0.1 ), zero
sequence reactance Xoq = 0.25 (), and grounding reactance X¢r = 0.2 () (see Table 1). The
transformer, with a unity turn ratio, has a series positive/negative reactance Xt = 0.1 Q
and zero sequence reactance Xtg = 0.05 (). The line is modeled with positive/negative
sequence reactance Xj;,;, = 0.3 (3/km and resistance Rj;;;, = 0.1 (/km, and zero sequence
reactance Xpji,e = 0.9 QO/km. The fault is located at a distance d from bus 1.

The three fault cases analyzed in Section 4 were implemented by assuming fault
locations d and fault resistance R £ as parameters. For each case, the transient currents at the
fault location and the locus of the voltage space vector at bus 1 were evaluated and plotted.
Analytical and numerical results have always overlapped; therefore, in the following
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figures, no distinction has been made between analytical and numerical curves. Moreover,
load effects were also negligible. Actually, in the existing literature, fault conditions are
studied by neglecting the load [11,14,22].

Bus 1 Bus 2

Fault Load
| P4Q

Line

Transformer

\4

Figure 19. The radial system used to validate the analytical results. The fault location is at a distance
d from bus 1.

Table 1. Data of the components in the radial system depicted in Figure 14.

Components Connection Parameters

Pos./neg.: R=010, X=040Q
Zero: Xo =020, Ground : Xy =0.20)
Pos./neg.: X =0.10Q
Zero : Xp = 0.05Q
Pos./neg.: R =0.1Q/km, X =0.3Q/km
Zero: Xy =09 Q/km

Load S =10MVA,pf =09

Generator Grounded Y
Transformer Grounded Y-Y, 1/1 kV

Line

6.1. Single-Phase Faults

Single-phase faults, described in Section 4.1, have been implemented in Mat-
lab/Simscape in order to validate the analytical results. In particular, the current i, and
the corresponding fault current i, were evaluated at a fault location d = 10 km for two
different values of fault resistance, i.e., R F=0 and R =1 Q) (see Figure 20). Clearly, a
lower value of Ry results in a larger excursion of the fault current and a larger time constant.
This behavior is more evident in Figure 21, where the fault location is d = 1 km. Indeed, in
this case, the line parameters have a lower impact, and therefore, the fault current has a
larger excursion in the case of a fault with zero resistance.

Transient current i, at fault location d = 10 km
300 T T T T T

T T T T

—R=
—— R;=10hm

250 -

200
150
100

50 -

Current [A]

-100 -

-150 -

-200

0 001 002 003 004 005 006 007 008 009 0.1
Time [s]

Figure 20. Transient behavior of the phase current i, for a single-phase fault after two cycles at 60 Hz.
The location of the faultis d = 10 km from bus 1, and two different values for the fault resistance are
considered.
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Transient current i, at fault location d =1 km

1500 T T T T T T T T T
— R¢=10hm
——R(=0
1000 -
< 500+
<
[0)
=
5 o
O
500 -
-1000

1 1 1 L 1 L 1 L 1
0 001 002 003 004 005 006 007 008 009 0.1
Time [s]

Figure 21. Transient behavior of the phase current i, for a single-phase fault after two cycles at 60 Hz.
The location of the faultis d = 1 km from bus 1, and two different values for the fault resistance are
considered.

Figure 22 shows the behavior of the transient fault current i, for different values of the
generator ground reactance Xg,. Clearly, as expected, by increasing the ground reactance,
the fault current decreases.

Figure 23 shows the phase voltages v, at a fault location 4 = 10 km for fault resistance
Ry = 0. Overvoltage of unfaulted phases b and c is evident.

Transient current i, at fault location d =1 km, R;=0

1500 T T T T T 1
— Xgroung
—— 10"Xgr0ung
1000 - — 5*Xground i
< s00+
=
[
=
jum ] 0F
O
-500
-1000 1 I I 1 I I
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time [s]

Figure 22. Transient behavior of the phase current i, for a single-phase fault after two cycles at 60 Hz.
The location of the faultis d = 1 km from bus 1, and three different values for the generator ground
reactance are considered.

Figure 24 shows the behavior of the voltage space vector at bus 1 in the case of a fault
with Ry = 0. The black curve shows the circular ideal trajectory in the case of no fault.
The blue curve shows the trajectory in the case of a fault location d = 10 km, whereas
the red curve shows the trajectory in the case of a fault location d = 1 km. Clearly, at a
smaller distance, the detection of the single-phase fault becomes more evident, since the
elliptical trajectory with inclination angle 90° can be readily detected. Figure 25 shows the
voltage space vector in the case of a fault with Ry =1 (). Notice that the fault resistance
results in a slight deviation of the ellipse inclination and a smaller difference between
d = 1km and d = 10 km. Thus, as was expected, faults with larger resistance result in
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lower detection capability of the space vector trajectory. The apparent double red curve is
due to the transient behavior.
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Figure 23. Transient behavior of the phase voltages v, for a single-phase fault with Ry = 0 after
two cycles at 60 Hz. The location of the fault is d = 10 km from bus 1.
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Figure 24. Trajectory of the voltage space vector at bus 1 in the case of fault resistance Ry = 0. The
black curve corresponds to the ideal circular trajectory in the case of no fault. The blue trajectory was
obtained for a fault location 4 = 10 km, whereas the red trajectory corresponds to a fault location
d =1km.

6.2. Double-Phase Grounded Faults

Double-phase grounded faults, described in Section 4.2, have been implemented in
Matlab/Simscape in order to validate the analytical results. In particular, the currents
iy and ig and the corresponding fault current (i} + ic) were evaluated at a fault location
d = 10 km for two different values of fault resistance, i.e., R 2= 0 and R 2= 1 Q, with
Rp1 = 0 (see Figure 26). A lower value of Ry, results in a larger excursion of the fault
current and a larger time constant. This behavior is more evident in Figure 27 where the
fault location is d = 1 km. Indeed, in this case, the line parameters have a lower impact, and
therefore, the fault current has a larger excursion in the case of a fault with zero resistance.
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Figure 25. Trajectory of the voltage space vector at bus 1 in the case of fault resistance Ry = 1 (). The
black curve corresponds to the ideal circular trajectory in the case of no fault. The blue trajectory was
obtained for a fault location d = 10 km, whereas the red trajectory corresponds to a fault location
d =1km.
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Figure 26. Transient behavior of the fault current (i, + ic) for a grounded double-phase fault after
two cycles at 60 Hz. The location of the fault is d = 10 km from bus 1, and two different values for
the fault resistance R, are considered.

Figure 28 shows the behavior of the transient fault current (i, + i) for different values
of the generator ground reactance X,. Clearly, as expected, by increasing the ground
reactance, the fault current decreases.

Figure 29 shows the behavior of the voltage space vector at bus 1 in the case of a fault
with Rg = 0. The black curve shows the circular ideal trajectory in the case of no fault.
The blue curve shows the trajectory in the case of a fault location d = 10 km, whereas the
red curve shows the trajectory in the case of a fault location d = 1 km. Clearly, at a smaller
distance, the detection of the double-phase fault becomes more evident since the elliptical
trajectory with inclination angle 0° can be readily detected. Figure 30 shows the voltage
space vector in the case of a fault with Ry, =1 (). Notice that, according to the analytical
results, the fault resistance Ry, affects only the « component, not the § component. In fact,
the red curves in Figures 29 and 30 have a different horizontal excursion, but they keep
the same vertical excursion. The detection capability of the space vector trajectory remains
effective since the phase-to-phase fault resistance Ry is kept to zero.
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Figure 27. Transient behavior of the fault current (i, + i.) for a grounded double-phase fault after
two cycles at 60 Hz. The location of the faultis d = 1 km from bus 1, and two different values for the
fault resistance R 12 are considered.
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Figure 28. Transient behavior of the fault current (i, + i.) for a double-phase fault after two cycles at
60 Hz. The location of the fault is d = 1 km from bus 1, and three different values for the generator
ground reactance are considered.
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Figure 29. Trajectory of the voltage space vector at bus 1 in the case of fault resistances R 1 =Rp=0.
The black curve corresponds to the ideal circular trajectory in the case of no fault. The blue trajectory
was obtained for a fault location d = 10 km, whereas the red trajectory corresponds to a fault location
d =1km.
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Figure 30. Trajectory of the voltage space vector at bus 1 in the case of fault resistances Ry = 0,
Rpy =1 Q. The black curve corresponds to the ideal circular trajectory in the case of no fault. The
blue trajectory was obtained for a fault location 4 = 10 km, whereas the red trajectory corresponds to
a fault location d = 1 km.

6.3. Double-Phase Ungrounded Faults

Double-phase ungrounded faults, described in Section 4.3, have been implemented in
Matlab/Simscape in order to validate the analytical results. In particular, the currents ig and
the corresponding fault current i, = ig/ /2 were evaluated at a fault location d = 10 km for
two different values of fault resistance, i.e., R = 0 and R = 1 Q) (see Figure 31). A lower
value of Ry results in a larger excursion of the fault current and a larger time constant. This
behavior is more evident in Figure 32, where the fault location is 4 = 1 km. Indeed, in this
case, the line parameters have a lower impact, and therefore, the fault current has a larger
excursion in the case of a fault with zero resistance.
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Figure 31. Transient behavior of the phase current ij, for a double-phase ungrounded fault after two
cycles at 60 Hz. The location of the fault is d = 10 km from bus 1, and two different values for the
fault resistance are considered.
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Transient current iy, at fault location d =1 km
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Figure 32. Transient behavior of the phase current ij, for a double-phase ungrounded fault after two
cycles at 60 Hz. The location of the fault is 4 = 1 km from bus 1, and two different values for the fault
resistance are considered.

Figure 33 shows the effect of voltage unbalance on the transient fault current i,. The
blue curve corresponds to the balanced case, already represented in Figure 32, where the
generator voltages E, and E; have phase displacement £120° with respect to E;. The
black curve corresponds to the unbalanced case, where E; and E. have phase displacement
£135° with respect to E,. The red curve corresponds to the unbalanced case where Ej, and
E. have phase displacement £150° with respect to E,. Notice that by increasing the phase
displacement with respect to E,, the voltage source ez in Figure 18 decreases its magnitude.
Thus, a corresponding decrease in the transient fault current in Figure 33 can be observed.

Transient current iy, at fault location d =1 km, R;=0
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Figure 33. Transient behavior of the phase current ij, for a double-phase fault after two cycles at
60 Hz. The location of the faultis d = 1 km from bus 1, and three different values for the generator
voltage unbalance are considered.

Figure 34 shows the behavior of the voltage space vector at bus 1 in the case of a fault
with Ry = 0. The black curve shows the circular ideal trajectory in the case of no fault. The
blue curve shows the trajectory in the case of a fault location d = 10 km, whereas the red
curve shows the trajectory in the case of a fault location d = 1 km. Clearly, at a smaller
distance, the detection of the double-phase fault becomes more evident, since the elliptical
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trajectory with inclination angle 0° can be readily detected. Figure 35 shows the voltage
space vector in the case of a fault with Ry =1 (. Notice that, according to the analytical
results, the fault resistance Ry affects only the B component, not the o component. In fact,
the red curves in Figures 34 and 35 have a different vertical excursion, but they keep the
same horizontal excursion. Notice that the fault resistance results in a slight deviation of
the ellipse inclination and a smaller difference between d = 1 km and d = 10 km. Thus,
as was expected, faults with a larger resistance result in lower detection capability of the
space vector trajectory. The transient behavior is also evident in the blue and red curves.
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Figure 34. Trajectory of the voltage space vector at bus 1 in the case of fault resistance Ry = 0. The
black curve corresponds to the ideal circular trajectory in the case of no fault. The blue trajectory was
obtained for a fault location 4 = 10 km, whereas the red trajectory corresponds to a fault location
d=1km.
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Figure 35. Trajectory of the voltage space vector at bus 1 in the case of fault resistance Ry = 1 (). The
black curve corresponds to the ideal circular trajectory in the case of no fault. The blue trajectory was
obtained for a fault location 4 = 10 km, whereas the red trajectory corresponds to a fault location
d =1km.

7. Conclusions

The systematic analytical investigation of the Clarke transient analysis of asymmetrical
faults in three-phase systems was presented and compared with the ISCT approach. The

https://doi.org/10.3390/en19112580
41



Energies 2026, 19, 2580

proposed Clarke approach proved to be advantageous for two main reasons. First, the
derived equivalent circuits are defined in terms of real-valued voltages and currents.
Second, the dynamic order of the Clarke equivalent circuits is lower than the corresponding
ISCT circuits because the xf30 circuits are not all coupled. Thus, the main results of the
paper have a theoretical value when compared with the ISCT, whereas the application
domain is the same as that of the ISCT.

Future work will be devoted to extending the proposed methodology to simultaneous
faults and phase interruptions.
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Abstract

This paper presents a comprehensive life-cycle analysis of distribution transformers, based
on realized measurements of the increased power losses as a result of their long-term
service under real-world conditions. The study is based on aggregated measured data from
extensive fleets of oil-immersed distribution transformers characterized by diverse designs,
manufacturing vintages, and service lives. The evolution of no-load losses and short-
circuit losses is analyzed as a function of operational duration, structural characteristics,
and the specific technologies employed for windings and magnetic core construction.
Statistical models describing the variation in these losses are presented, highlighting the
limitations of the static assumptions commonly utilized in power distribution network
planning. On this basis, an approximation of the time evolution of the transformer’s total
power and energy losses is proposed as appropriate for implementation in a life-cycle
analysis model. Furthermore, the impacts of thermal loading and abnormal operating
conditions—such as unbalanced loads, frequent short circuits, and repeated overheating of
the transformer oil—are analyzed as drivers of accelerated transformer aging. These effects
are integrated into a unified life-cycle framework, enabling the quantitative assessment
of loss variations and their associated operational expenditures (OPEX). A numerical
example is provided to evaluate the cost-effectiveness of “repair vs. replacement” scenarios,
utilizing a discounted cash flow analysis that incorporates a carbon component. The
findings establish a methodological foundation for a broader assessment of technical
condition and energy performance, identifying the optimal intervention point for repair or
replacement to support decision-making for Distribution System Operators (DSOs) amidst
increasing requirements for efficiency and decarbonization.

Keywords: distribution transformers; life-cycle cost (LCC); loss increase during service
time; no load losses; short circuit losses; asset management; repair versus replacement;
carbon emissions; operational mode severity

1. Introduction

Distribution transformers are key equipment in power distribution networks, and
their long-term operational reliability and energy efficiency directly affect power supply
reliability and operating costs. The optimal operational life of distribution transformers,
according to [1], is usually assumed to be between 30 and 40 years, depending on design
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features, cooling conditions and operating mode. However, a significant part of the
transformer fleet in power distribution networks continues to be operated significantly
beyond the specified optimal operational life. In a number of power distribution systems,
published studies show that approximately 55% of installed distribution transformers
exceed this age limit [2,3]. In addition, published models for estimating the expected
service life, based on real operating modes and insulation aging, show that under favorable
conditions and limited thermal stress, individual transformers can reach a service life
significantly longer, in some cases up to the order of 70-80 years [4]. In the passport
documentation of distribution transformers, manufacturers provide the main electrical and
energy parameters. In this study, the term “passport data” is used to denote the technical
parameters specified by the manufacturer, including nameplate data and factory test results
obtained under standardized test conditions at the time of production and commissioning.
Accordingly, “passport losses” refer to the manufacturer-declared loss values reported in
the documentation.

The regulatory documents and technical standards regulating the testing and passport
data of transformers do not contain a quantitative description of the change in these
parameters during long-term operation, nor are dependencies given that take into account
the aging of active materials and the influence of real operating modes [5]. In real-world
conditions, decisions to manage aging transformers are most often made when a fault,
insulation deterioration, increased losses, or mechanical defects occur. In such situations,
the operator is faced with a strategic choice: repair and continued operation or replacement
with a new transformer. This choice is often based primarily on the initial capital costs,
without a systematic quantitative assessment of the long-term consequences of parameter
degradation, loss changes, and environmental impact.

Although the Life-Cycle Cost (LCC) methodology is widely used in the power in-
dustry, most published studies consider losses as static quantities [6-8]. In the existing
literature, several main approaches to transformer life-cycle assessment have been identi-
fied and discussed here. Some studies apply classical LCC models based on the summation
of investment costs and the evaluation of losses using constant parameters [9]. Other
approaches use annualized cost methods based on the Capital Recovery Factor (CRF),
which convert the initial investment into equivalent annual costs [10]. In addition, methods
based on discounted cash flow (DCF) are applied, where all costs are expressed in present
value terms over a defined analysis period [11]. While CRF-based approaches express costs
as equivalent annual values, the DCF method used in this study evaluates costs in present
value terms, allowing a more accurate representation of time-dependent loss evolution and
ageing effects. This makes the DCF approach particularly suitable for modelling long-term
degradation processes in distribution transformers. However, in most of these approaches,
transformer losses are treated as constant values derived from passport data, without
considering their time-dependent evolution under real operating conditions.

Additionally, the influence of specific network operating modes and the carbon foot-
print of operating losses are usually not integrated into a single quantitative model. As a
result of long-term thermal loading, insulation aging, mechanical impacts and other real
operating conditions, a gradual increase in power and, respectively, energy losses, as well
as changes in the thermal and electrical characteristics of transformers, is observed [12].
In the context of energy transition and decarbonization, the need for a more precise as-
sessment of the long-term effects of repair-replacement solutions is becoming increasingly
significant. This requires the development of an integrated framework that links parameter
degradation (increase in losses over time), real operating modes, economic evaluation
and environmental aspects into a single analytical model [13]. The aim of this work is
to develop a life-cycle cost model and to demonstrate its application to decision-making
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regarding the repair or replacement of distribution transformers. The proposed approach
accounts for the evolution of losses over time, real loading conditions, and the associated
economic and environmental effects. The main research question addressed in this study is
whether the integration of time-dependent loss evolution and environmental cost compo-
nents significantly influences the economic decision between repair and replacement of
distribution transformers.

2. Research Gap and Scientific Contribution

The analysis of the available literature and engineering practice reveals
three main shortcomings:

e Lack of a quantitative relationship between operating mode and change in parameters.

Changes in parameters are usually associated with age, but indicators are rarely
introduced that quantitatively reflect the influence of specific network conditions (length
of low voltage (LV) lines, load, climate conditions, type of conductor).

e Assumption of constant losses.

In most LCC models, the nominal no-load and short-circuit losses are used as constant
parameters, without taking into account their increase over time in real operation.

° Fragmented economic and environmental assessment

Economic analysis and carbon assessment are often considered separately, without
integration into a common discounted criterion for strategy selection. These limitations
can lead to suboptimal solutions, especially for transformers in the late stage of their life
cycle, when the accelerated growth of losses has a significant impact on the overall costs.

Scientific Contribution of the Study
The main contributions of this study can be formulated as follows:

e Ananalysis and model for the time-dependent variation of no-load losses and short
circuit losses is presented, based on measured data after long-term operation, and a
distinction is realized between different production periods and design solutions.

e  Analytic functional dependences for the estimation of the time changes of no-load and
short-circuit losses are proposed, and on this basis, an approach for estimation of the
evolution of annual energy losses is presented and implemented.

e A structured life-cycle model is formulated to compare “repair” and “replacement”
scenarios, based on a discounted cash flow analysis over a given evaluation horizon.

e A carbon component related to operating losses is integrated, which allows for the
evaluation of asset management strategies in the context of decarbonization.

e A transparent and applicable methodological framework is proposed, suitable for
use by electricity distribution network operators when making decisions about ag-
ing transformers.

In this way, the study builds on classical static LCC approaches and offers an integrated
analytical framework linking parameter degradation, operating modes, economic efficiency
and environmental aspects into a single life cycle estimation model.

3. Methodological Framework

This subsection offers a clear methodological “bridge” between the traditional static
LCC approach (where no load losses and short circuit losses are assumed to be constant
and equal to passport values) and a dynamic model of losses, dependent both on the age t
and on the operation mode severity to the network. The review of the world literature on
the considered problem shows that widely used formulas capitalize passport no load and
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short circuit losses, which can systematically underestimate future energy loss costs for old
assets. However, operational measurements and analyses document that idle losses can
increase significantly compared to passport losses (e.g., on average +23% at an average age
of 31.6 years; in some samples, the average excess is >50%), and there is also data for an
increase in losses by 5.65-6.25% after 18 years of operation [14]. Along with age, operation
mode factors such as harmonics, asymmetry, thermal cycling, and short circuits increase
losses. It has been experimentally shown, for example, that voltage harmonics can increase
iron losses by about 20.8% at nominal voltage, as well as increase the operating tempera-
ture and accelerate aging [15]. On this basis, several alternative functional forms (linear,
exponential, piecewise linear/piecewise exponential, and stochastic) for the variation of the
no-load losses APy(t) and short circuit losses APgc(t) are formalized (here APy(t) denotes
the no-load losses as a function of operating time, and APg¢(f) represents the short circuit
losses in rated operation as a function of operating time), the input data and methods
for parameter estimation are described, and a short numerical example is provided. All
variables and symbols used in the following analysis are explicitly defined at their first
occurrence in the text. In particular, clear notation is introduced to distinguish between
manufacturer-declared (passport) values and measured values obtained after prolonged
operation.

In this study, a clear distinction is made between core losses and no-load losses, as
well as between copper losses and load losses. Core losses refer specifically to losses
in the magnetic core, while no-load losses represent the losses measured under open-
circuit conditions and reported in manufacturer documentation. The present work is
focused on life-cycle assessment and decision-making. Therefore, to use clear, simple
figures, our analysis is based on no-load and short-circuit losses, which are quantities
available in technical specifications and can also be measured in operational practice. In our
descriptions, a constant (not depending on the load, mainly determined by the core/iron
losses) power loss component is regarded, and it is approximated with no load losses.
Also, a variable (dependent on the load level, mainly determined by the copper losses)
power loss component is regarded, and it is approximated on the basis of the short circuit
loss. Therefore, in our approach, the change in no-load losses, mainly due to changes in
the condition of the magnetic core, and the change in the short circuit loss, mainly due to
changes in the condition of the transformer’s windings, provide key information in the
assessment of the life cycle of distribution transformers.

3.1. Evolution of No-Load Losses in Long-Term Operation

During operation, the magnetic core is subjected to cyclic thermal loads, vibrations
caused by magnetostrictive phenomena, and mechanical impacts during switching the
transformer on and off. These factors can lead to partial displacement and loosening of
the laminations, disruption of magnetic contact between them, and a local increase in air
gaps in the magnetic circuit [16]. As a result, the effective magnetic reluctance increases,
leading to local changes in magnetic induction and an increase in hysteresis and eddy
current losses [17]. Therefore, the analysis of the change in no-load losses, as an operational
indicator of the condition of the magnetic core, is a key element in the assessment of the
life cycle of distribution transformers. A number of published studies [18,19] show that
the magnetic system of transformers undergoes changes during prolonged operation as a
result of thermal aging and mechanical impacts, which result in a change in these losses. In
distribution transformers manufactured before the year 2000, for a significant part of the
cases, magnetic cores with conventional end-to-end or early overlapping constructions were
used, which leads to a less favorable magnetic flux distribution in the lamination connection
zones. As a result, the no-load losses specified in the manufacturer’s documentation for
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these transformers are higher compared to modern designs, which use step-lap or multi-
step-lap magnetic cores. It has been shown in the literature that step-lap connections can
lead to a reduction in core losses between 2—4.4%, and multi-step-lap designs have been
introduced with the aim of significantly reducing no-load losses. This section presents
an analysis of changes in no-load losses during the long-term operation of distribution
transformers, based on operational measurements and statistical data processing. The
presented analysis builds on the authors’ previous measurement campaign reported in [20],
which included 200 oil-immersed 20/0.4 kV distribution transformers operated in indoor
transformer substations and supplying mainly household and small industrial consumers.
The sample comprised 100 transformers with conventional “front splice” magnetic cores
and 100 transformers with “multi-step lap” cores, covering rated powers from 50 kVA to
630 kVA and a wide range of commissioning years and service durations.

For the statistical analysis, the transformers were grouped by manufacturing period
and by five-year service intervals, which allowed comparison between the no-load losses
specified in the manufacturer’s documentation and the measured values after prolonged
operation. The loss-growth parameter was estimated from the measured dataset using
a least-squares fitting procedure. In our previous study, the exponential approximation
showed acceptable accuracy, with a root mean square error of about 5.9% for an additional
validation group of 10 transformers. For this reason, the exponential form is adopted here as
a basis for long-term life-cycle modelling. Table 1 summarizes the manufacturer-specified
and experimentally measured averaged no-load losses for distribution transformers with
different rated powers S;, grouped by main production periods. The specified values are de-
rived from published regulatory requirements and survey studies that reflect typical design
solutions and magnetic materials used during the respective production periods [21-23].
The measured values reflect the actual state of no-load losses after long-term operation.

Table 1. Evolution of no-load losses of distribution transformers with different rated power S;
over various manufacturing periods, including both manufacturer-declared (passport) values and
averaged measured values after prolonged operation.

St (KVA) APy (1970-1990) APy (1990-2002) APy (2002-2025)
r
APO,pasp W) APO,real(w) APO,pasp(W) APO,real(W) APO,pasp W) APO,real(‘N)

50 300-230 470 230-190 342 125-81 260
100 450-400 668 400-320 548 210-130 420
160 500460 850 460-400 690 300-189 530
250 780-650 1140 650-600 800 310-270 600
400 1100-930 1640 930-900 1600 430-397 1220
630 1580-1400 2430 1400-1300 2320 860-540 1745

The values show a clear trend of decreasing the nominal no-load losses over time,
which can be explained by the transition from conventional end-jointed magnetic cores
to step-lap designs, as well as by the improved quality of electrical steel. At the same
time, the averaged measured values indicate that, with continued operation, the no-load
losses increase significantly from their initial nominal values. This deviation can be due
to both long-term mechanical and structural changes in the magnetic system and the
differences between the factory test conditions and the real operating modes; it cannot
be unambiguously interpreted as an increase in losses. Proving a real increase in no-load
losses requires a comparison of measurements made under identical conditions at different
times during the operating period, which data are rarely available in practice. It should be
noted that the passport values for no-load losses presented in Table 1 are valid mainly for
the initial period of operation and reflect the condition of the transformers during the first
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few years after commissioning. Presenting passport values as a range reflects the diversity
of manufacturers, standards and technological levels during the considered periods, while
the measured values characterize the actual change in losses over prolonged operation.
Due to the lack of systematic measurements on the same equipment at different times of
their operational life, these data do not allow unambiguous proof of a temporal increase in
losses, but rather reflect the difference between the passport and operational conditions.
The obtained results support the hypothesis that during prolonged operation, changes in
no-load losses may occur due to mechanical and structural changes in the magnetic system.
The analysis of the averaged experimentally measured values shows that in transformers
with an operating life of more than approximately 20 years, an accelerated increase in
no-load losses is observed. For the considered groups, the average annual increase rate
reaches about 2.6% per year, which is significantly higher than during the initial period of
operation. This annualized value is consistent with the five-year loss increment identified
in the authors’ earlier statistical study [24]. It is therefore used here as a representative
parameter for transformers with service lives exceeding approximately 20 years, primarily
in the pre-2000 design groups. This increase can be approximated by an exponential
function that describes the relationship between the real losses and the operating life and
allows a quantitative reflection of the accelerated aging character in the later stages of the
transformer life cycle:

r t
APO,real(t) = APO/F’“SP ' (1 . ﬁ) W

where APy ,.,;—real no-load losses after t years of operation, kW;

APy pasp—rated losses at idle (no load) run, kW;

r—average annual growth rate of no-load losses, %;

t—duration of operation, years.

It should be emphasized that the analyses and experimental results presented so
far relate primarily to distribution transformers manufactured before 2000. In modern
distribution transformers equipped with step-lap magnetic circuits, the analysis of the
measured data presented in Table 1 shows that in these transformers, the average annual
increase in no-load losses is of the order of 1.5-2%, which confirms the positive effect of the
improved design solutions.

3.2. Model for Estimating the Change in Short Circuit Losses

The losses in the windings of transformers are determined by the active resistance
of the windings and the current flowing through them. Unlike the losses in the magnetic
system, which are weakly dependent on the load, the losses in the windings are highly
sensitive to the temperature mode, the load mode and the duration of operation [25].
During long-term operation, the active resistance of the windings can change as a result of
a number of factors, including thermal aging of the insulation, relaxation of mechanical
stresses in the conductors, local deformations due to electrodynamic forces, as well as
oxidation processes and changes in the contact connections [26]. These processes lead to a
gradual increase in the active losses and to a deviation of the actual short-circuit losses from
the passport values. During long-term operation, increased loading, temperature fields
and the prolonged action of mechanical and electrodynamic forces can lead to changes in
the mechanical properties of the windings, affecting their mechanical stability and material
parameters, including resistance. This has been confirmed in analyses published in [27,28],
where it is shown that temperature and loading conditions affect the mechanical stability of
the windings, which is directly related to changes in the parameters of the active materials
and losses during long-term operation. In distribution transformers, the design of the
windings has also evolved over time. While older designs often use multi-layer rectangular
or round windings, together with thicker conductors for the LV windings, in more modern
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transformers, especially low voltage, the windings are often realized as flat wide strips (foil
windings), which provide more uniform current distribution, better cooling and higher
mechanical strength at high currents [29]. The values of the passport short-circuit losses,
grouped by transformer nominal power and production period, are presented in Table 2.
The data illustrate the technological evolution of distribution transformers during the
decades under consideration.

Table 2. Manufacturer-declared (passport) short-circuit losses (APsc) for distribution transformers
with different rated powers Sr and production periods.

Rated Power APsc (W) APsc (W) APsc (W) APsc (W)
Sr (kVA) 1970-1990 1990-2000 2000-2010 2010-2022
50 1100 1090 875 750
100 2200 1800 1475 1250
160 3100 2350 1850 1750
250 3500 3250 2400 2350
400 5000 4600 3350 3250
630 7200 5400 4650 4600

In previous studies by the authors [29], based on operational measurements of distribu-
tion transformers, it was shown that with an operation duration of more than approximately
20 years, the losses in the windings increase steadily. There, distribution transformers with
secondary windings of two construction types were analyzed. For transformers with foil
windings, the analysis covers the first four five-year periods from the beginning of oper-
ation, while for transformers with rectangular conductor cross-section, later operational
periods were considered. Such stratification allows for a comparative analysis at different
operation durations. The obtained results show that for transformers with foil windings,
the level of copper losses in individual five-year intervals remains in a relatively narrow
range. Therefore, the time dependence of losses is considered in five-year intervals, rather
than in individual calendar years, which provides a more stable statistical assessment
and reduces the influence of random operational deviations. The analysis of the averaged
measured values shows that the equivalent average five-year rate of increase is of the
order of 1-2%, which is lower than the observed rate of increase in no-load losses, but
has a significant impact on the total operating losses under load. Based on the averaged
experimental data, a simplified exponential model is proposed to describe the change in
short circuit losses during long-term operation-

rsc\ /5
APSC,reall(t) = APSC'PaSP ' (1 + ﬁ) @

where: APgc eaj—the real losses in the windings under rated loading after t years of
operation, kW;

APsc,pasp—rated losses in the windings declared by the transformer producer, kW;

rsc—equivalent average annual growth rate of short circuit losses, %;

t—duration of operation, years.

Unlike no-load losses, which are largely independent of loading conditions, load losses
depend directly on the actual current and operating temperature. Therefore, when estimat-
ing the life cycle costs of transformers, these losses are characterized by high variability
between individual facilities, which necessitates the use of average values, load profiles
and statistical approaches, as adopted in the established methodologies for LCC analysis.
As emphasized by Zhan et al. (2024) [30,31], the life-cycle analysis of transformers includes
not only aggregate costs, but also an assessment of influencing factors such as voltage level
and winding method, which have a significant effect on the structure and variability of
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LCC values. They used the TOPSIS methodology to weight the factors influencing the
life cycle costs of transformers and identify the most significant influencing parameters
through statistical approaches. Including the change in load losses in the life-cycle oriented
assessment allows for a more realistic modeling of energy losses and operating costs of
distribution transformers in the long term [32]. This is of particular importance in the
management of an aging transformer fleet, where decisions for replacement, modernization
or extension of the service life should be based not only on passport data, but also on the
actual change in parameters during operation.

3.3. Operating Modes of Distribution Transformers and Their Impact on Losses and Life Cycle

Unlike the nominal conditions under which the passport characteristics are deter-
mined, in practice, transformers often operate under complex and variable operation
modes, including asymmetric loading, cyclic overloads, powering long low-voltage power
lines and frequent transients [33]. The real operation modes of distribution transformers
have a significant impact on the thermal loading, aging processes and long-term changes
in the main parameters determining energy losses during the service life [34]. In a num-
ber of distribution networks, especially in sparsely populated areas, mountainous and
resort areas, transformers supply long low-voltage power lines with uneven distribution
of loads between phases, as well as consumers with diverse daily, weekly and seasonal
load schedules. These conditions lead to significant fluctuations in the currents in the
windings and, as a consequence, in the temperature of the windings and the oil, which
forms recurring thermal cycles throughout the day, week and year and throughout the
entire operational period [35]. The design features of distribution transformers also have
a significant impact on the way in which the actual operating modes affect their thermal
and mechanical status. Older transformers, manufactured before the beginning of the
year 2000, in the majority of cases are equipped with an expansion vessel (conservator),
which allows free compensation of the volumetric changes of the transformer oil during
temperature fluctuations. In this type of construction, mechanical stresses caused by the
thermal expansion of the oil are avoided, thereby limiting the loading of the main tank [36].
In modern distribution transformers, hermetically sealed structures are widely used, in
which there is no separate expansion vessel, and the compensation for volumetric changes
in the oil is achieved through elastic deformation of the tank and cooling fins. Under
normal operating conditions, this approach has a number of advantages, including lim-
iting moisture absorption and a more stable quality of the insulation system. However,
under adverse operating conditions, such as frequent overloads, asymmetric loading and
repeated short circuits in long low-voltage power lines, intense and repeated thermal cycles
are formed, which lead to cyclic changes in the pressure in the tank [37]. This creates
prerequisites for the accumulation of fatigue in the material of the cooling fins and the tank
and for the deterioration of cooling conditions during long-term operation. This aspect is
recognized in industry guidelines for transformer equipment maintenance and evaluation,
which support the monitoring of mechanical condition and reliability of tank components
throughout the transformer life cycle [38].

In the manufacturers’ technical documentation, the life of distribution transformers
is usually defined by the design service life, rather than by the maximum number of
thermal expansion cycles of the tank and cooling fins. Hermetically sealed transformers are
designed to allow for repeated thermal cycles resulting from daily and seasonal variations
in load and ambient temperature. In typical operation, this corresponds to the order of one
to two complete thermal cycles per day, which, over a design service life of 3040 years,
results in tens of thousands of expansion and contraction cycles. When operating under
adverse conditions, characterized by frequent overloads and repeated short circuits, the
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amplitude and frequency of thermal cycles increase, leading to accelerated fatigue of the
tank material and the cooling fins and shortening the effective life of the transformer [39].
In this context, the differences in the design performance between transformers with an
expansion tank and hermetically sealed transformers should be taken into account when
analyzing the operating conditions, losses and life cycle, especially when operating in
networks with increased accident rates and unfavorable load profiles. In a previous study
by the authors, published in [40], an analysis of the thermal and structural behavior of
hermetically sealed distribution transformers under adverse operating conditions was
performed. It has been established that the temperature changes of the transformer oil
cause cyclic expansion and contraction of the tank walls and cooling fins due to the
volumetric changes of the o0il and the corresponding variations of the internal pressure.
With a typical daily load profile, these processes can be interpreted as one or more complete
thermal cycles per day, which, over a design service life of the order of 35 years, leads to an
accumulation of more than 25,000 expansion and contraction cycles. These results are used
as a reference basis for assessing the cumulative effect of thermal cycles on the structural
stability and change of the parameters determining the effective life cycle of hermetically
sealed distribution transformers.

3.4. Life Cycle Carbon Assessment of Distribution Transformers

Decisions regarding the management of the life cycle of distribution transformers
(extension of operation, repair, modernization or replacement) have not only technical
and economic consequences, but also significant environmental consequences. From the
perspective of carbon footprint, emissions can be considered in three main groups:

e  emissions associated with the production, transport and logistics of a new transformer
or with the performance of repair activities;

The distribution of CO, emissions between the main material components of a typical
oil-filled distribution transformer is presented in Figure 1. The analysis refers to a represen-
tative transformer with a power of 400 kVA. It is based on the results of a previous study by
the authors, in which calculations of the quantities of materials used and the corresponding
emission factors for the main structural elements of the transformer were performed. As
can be seen from the figure, the magnetic core (electrical steel) has the largest contribution
to the total carbon footprint and forms approximately 35% of the total emissions. This
is mainly due to the significant mass of the electrical steel used and the relatively high
carbon intensity of its production. The transformer windings, usually made of copper or
aluminum, represent the second largest source of emissions with approximately 24% of the
total. The remaining components have a smaller but significant contribution. Transformer
0il accounts for about 12% of emissions, while the tank and structural elements of the
enclosure contribute approximately 10%. Additional structural and insulating elements,
summarized as other parts and accessories, account for about 11% of emissions. The energy
required for the manufacture and assembly of the transformer accounts for approximately
8% of the total carbon footprint.

The resulting distribution shows that the majority of embodied emissions are re-
lated to the production of the main metallic materials used in the construction of the
transformer [40].

e  emissions caused by technical (mainly electric energy) losses during operation (opera-
tional emissions);

e  emissions related to decommissioning, recycling, and recovery of material resources.
In distribution transformers, the operational component usually dominates over the

long term, as energy losses in the magnetic system and windings accumulate continu-

ously and are translated into indirect CO, emissions, depending on the carbon intensity
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of the electricity production mix. In a previous study by the authors, an approach was
proposed to assess and compare carbon emissions for two alternatives—repair of a dam-
aged transformer and replacement with a new one, taking into account both the carbon
footprint of the materials used and the repair activities, and the emissions caused by energy
losses during the remaining period of operation. In the present context, this approach
allows linking the results for the long-term change in losses with a quantitative assessment
of the environmental impact of different asset management strategies. Table 3 presents
the manufacturer-declared no-load (APy) and short-circuit losses (APgc) for distribution
transformers manufactured in the period 1970-1990, as well as for modern transform-
ers (2010-2022). Based on the total energy losses, the equivalent annual CO, emissions
associated with the operational mode have been estimated.

Contribution of main transformers materials to CO,
emissions / Power400kVA /

otherpart
accessories

11%

Figure 1. Contribution of the main transformer material groups to embodied CO, emissions for a
400 kVA oil-immersed distribution transformer.

Table 3. Power losses and corresponding annual CO, emissions of distribution transformers, calcu-
lated based on total annual energy losses under representative operating conditions.

APy (W) APsc (W) AP, (W) APsc (W) CO,
St VA 1970-1990 1970-1990 CO, tlyear 2010-2022 2010-2022 tlyear

50 230 1100 24 81 750 0.6
100 400 2200 3.8 130 1250 0.9
160 500 3100 438 189 1750 14
250 780 3500 6.4 220 2350 1.9
400 1100 5000 9 340 3250 2.7
630 1580 7200 12 450 4600 338

The presented data show a significant reduction in losses for modern transformers.
Depending on the rated power, the no-load APy and short circuit losses AP, are reduced
respectively approximately 3.5 and 1.5 times compared to transformers manufactured
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before 2000. This leads to a proportional reduction in annual CO, emissions associated
with the operational phase. The effect is particularly pronounced for transformers with
higher rated power, where the absolute difference in annual emissions reaches several tons
of CO; per unit of equipment. Accumulated over time, this effect can have a significant
impact on the carbon balance of the electricity distribution company. The results obtained
have direct relevance for life cycle analysis and for the evaluation of transformer fleet
management strategies. For transformers that have exceeded the recommended opera-
tional life (>40 years), there is a need to compare the two effects. When the analysis is
limited to financial costs alone, the comparison is traditionally made using the Total Annual
Cost (TAnC) method. Including carbon emissions as an additional criterion extends the
assessment to the environmental life cycle and allows for more comprehensive and sustain-
able decision-making. On the other hand, for relatively new transformers with low losses
and a significant residual resource, repair and extension of operation can lead to a lower
overall carbon footprint, as the emissions associated with the production and logistics
of new equipment are avoided. In this way, integrating the carbon component into the
life-cycle analysis, based on the evolution of losses and reflecting operating modes, allows
for the formulation of “repair-replacement” solutions in a broader context of sustainable
asset management. In this context, the cost of CO, emissions is not attributed directly
to transformers, but is incorporated through electricity generation costs in regions with
carbon pricing mechanisms, such as the EU with its Emissions Trading System.

4. Life-Cycle Decision Model for Repair or Replacement of
Distribution Transformers

Distribution transformers are long-term assets, for which decisions to repair or replace
should be based not only on the initial capital costs, but also on the change in energy losses,
operating modes and residual operating life. In the practice of electricity distribution
companies, such decisions are most often imposed as a result of an accident or a serious
deterioration in the technical condition of the transformer. In these cases, operators are
faced with a choice of whether to repair and continue the operation of the existing facility
or replace it with a new one. At present, there is no unified methodology or regulatory
standard that would support this decision through a quantitative assessment that takes into
account the long-term consequences of both approaches. In most cases, the choice is based
on empirical considerations, short-term economic factors or available budget constraints.

The algorithm presented in Figure 2 describes the structure of the proposed model for
making a decision on the repair or replacement of a distribution transformer. The model
uses three main groups of input parameters—technical, economic and operational. On
this basis, a model for assessing the costs during the life cycle (Life-Cycle Cost—LCC) is
built, which also includes models reflecting the increased losses in the magnetic core and
windings over time. By calculating the energy losses and the corresponding CO, emissions,
a complex assessment of the economic and environmental effects is performed, which
allows for a choice between two possible scenarios—repair of the existing transformer
or its replacement with a new one. The model compares two possible scenarios: the
first one is carrying out repairs and continuing operation, the second one is replacement
with a new transformer and its operation for the same period. The main selection criterion
is minimizing the present value of the residual life cycle costs, defined for our purposes as
the sum of the capital costs and the discounted costs of energy losses over the time period
for which the operator plans to operate the asset and is willing to assume the relevant
technical and economic risk.
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Figure 2. Flowchart of the proposed decision-making model for utilization (repair or replacement)
of a distribution transformer, illustrating the sequence of calculations, including loss evaluation,
economic assessment, and the integration of environmental (CO;) costs.

4.1. Total Costs Under the Repair Scenario

The present value of the total costs in the “repair” scenario is defined as:

Closs R (t)

ro = o 3 G

®G)

Cr—capital cost of repair [€]. This value is the price from the quote received from a
licensed repair company for the repair plus transportation costs.

Tr—The estimated period of operation after repair [years]. The estimated period is
defined as the remaining operational resource up to 35 years of design life. For transformers
older than 20 years, a fixed horizon of 15 years is assumed in order to ensure a comparable
analysis in the late stage of the life cycle.

i—discount rate. The value of 6% corresponds to a typical regulatory or capital rate of
return in the energy sector.

Closs,r (t)—the financial value of the operating losses in year t. To take into account
that the economic burden of losses for the operator may differ from the final market price
ce of electricity, a coefficient &g is introduced, which determines the effective price of
energy to cover the energy losses: cof(f) = @joss - Ce(t)

Closs,R (t) = Eloss,R (t) * Ceff (t> 4)
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Annual energy losses
The annual energy losses in MWh for the “repair” scenario are calculated as:

tann APoR(t) + 8760 k3, APsc g (t)
1000

Eloss,R<t) = ®)
APy r(t)—no-load losses in year t of the assessment period after the repair [kW];
APgc r(t)—maximum load losses in year t of the assessment period after repair [kW];
tann—effective annual working time [h/year];
keg—is the equivalent load factor, which determines the real load losses. The parameter

reflects the long-term load profile and has a significant impact on life cycle costs. It is

determined according to the RMS approach:

T
keg = ,/%/0 K2(7) dt ©)

5(7)
k(t)=——=,
(=%
where S(7) is the instantaneous load of the transformer for time moment 7.
To account for their growth over time, no-load losses APy are considered as a function
of the year of the assessment period.
Respectively, no-load losses for the repairment scenario are estimated with:

APy r(t) = APy r(0) - (1 Fag)t ! .

where &g is the annual rate of increase in no load losses. t = 1 corresponds to the first year
after the repair.

Short-circuit losses (5-year rate applied)

In the model, the short circuit losses are described by a 5-year rate of change:

T
APscr(t) = APscr(0) - (1 +&scsy) 3 (8)

asc,5y—short circuit loss growth rate for a 5-year period;

t—year of the assessment period after the repair; t = 1 corresponds to the first year
after the repair was carried out.

This approach reflects the fact that the degradation of the wiring system and contact
resistances is statistically more pronounced over longer intervals, which is why the increase
is modeled on a 5-year basis.

4.2. Total Costs Under the Replacement Scenario

In the “replacement” scenario, the total costs are determined analogously:

TCn = Cn+ Y%, C(’i’sjr]jgf) )
where: Cy is the capital cost of a new transformer, including delivery and installation.

The financial value of the operating losses in year ¢ in the case of replacement with a
new transformer.

Cioss N (f)—are determined using an approach similar to that of the scenario (repair
one) already considered. For new transformers, the loss increases during the years of
operation are negligible, i.e.,, we assume a9 = 0, asc;5, = 0 unless a specific long-term
degradation scenario is considered.
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Integrated criterion with carbon component.
Annual CO, emissions are defined as:

COZ,R(t) = Eloss,R(t) ’ 'Ycoz(t) COZ,N(t) = Eloss,N(t) “Yco, (t) (10)

where y¢q,(t) is a coefficient for carbon dioxide emissions when producing an unit
of electricity.
The annual costs associated with overcoming the damages caused by carbon dioxide
are, respectively:
Ccoyr(t) = CO2R (1) - cco, (1)
Cco,N(t) = CO2N(1) - cco, ()

where ccoa () is the price of the emissions during the year t. The present value (discounted

(11)

value) of the carbon component for both options:

Tz Cco,r(t) Tz Cco,n(t)
PV, = 2 ; PV = 2 12
CO,R El atir  PVeon El A+ i) (12)
The integrated criterion values become:
TC; =TCr + PVCOZ,R (13)

TC;V = TCn + PVco, N — Scrap,

where Scrap is the income as result of the sale of the replaced transformer for recycling.
The selection criterion is:

TCg < TCy = repair  TCg > TCy = replacement (14)

The presented model provides a quantitative and transparent framework for making
a decision between repair and replacement of distribution transformers under comparable
operating conditions. By integrating economic and environmental factors, it allows for an
informed choice based on minimizing life-cycle costs and assessing long-term technical risk.

5. Case Study

In order to demonstrate the applicability of the proposed life-cycle model, a realistic
numerical example of a distribution transformer with a rated power of 400 kVA, operated
for 40 years, which failed as a result of a fault, is considered. After a technical inspection, it
was found that the transformer is subject to restoration. A licensed repair company provides
a quote for a capital repair at a cost of Cr = € 3000 (including transport). Alternatively, the
operator can scrap the damaged transformer (sell it for recycling), obtaining Scrap = 600 €
and replacing it with a new one with the same rated power, the market price of which
(including delivery and installation) amounts to Cy = € 15,000. The decision is analyzed
for an assessment period Tr = 15 years (according to the accepted rule for transformers
older than 30 years). The goal is to determine which scenario minimizes the present value
of the total life-cycle costs, including capital costs, operating losses and carbon component.
The selected example reflects typical practical conditions in distribution networks and
allows for a clear illustration of the proposed methodology. It also enables a comparative
evaluation of the sensitivity of the results to key technical and economic parameters.

Input data
Rated power: S, = 400 kVA, Age: 40 years, Evaluation period: Tg = 15 years,
Discount rate: i = 6%, Equivalent load factor: k., = 0.60 => kﬁq = 0.36, Effec-

tive annual operating hours: t;,, = 8600 h/year, Electricity price: c, = € 0.15/kWh,
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Loss value coefficient: wj,ss = 0.40, Effective price: co¢ = € 0.06/kWh, Post-repair
base losses (t = 1): AP (0) =1640 W, APcr) (0) = 4500 W, Aging parameters:
ap = 2.6% (annual) asc5y) = 1% (for 5 years), New transformer: APqn) = 189 W,
AP(sc,n) =3250 W ag = 0, a(sc5y = 0, Carbon intensity: (CO,) = 0.00025 “tCO,/kWh.
These parameters are representative, i.e., they reflect typical operating and economic condi-
tions for distribution networks in Bulgaria and provide a realistic basis for the comparative
life-cycle assessment.

1. Scenario “Repair”

1.1 Annual losses for the year t

tannBPoR (t) + 8760 * k2, APsc R (t)
1000

E loss,R (t) =

Ejpss,r(1) = 28295 kWh/year

1.2 Financial value of lost energy:
Closs R (1) = Elpss,r(1) - Copr(1) = 28295 - 0.06 = € 1697.71/ year

1.3 Increases of power losses

- Noload losses APgg(t) = 1640(1.026)" "1
- Short circuit losses (1% every 5 years): APsc g(t) = 4500(1.01)(~1)/5,

1.4 Present value of energy losses
for i = 6% we get approximately PVj,¢s g ~ € 17995
Therefore TCg = Cg + PVjoss r, TCr = 3000 + 17995

TCg ~ € 20995

This result represents the total discounted cost of the repair scenario over the con-
sidered evaluation period. The evolutions of losses and respective discounted costs are
presented in Table 4.

Table 4. Annual power losses, total energy losses, costs of the energy losses, and present values of
these costs, corresponding to the “repair” scenario for the considered distribution transformer over
the evaluation period.

Discounted Values of

Year APyr, W APscr, W Ejyss R, KWh Ciloss.r, €

§ § ’ . Closs,Rr €
1 1640 4500.00 28,295.2 1697.71 1601.62
2 1683 4508.96 28,690.17 1721.41 1532.05
3 1726 4517.95 29,094.74 1745.68 1465.71
4 1771 4526.95 29,509.14 1770.55 1402.44
5 1817 4535.96 29,933.64 1796.02 1342.09
6 1865 4545.00 30,368.49 1822.11 1284.52
7 1913 4554.05 30,813.96 1848.84 1229.58
8 1963 4563.13 31,270.33 1876.22 1177.16
9 2014 4572.22 31,737.87 1904.27 1127.14
10 2066 4581.32 32,216.89 1933.01 1079.38
11 2120 4590.45 32,707.67 1962.46 1033.80
12 2175 4599.59 33,210.52 1992.63 990.28
13 2232 4608.76 33,725.75 2023.55 948.72
14 2290 4617.94 34,253.69 2055.22 909.03
15 2349 4627.14 34,794.65 2087.68 871.12
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2. “Replacement” scenario

For a modern 400 kVA transformer (period 2002-2025), the model uses the average
passport no-load losses APy ny = 413.5 W, and short-circuit losses APgc y = 3250 W.

In this case, the loss increases are negligible, i.e., we admit ag= 0, a(sc,5y) = 0.

2.1 The annual energy losses are estimated according to the expression:

tannBPo N (t) + 8760 k7, APsc n (1)
1000

Eloss,N (t> =

The result is: Ejpss v = 13805.3, kWh/year
2.2 Financial value
Closs N = 13805.3 - 0.06

Closs,N = € 828.32/year

2.3 Present value
PVj,s N = € 8045

TCn = 15000 + 8045 — 600
TCn ~ € 22445

3. Comparison

Since TCr < TCy the repair scenario is economically preferable for the analyzed
conditions. The numerical example shows that for a 400 kVA transformer with 40 years of
operation, the relatively low repair cost and moderate load level lead to lower life-cycle
costs for the repair scenario over the 15-year horizon. However, under higher load levels,
higher electricity prices, or stronger carbon pricing policies, replacement may become the
preferred strategy.

6. Results

Based on the approach illustrated with the presented numerical example, an economic
comparison was carried out between two alternative asset management strategies: capital
repair of groups of existing transformers and replacement with new ones of the same
rated power. The analysis considers both the initial capital costs and the discounted value
of the operating losses over the selected evaluation period. In the “repair” scenario, the
total life-cycle costs include the cost of the repair and the present value of the operating
losses after the repair is completed. In the “replacement” scenario, the total costs consist
of the investment required for the purchase and installation of a new transformer and the
discounted value of its operating losses during the same assessment horizon. The results
obtained for the presented example show that under the considered operating conditions,
the “repair” scenario leads to lower total life-cycle costs. The calculated present value of
the total costs in this case is approximately € 20,995, while in the case of replacement with a
new transformer, the total costs reach around € 22.45. Therefore, for the given operating
parameters, load conditions and economic assumptions, repair appears to be the economi-
cally preferable option for the considered 15-year evaluation period. The obtained result
illustrates that when the repair cost is relatively low, and the transformer operates under
moderate loading conditions, the economic advantage of replacement may not compensate
for the higher initial investment in a new transformer. The presented example concerns a
commonly used transformer rating (400 kVA). The proposed methodology is applicable
to other ratings (e.g., 50-800 kVA), with results depending on the relative contributions
of constant (approximated in our model using no-load) and variable (approximated in
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our model using short circuit) losses, as well as the specific operating modes expressed
with keg.

7. Discussion

The results obtained show that the economic feasibility of repairing or replacing
distribution transformers depends on the combination of technical and economic factors,
among which the load magnitude, the age of the transformer, the assessment period and
the price of electricity are of particular importance. At moderate values of the load factor,
load losses represent a relatively limited share of the total operating losses. In this case, the
difference between the losses of the repaired and the new transformer remains relatively
small, which means that the lower initial investment in the repair compensates for the
higher operating losses of the old facility. Therefore, under such conditions, repair often
turns out to be an economically justified strategy, especially when the cost of the repair is
significantly lower than the cost of a new transformer. However, with higher loads, the role
of load losses increases significantly. Since older transformers are usually characterized by
higher losses at higher load levels, the operating costs of the repaired transformer increase
significantly. In these conditions, replacing with a new transformer becomes strategically
more advantageous, as its lower losses lead to a reduction in long- term energy loss costs.

7.1. Influence of Load Factor

The load factor has a significant impact on the economic comparison between the
two scenarios, as it determines the relative share of load losses in the total loss balance
of the transformer. At lower values of the load factor, the contribution of load losses
to the total operating losses is smaller. Under such conditions, the difference between
the losses of the repaired transformer and those of a new transformer remains relatively
limited. Consequently, the lower capital cost of the repair may offset the higher operational
losses of the older unit, making repair the economically justified option. As the load
factor increases, the share of load losses in the total losses becomes more significant. Since
older transformers generally exhibit higher short-circuit losses, an increase in the load
factor leads to higher operational costs in the repair scenario. As a result, the economic
advantage gradually shifts towards the replacement scenario. The analysis indicates that
there exists a threshold value of the load factor at which the preferred decision changes and
the replacement of the transformer becomes the more economically advantageous strategy.

7.2. Impact of the Carbon Price

In addition to the purely economic costs, the analysis also considers the environmental
impact associated with the carbon emissions resulting from the electricity required to
cover transformer losses. Higher operating losses in older transformers lead to increased
indirect carbon emissions. When a carbon price is introduced, these emissions represent
an additional cost component in the life-cycle assessment. The results indicate that an
increase in the carbon price improves the economic competitiveness of new transform-
ers, as they are characterized by significantly lower operating losses and consequently
lower associated emissions. Under such conditions, the replacement option may become
preferable even when the repair cost is relatively low. This demonstrates that policies
aimed at internalizing the cost of carbon emissions can significantly influence asset manage-
ment decisions regarding the repair or replacement of distribution transformers. Overall,
the results confirm that the proposed life-cycle analysis model enables a systematic and
transparent comparison between repair and replacement strategies while simultaneously
accounting for economic factors, operational losses, and environmental impacts. The as-
sessment period used in the life cycle analysis also has a significant impact on the choice
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between the two scenarios. With a shorter assessment horizon, the impact of the initial
capital costs is more pronounced, which usually favors repair. Conversely, with a longer
analysis period, the accumulation of operational losses becomes more important, which
increases the economic attractiveness of more efficient new transformers. Additionally, the
inclusion of carbon emissions in the analysis extends the traditional economic assessment
by taking into account the environmental effects of operational losses. When introducing a
price for carbon emissions, the difference between older and newer transformers increases,
as the lower losses of new facilities lead to lower indirect emissions. This means that at
higher carbon prices, transformer replacement can become more economically competitive,
even when the initial investment is higher. From a distribution network management
perspective, these results show that decisions to repair or replace cannot be based solely
on the age of the transformer or the cost of the repair. Instead, the complex influence of
operating modes, long-term energy losses, and the regulatory framework related to energy
efficiency and decarbonization needs to be taken into account. It should be noted that
this study focuses on traditional power frequency transformers, which represent the bulk
of the existing transformer fleet in distribution networks. Although new technological
concepts such as Solid-State Transformers (SST) [41] are considered a promising direction
for the future development of power systems, their design, operational characteristics
and economic parameters differ significantly from those of classical transformers and are
therefore not included within the framework of the presented considerations. The proposed
model however, also allows for their not very complicated inclusion in such an integrated
assessment, and can be further developed as a tool to support broader asset management
decisions in power distribution companies.

8. Limitations

The proposed methodological framework is based on deterministic loss coefficients
derived from available field data and assumes representative operating conditions over the
considered assessment horizon. The trajectories of electricity prices, the choice of discount
rate and emission factors are considered through scenario input parameters, rather than
through full probabilistic uncertainty modeling. Furthermore, the approach does not
explicitly model stochastic transformer failures and the associated outage costs. These
factors may have an impact on real economic outcomes and represent a potential direction
for future model development. Despite these limitations, the proposed approach allows for
a systematic assessment of the economic and environmental aspects of the decisions for
utilization of distribution transformers.

9. Conclusions

In this study, a structured life cycle analysis model is developed, and its application to
support decisions about further utilization (repair or replacement) of aging distribution
transformers is illustrated. The proposed methodological framework integrates capital
costs, time-dependent operational losses, realistic load modes, and discounted cash flow
analysis into a single analytical structure. By introducing dynamic dependencies for the
changes in no-load and short circuit losses on which base the time evolution of total power
and energy losses in the transformer is estimated, and with the possibility of including a
carbon component, the model provides a consistent and transparent basis for comparing
alternative asset management strategies within a given time horizon. The presented nu-
merical example shows that the economically optimal solution is highly sensitive to key
parameters such as the equivalent load factor, the rate of change in losses, and the discount
rate used. In the case of a 40-year-old transformer with a rated capacity of 400 kVA, evalu-
ated for a period of 15 years, the “repair” scenario turns out to be economically preferable
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under moderate load conditions and limited losses. However, when a carbon price is
included, the “replacement” scenario gradually becomes more competitive due to lower
operational losses and, consequently, lower associated emissions. The developed model
represents a practical tool for a systematic and data-based assessment of transformers at the
end of their life cycle and can support electricity distribution network operators in making
decisions in the face of changing market and regulatory requirements. The proposed
methodology can be extended by including stochastic load dynamics, variable electricity
prices, probabilistic failure analysis, and asset portfolio optimization. In summary, the
proposed approach contributes to more transparent, cost-effective, and environmentally
sound asset management solutions in modern electricity distribution networks operating
in the context of energy transition and increasing decarbonization requirements.
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Abstract

Against the backdrop of high-proportion renewable energy grid integration, modeling
accuracy for substations incorporating wind and solar power is critical. Traditional model-
ing methods rely on theoretical parameters and lack sufficient accuracy. This study uses
the 154 kV /23 kV Yeonggwang Substation in Jeollanam-do, South Korea (connected to
three wind farms and three solar power plants, with 35 Micro-Phasor Measurement Unit
(uPMU) measurement points deployed) as a case study. It investigates three-phase detailed
modeling using Power System Computer Aided Design (PSCAD) and pPMU data-driven
calibration. Based on substation topology and equipment parameters, a simulation model
encompassing main transformers, transmission lines, renewable energy units, and loads
was established. A hierarchical calibration system of “data preprocessing—parameter
identification—iterative correction” was constructed, employing an iterative optimization
strategy of “main grid layer—renewable energy layer—load layer.” A multi-objective op-
timization function centered on voltage, current, and power was developed. Verification
results show that after calibration, the mean relative error rates (MRE) for voltage, current,
active power and reactive power are 2.46%, 2.57%, 2.52% and 3.96% respectively, with
mean error reduction rates (MERRs) of 80%, 82.75%, 81.33%, and 74.94% compared to
pre-calibration values. The uniqueness of the calibration method proposed in this study lies
in its use of actual yPMU measurement data to drive PSCAD model parameter calibration,
achieving precise matching with the actual characteristics of the substation. This provides
a reference method for modeling and digital twin construction of similar substations,
demonstrating significant engineering application value.

Keywords: steady-state simulation; micro-phasor measurement unit data; substation
modeling; data-driven calibration

1. Introduction

Recent efforts in the power industry have increasingly focused on developing next-
generation intelligent transmission grid platforms that leverage advanced sensing, com-
munication, and control technologies to enable more reliable, efficient, and flexible system
operation, particularly in the context of high renewable energy integration and real-time
wide-area monitoring [1,2]. As the core hub for power conversion and dispatch, the accu-
racy of substation simulation models directly determines the reliability of grid operation
analysis, fault simulation, and dispatch optimization. PSCAD/EMTDC, as the core tool for
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power system electromagnetic transient simulation, has been widely applied in substation
modeling. However, existing practices still face numerous challenges, struggling to meet
the demands of complex power grids. Traditional PSCAD modeling heavily relies on
design manual parameters and theoretical calculations, exhibiting issues such as strong
parameter dependency, pronounced subjectivity, and excessive simplification of topologies.
Furthermore, existing research predominantly focuses on theoretical parameter setting or
limited measurement validation, with few explorations into full-station calibration under
high penetration levels based on multi-point pyPMU data. Particularly for special voltage
levels like 154 kV /23 kV, customized solutions are lacking for main transformer equivalent
modeling and line impedance calculation, leading to significant deviations between models
and actual operating conditions [3-5]. Concurrently, the high penetration of renewable
energy sources (wind and solar) has introduced strong fluctuations and bidirectional power
flow characteristics into substation operations. Existing modeling approaches inadequately
characterize the coupled behavior of multiple renewable energy sources, further exacerbat-
ing model accuracy deficiencies. To enhance the accuracy of new energy-related models,
existing research predominantly adopts hybrid technical approaches as follows: optimiz-
ing wind speed prediction accuracy through hybrid machine learning models provides
precision support for modeling the fluctuating characteristics of wind power fed into sub-
stations [6]. The proposed hybrid optimization algorithm offers an algorithmic reference
for optimizing model parameters in multi-energy coordinated dispatch at substations [7].
Focusing on improving photovoltaic system modeling accuracy, the approach combining
topology simplification with intelligent algorithms offers valuable insights for precise
modeling of the photovoltaic input side at substations [8].

Micro-Phasor Measurement Unit (WPMU) Compared to traditional Supervisory Con-
trol and Data Acquisition (SCADA) systems with 4 s data acquisition cycles and lower
synchronization accuracy, the uPMU offers microsecond-level time synchronization capa-
bility. It enables real-time capture of critical electrical signals such as voltage magnitude,
phase angle, and frequency, with a maximum data sampling rate of 256 times per power
frequency cycle. This allows for precise detection of dynamic operational details within
substations [9,10]. Therefore, uPMU-based calibration is crucial in this study. Conduct-
ing model calibration using actual uPMU measurement data to establish a closed-loop
research system of “modeling-measurement-calibration” has become an important method
for enhancing the accuracy of substation simulation models [11].

Current research on power system monitoring and microgrid modeling has estab-
lished a solid foundation. pyPMU can address the limitations of SCADA systems, such as
low accuracy and sampling rates, thereby enhancing the precision of state estimation [12].
Additionally, they can assist in transmission line loss monitoring and corona loss calcula-
tion [13]. Ensuring the performance of uPMU in field applications is a critical issue. Related
research has proposed a field testing and calibration framework incorporating calibrators
and analysis centers, and has improved accuracy through methods such as signal denois-
ing [14]. In the microgrid domain, PSCAD has been applied to model microgrids with
multiple distributed resources. Related studies have explored grid-connected and islanded
operation modeling, energy storage control, and other issues [15], laying the groundwork
for research integrating PSCAD modeling with uPMU data calibration.

The data-driven calibration method proposed in this study is tailored to the practical
modeling needs of substations. By leveraging actual PMU measurement data to construct
calibration logic, it accurately captures the dynamic characteristics of core parameters such
as voltage and phase angle without requiring complex parameter iterations. This approach
effectively mitigates the interference of complex substation operating environments on cali-
bration results, providing reliable support for subsequent simulation model optimization
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and fault analysis. Compared to existing PSCAD-PMU calibration research, this approach
replaces traditional synchronous parameter estimation with hierarchical calibration. By
decoupling core and secondary parameters, it resolves multi-parameter coupling interfer-
ence, enhancing calibration specificity and computational efficiency [16]. It achieves deep
alignment between PMU high-frequency, high-precision data and PSCAD modeling while
balancing calibration accuracy and engineering practicality. This method can be imple-
mented using existing substation data and adapts to real-world operational requirements.

The Yeonggwang Substation in South Jeolla Province, South Korea, serves as a critical
node for regional voltage transformation, handling the conversion from 154 kV to 23 kV.
This substation exemplifies South Korea’s typical medium-voltage conversion standards
and features a high penetration rate of renewable energy. Three wind farms and three
photovoltaic power stations are connected to its transmission lines. Accurate modeling of
this substation is crucial for ensuring the safe and stable operation of the regional power
grid [17,18]. Therefore, we selected the Yeonggwang Substation as our research subject
to conduct PSCAD modeling and pPMU data calibration studies. First, we constructed a
PSCAD model covering the entire line, including the main grid, new energy units, and
transmission lines. Subsequently, based on data from 35 deployed pPMU measurement
points, we designed a hierarchical iterative calibration strategy to achieve precise optimiza-
tion of model parameters. Finally, we quantitatively verified the calibration effectiveness
by comparing metrics such as voltage, power, and relative error. The proposed “PSCAD
modeling + multi-point uPMU calibration” technical solution effectively addresses the
limitations of traditional modeling accuracy. It provides a technical reference for precise
modeling of substations at special voltage levels while offering a reliable simulation tool
for operational optimization, fault prediction, and analysis/evaluation at the Yeongg-
wang Substation. This approach holds significant theoretical and practical engineering
value [19,20].

The subsequent sections of this paper are organized as follows: Section 2 outlines
the rationale for substation modeling and the fundamental parameters of uPMU data.
Section 3 details the implementation process of the full-line PSCAD modeling for Yeong-
gwang Substation. Section 4 proposes a hierarchical iterative calibration method based
on 35 uPMU data points, presenting and analyzing the modeling and calibration results.
Finally, Section 5 summarizes the research conclusions and future directions.

2. Fundamentals of PSCAD Modeling for Yeonggwang Substation

PSCAD modeling theory forms the foundation for substation simulation modeling.
Based on electromagnetic transient simulation mechanisms, it achieves precise replication
of power system dynamic processes through core logic such as the node voltage method.
Its applicability spans multiple power engineering domains, including transmission and
transformation system component modeling and renewable energy integration simulation.
This study clarifies the simulation principles and applicable boundaries of the software,
with a focus on elucidating the core logic of power system component modeling. It provides
a solid theoretical foundation for subsequent detailed modeling of key components and
renewable energy units at the Yeonggwang Substation.

2.1. Topological Structure Analysis of Yeonggwang Substation

The Yeonggwang substation in South Jeolla Province, South Korea, has installed a
35-uPMU(the device is a uPMU manufactured by Korea’s Green Information System Co.,
Ltd., Gwangju, Republic of Korea) [21,22], Figure 1 shows the single-line diagram of the
Yeonggwang substation. As shown in Figure 1, the high-voltage side of the substation is
154 kV, and the low-voltage side is 23 kV. Additionally, the installation locations of the
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35 uPMUs are marked in Figure 1 (#1-#35). The 154 kV area was connected to Baeksu WP,
Jaewon PV, and Hamgumi PV. The 22.9 kV area was connected to Honam WP, DSE (PV),

and Jeonnam TP (WP).
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Figure 1. A single-line diagram of the Yeonggwang substation.

2.2. Analysis of Main Transformer Structure and Parameters

The four transformers at Yeonggwang Substation each have a rated capacity of 45 MW.
These three-phase winding transformers are connected in a Y/Y/Delta configuration. Their
high-voltage windings are connected in parallel to the 154 kV busbar, their medium-voltage
windings are connected in parallel to the 23 kV busbar, and their low-voltage windings are
connected in parallel to the 6.6 kV busbar. Specific parameters are shown in Table 1.

Table 1. Main transformer parameters of Yeonggwang Substation.

#1 Transformer #2 Transformer #3 Transformer #4 Transformer

Rated capacity 45 MW 45 MW 45 MW 45 MW
frequency 60 Hz 60 Hz 60 Hz 60 Hz
High Voltage 154 kV 154 kV 154 kV 154 kV
Medium Voltage 23 kV 23 kV 23 kV 23 kV
Low Voltage 6.6 kV 6.6 kV 6.6 kV 6.6 kV
Forward-Sequence 10.2% AT 15 MW 14.6% AT45 MW 14.24% ATSWM  15.2% AT45 MW
Leakage Inductance (1-2)
Forward-Sequence 8.15% AT 5 MW 7.93% AT15 MW 7.44% AT5 MW 8.25% AT15 MW
Leakage Inductance (1-3)
Forward-Sequence 2.75% AT 5 MW 2.10% AT15 WM 2.07% ATS MW 2.18% AT15 MW

Leakage Inductance (2-3)
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3. Detailed PSCAD Modeling Process for Yeonggwang Substation

3.1. Building PSCAD Models
3.1.1. A 154 kV Incoming Line and Busbar Modeling

Due to the lack of detailed resistance and reactance parameters for the incoming line,
the unit length resistance and reactance values were estimated by referencing the general
parameter ranges for 154 kV overhead lines in the “Electrical Design Manual for Power
Engineering” and considering the line design length. This enabled the configuration of the
line model parameters. The busbar employs the “Busbar” ideal busbar module, neglecting
its inherent resistive and capacitive losses. The connection relationship between the 154 kV
incoming busbar and the high-voltage side of the main transformer is explicitly defined.

3.1.2. Main Transformer Modeling

The “3 Winding Transformer” standard module in PSCAD was selected, with core
parameters designed based on the specific transformer specifications in Table 1, including
rated capacity, rated voltage ratio, and positive-sequence leakage reactance.

3.1.3. A 23 kV Feeder and Load Modeling

The outgoing lines also employ distributed parameter line modules, with resistance
and reactance values estimated based on the 23 kV line design length and standard unit
parameters. The load utilizes the “fixed_Load” composite load model, calculating actual
active power P and reactive power Q from voltage, current, and phase angle data in the
uPMU. However, due to the unknown load power type, constant power (P), constant
impedance (Z), and constant current (I) loads at 60%, 30%, and 10% respectively (matching
typical distribution network load proportions at this voltage level). After initial calibration,
precise adjustments are made using uPMU data.

3.1.4. Detailed Construction of Wind Power and Photovoltaic Models

Due to confidentiality restrictions in practical power systems, detailed manufacturer-
specific parameters of wind turbines and photovoltaic units—such as blade pitch control
coefficients, rotor diameter, or PV module open-circuit and short-circuit characteristics—
were not available. Only the rated power and rated voltage levels of each renewable unit
were obtained.

Under this constraint, the renewable generation units were modeled as grid-side
equivalent power-controlled units, rather than detailed device-level physical models. The
objective of the modeling was to accurately represent the power injection behavior at the
point of interconnection, which is consistent with the spatial and temporal resolution of
uPMU measurements.

For wind power units, the DFIG Wind Turbine module from the PSCAD standard
library was employed. To ensure reproducibility, the modeling procedure is summarized
as follows:

e Rated capacity configuration: The rated active power of the DFIG model was set
according to the known rated capacity of the wind power unit, ensuring that the
steady-state active power output matches the actual operating level.

e  Grid connection and voltage level: The wind turbine model was connected to the
154 kV substation bus through a step-up transformer. The modeling focus was placed
on the electrical quantities at the grid connection point, including active power, reactive
power, and voltage magnitude.

e  Control mode selection: The wind power unit was operated in a constant active power
control mode, while the reactive power (or voltage) control followed the default con-
figuration of the PSCAD standard model to match the observed pPMU measurements.
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e  Default internal parameters: Parameters related to aerodynamic characteristics, me-
chanical dynamics, and internal control loops were retained at their PSCAD default
values, due to the absence of verifiable field data. This avoids introducing unsubstan-
tiated assumptions and ensures that the model can be reproduced directly using the
standard library.

e  For multiple wind power units, identical electrical and control parameters were used,
with individual units distinguished only by their identifiers. This modeling strategy
ensures consistency across units and facilitates replication. The wind power module is
illustrated in Figure 2.

CTRL

GRID
Converter
& Controls

GENERATOR
Converter
& Controls

Al

5.5 [MV/
35 [KV]_/ 0.69 [KV] BRK
) Q)
««

Delay ] H o

kp H g
kp  WindTRQ w
ind Park
\-

Figure 2. Wind power generation model.

The photovoltaic model is constructed using the “Simple Solar Farm” base module
in PSCAD, which integrates core submodules including the PV array, inverter, and MPPT
controller. Key modifications during modeling are as follows: (1) calculate the number of
series and parallel modules based on known PV rated power and rated voltage: assuming
a single PV module has a rated power of 100 kW and rated voltage of 154 V, the number of
series and parallel modules is estimated using the relationships: “Total rated power = Single
module power x Number of parallel modules” and “Array rated voltage = Single module
voltage x Number of series modules”. “Array rated voltage = single-module voltage
x number of series connections.” (Due to the lack of detailed module parameters, this
estimation is solely for matching rated power and voltage and does not involve modifying
internal module characteristics); @) adjust the inverter’s rated output power and voltage to
match the PV array’s rated parameters, ensuring the inverter can stably convert the array’s
generated electricity into 154 kV AC for grid integration; (3) retain the standard model’s
irradiance and temperature input defaults: standard irradiance 1000 W/ m?, standard
temperature 25 °C. These parameters can be adjusted later to simulate PV output variations
under different irradiance and temperature conditions. The key electrical waveforms at the
PV array model’s common connection point (POC) are shown in Figure 3.

3.2. Initial Model Construction and Validation

After completing the implementation of all components and control modules, an initial
model verification was conducted to ensure topological integrity and numerical correctness
of the PSCAD model. This step focused on verifying the connectivity logic and parameter
consistency of key components, particularly the rated power and voltage levels of the main
transformer and renewable generation units. The overall model topology exported from
PSCAD is shown in Figure 4.
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Figure 3. Photovoltaic module: (a) photovoltaic model circuit; (b) electrical waveform at the public
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Figure 4. Yeonggwang Substation PSCAD model diagram.

Since the renewable generation units were developed based on modified PSCAD
standard models and detailed manufacturer parameters were unavailable, the initial verifi-
cation was limited to steady-state operating conditions, and complex dynamic performance
tests were not conducted at this stage. The purpose of this initial verification was not to eval-
uate calibration accuracy, but to confirm that the model provides a physically reasonable
baseline for subsequent uPMU-based calibration.
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Accordingly, no-load and rated-load tests were performed as sanity checks. The
verification criteria included waveform quality, RMS magnitude consistency, and system
frequency stability. Specifically, steady-state waveforms were required to exhibit no obvious
numerical oscillations or abnormal harmonic distortion; RMS values were checked to ensure
consistency in order of magnitude, with deviations within +15% used solely as an indicator
to identify gross modeling or configuration errors; and system frequency was required to
remain stable within 60 Hz + 0.5 Hz.

4. uPMU Data-Driven PSCAD Model Calibration Method
4.1. Hierarchical Iterative Least-Squares Calibration for PSCAD Model with uPMU Data

The core objective of model calibration is to refine PSCAD model parameters using
uPMU measurement data, ensuring simulation outputs closely match the actual operational
characteristics of substations. This study employs a hierarchical iterative least-squares opti-
mization method for calibration. Its core principle involves constructing a multi-objective
optimization function using key electrical quantities—such as voltage, current, and power—
synchronously measured by pPMU as reference values. Through iterative adjustment
of model parameters, the method minimizes the error between simulated and measured
values while constraining parameter adjustments within the boundaries of equipment
physical characteristics. Compared to traditional parameter-based calibration methods, this
approach leverages synchronized multi-point measurement data from distributed uPMU
to achieve station-wide calibration without blind spots.

4.2. uPMU Data Acquisition and Preprocessing
4.2.1. Data Collection Specifications

1. Time synchronization is achieved through GPS-based time stamping with microsecond-
level accuracy, consistent with the IEEE C37.118 standard [23] for pyPMU measure-
ments. The sampling rate is set to 60 Hz, which is sufficient to accurately capture
steady-state operating characteristics, while also reflecting dynamic variations caused
by renewable generation fluctuations and load changes.

2. Acquisition Parameters: A total of 35 pPMU measurement data points encompass
phase voltage, current, and phase angle for 154 kV /23 kV busbars and critical equip-
ment. Active power P and reactive power Q are calculated. The uPMU data used for
calibration verification consists of one full month (1 July 2023-31 July 2023) of actual
measurement data under all operating conditions. Tables 2 and 3 display raw data
patterns from four pPMUs at a specific moment, timestamped 10 July 2023, 12:00.

Table 2. Raw data for uPMU frequencies, voltages, and voltage phasors #1-#4.

ID f (HZ) VA (V) 5A (O) VB (V) 53 (O) VC (V) 5C (O)
#1 60.042 91,960.59 —47.23 92,150.64 —167.519 91,727.66 72.546
#2 60.041 91,849.45 —53.238 92,138.69 —173.521 91,651.93 66.496
#3 60.041 91,863.62 —53.341 92,068.79 —173.602 91,665.11 66.434
#4 60.042 91,878.20 —53.963 92,148.16 —174.268 91,657.13 65.748

Table 3. Raw data for uPMU current and current phase angle #1—#4.

ID I4 (A) 54 () Ig (A) g (°) Ic (A) 6c ()
#1 294.879 —39.86 309.017  —161.479  298.132 75.486
#2 300.945 —44.901 312.034  —168901  295.406 70.442
#3 50.46 152.319 49.817 19.767 31.087 —145.561
#4 104.022 123.802 128.044 —8.223 115.045 —125.41
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3. Acquisition Duration: Continuous collection of one month’s full operational condition
data, encompassing scenarios such as rated load operation, renewable energy output
fluctuations (morning/evening peaks), load variations, and faults. This ensures
uPMU data comprehensively cover all operational states.

4.2.2. Data Preprocessing Workflow

Raw pPMU data may contain noise, outliers, and missing values that affect calibration
accuracy. A standardized preprocessing workflow with clear and actionable steps is
designed as follows:

1. Outlier identification: Considering the strong coupling characteristics of multiple
indicators (e.g., voltage, current, phase angle, and power) in uPMU data, the Maha-
lanobis distance method is adopted for multivariate outlier detection. Specifically,
the Mahalanobis distance between each sample point and the center of the multivari-
ate normal distribution constructed by voltage, current, phase angle, and power is
calculated. Subsequently, the chi-square test is employed to determine the outlier
threshold, so as to identify and eliminate abnormal data points caused by equipment
faults, communication interference, and other factors (such as voltage sudden changes
and current zero-crossing interruptions).

2. Missing value imputation: Use linear interpolation to fill sparse missing data, ensuring
time series continuity.

3. Data synchronization alignment: Use the GPS timestamp in pPMU data as the refer-
ence to adjust the time step and start time in PSCAD simulations, achieving one-to-one
correspondence between simulated and measured data.

4.3. Calibration Metrics and Objective Functions
4.3.1. Core Calibration Metrics

To comprehensively evaluate model accuracy, key metrics were selected covering
amplitude, power, and phase characteristics. All metrics employ relative deviation to
eliminate the impact of different units of measurement:

1.  Three-phase average voltage relative deviation:

sy = [Us — Ul Jmu’” )
2. Three-phase average current relative deviation:
ar == 1nl Eﬂl’”‘ @)
3. Active Power Relative Deviation:
ap — [P = Pul ;uml ®)
4.  Relative Deviation of Reactive Power:
AQ — |QSQ_QO| (4)
5. Relative deviation of phase angle:
pp = 19— 6nl ;m6m| )
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where Ug, I, Ps, Qs and 05 represent the PSCAD model simulation values, while Uy, I,
Py, 0, and Q,, represent the ptPMU measured values.

To quantify the improvement in accuracy before and after model calibration, the mean
error reduction rate (MERR) is defined, calculated as follows:

(6)

MERR — (MREbefore - MREafter)

MREbefore

where MREj,fore, MRE st represent the average relative error of each indicator before
and after calibration.

4.3.2. Multi-Objective Optimization Objective Function

Construct a comprehensive deviation objective function, incorporating weighting
coefficients to reflect the engineering priority levels of different indicators.

] = wp-AP + wg-AQ + wy-AU + wi-Al + wy-AO (7)

where AP, AQ, AU, Al and Af represent the average relative deviations of the 35 measure-
ment point indicators, respectively. Weighting coefficients: wp = 0.25, wg = 0.1, wy = 0.25,
wp = 0.15, wy = 0.3. The weighting coefficients are selected based on the physical sensitivity
of each quantity to network parameters. Higher weight is assigned to the positive-sequence
voltage angle due to its strong dependence on network topology and reactance, while
lower weight is assigned to reactive power considering its sensitivity to local control and
measurement uncertainty.

4.3.3. Constraints

1.  Parameter adjustment range constraints: The adjustment range for all model parame-
ters (including line impedance, transformer leakage reactance, and rated power of new
energy units) must not deviate excessively from actual physical parameters to prevent
parameters from diverging from the actual operating characteristics of equipment.

2. Maximum deviation for core indicators AP, AU, Al < 3%; maximum deviation for
non-core indicator AQ < 5% (meeting engineering simulation accuracy requirements).

Objective function convergence threshold: the difference between the objective func-
tions of two consecutive iterations satisfies |Jx;1 — Jx | < 1073, where k denotes the current
iteration number.

4.3.4. Identifiability Analysis

To verify the unique identifiability of the selected calibrated parameters, an analysis is
conducted based on the existing configuration of 35 ptPMU measurement points and the
calibration scheme: the 35 measurement points are evenly distributed across 154 kV /23 kV
buses, the primary and secondary sides of main transformers, new energy grid-connected
points, and load outgoing lines. Each point synchronously collects three-phase voltage,
current, phase angle, active power, and reactive power, forming more than 350 indepen-
dent measurement dimensions. In contrast, the number of parameters to be calibrated
(including line impedance, transformer leakage reactance, new energy unit output param-
eters, and load proportion coefficients, etc.) is only about 40, providing significant data
redundancy that lays the foundation for the unique identification of parameters. Mean-
while, the hierarchical calibration strategy of “main grid layer — new energy layer — load
layer” effectively decouples the parameter coupling between different components. Each
parameter group is supported by dedicated measurement point data, avoiding ambiguity
in identification caused by mutual interference among multiple parameters. Verified via
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numerical simulation, the Jacobian matrix of the objective function with respect to the
calibrated parameters is non-singular, satisfying the mathematical condition for unique
identifiability and ensuring that the selected parameters can be uniquely determined using
the existing uPMU measured data.

4.4. Layered Iterative Calibration Process

Given the criticality of substation equipment and the interdependence of its param-
eters, a three-tier iterative calibration process has been designed: “Main Grid Layer —
Renewable Energy Layer — Load Layer.” This approach mitigates interference from multi-
parameter coupling, enhancing calibration efficiency and precision. The specific steps are
as follows:

4.4.1. Calibration Tier Classification and Adjustment Strategy

The calibration hierarchy, adjustment targets, core parameters, adjustment logic, and
constraint conditions are clearly defined as shown in Table 4. The adjustment logic is
designed based on the physical relationship between parameters and electrical quantities,
ensuring each adjustment is targeted.

Table 4. Error-feedback-based hierarchical iterative parameter update rule.

Core Adjustment

Calibration Level Adjustment Target Adjustment Method
Parameter
Resistance per unit leneth Data-measured > Data-simulated
154 kV T/L p & Increase R/ X (by 1% each time),

Main Grid

R, reactance X

or decrease it accordingly.

Main Transformer

Positive-sequence leakage
reactance (Phase 1-/
Phase 1-3/Phase 2-3)

U-simulated < U-measured,
Decrease leakage reactance (by
0.5% each time); conversely,
increase it.

P-simulated < P-measured

WP Rated power of rotor Increase (by 1% each time), or
decrease
New Energy Sources - ;
Inverter outout voltage Fine-tune the voltage threshold in
PV p & 0.5 kV increments; adjust the
threshold, rated power o)
rated power in 1% increments.
P-simulated < P-measured,
Constant power Increase the proportion of P b
Load 23 kV Load P/Constant impedance prop Y

Z /Constant current I ratio

5% and decrease the proportion
of Z by 5%.

For three-winding transformer calibration, select leakage reactance parameters from

the high-to-medium and high-to-low windings. These parameters directly influence power
transmission and voltage distribution between the main grid and distribution network sides
and can be precisely identified using power and voltage data from the main transformer’s
high- and low-voltage side uPMU measurement points. The leakage reactance between
the medium- and low-voltage windings has a relatively minor impact on system steady-
state characteristics. It is fixed using the manufacturer’s nameplate rated value, with the
resulting error meeting engineering application requirements.
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4.4.2. Iterative Calibration Steps

1.  Initial Deviation Assessment: Run the initial PSCAD model to calculate the relative
deviation of four metrics across 35 measurement points. Sort by descending deviation
and identify critical measurement points with deviations exceeding 10%.

2. Main Grid Layer Calibration: Prioritize adjusting parameters of 154 kV lines and
main transformers. After each parameter adjustment, run steady-state simulations to
verify deviation changes at corresponding measurement points until core indicator
deviations <3% for all main grid layer measurement points.

3. Renewable Energy Layer Calibration: Based on the calibrated main grid layer model,
adjust wind and solar unit parameters. Focus on matching renewable energy out-
put fluctuation characteristics to ensure grid connection point power and voltage
deviations meet standards.

4. Load Layer Calibration: Finally, adjust parameters of the 23 kV composite load model
to adapt to the impact of load changes on busbar voltage.

5. Global Verification and Iteration: After completing one round of layered calibration,
calculate the deviation of all measurement points. If any measurement point fails to
meet standards, return to the corresponding layer for repeated adjustments.

4.4.3. Iteration Termination Criteria

Iteration terminates when any of the following conditions is met, ensuring balance
between optimization accuracy and efficiency:

1. Error Convergence Criteria: The average relative deviation for core indicators across
35 monitoring points was <3%, while the average relative deviation for non-core
indicators was <5%.

2. Convergence criterion for the objective function: The difference between the objective
functions of two consecutive iterations satisfies | Jx,1 — Jx | < 1072,

3. Maximum Iteration Threshold: When the iteration count within a single layer reaches
the preset upper limit of 80 iterations (numerical experiments indicate that un-
der typical operating conditions, the objective function typically converges within
50-70 iterations).

4.5. Test Results and Analysis

Based on the following configuration, Intel Core i7-13700K 2.4GHz + 32GB DDR5
RAM, the total computation time for a single full calibration cycle is approximately 2 h and
40 min.

Based on data from 35 uPMU measurement points, statistical validation of key indi-
cators for the calibrated model was conducted. All parameters demonstrated significant
error reduction post-calibration, as shown in Figure 5, average voltage error decreased
from 12.3% to 2.46%, average current error dropped from 14.9% to 2.57%, the average
active power error decreased from 13.5% to 2.52%, and the average reactive power error
decreased from 15.8% to 3.96%, significantly improving the model’s accuracy.

After calibration, the average relative voltage error remained below 3%, as shown
in Figure 6. The relative errors at each measurement point clustered within the range of
1.65% to 2.95%, exhibiting uniform distribution with no significantly outlying high-error
points. The maximum error was 2.95%, the minimum was 1.65%, and the average was only
2.57%. This result demonstrates that the model achieves stable voltage calibration accuracy
across all 35 measurement points at the substation, with all points meeting standards. It
enables “precision matching without blind spots” for substation voltage parameters, fully
validating the model’s comprehensive coverage and reliable accuracy.
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To verify the stability of the model voltage, one measurement point was selected for
each of the busbar, transformer side, and load side. After 60 s of steady-state operation, the
voltage output remained stable within the error range, as shown in Figure 7. The voltage
fluctuation trends of the three measurement points were highly consistent, exhibiting
the characteristic of periodic minor fluctuations; the deviation between the simulated
values and measured values remained consistently within a narrow range, with only
slight numerical differences observed. This result confirms that the established PSCAD
simulation model can accurately reproduce the quasi-static fluctuation characteristics
of three-phase voltages in actual substations, demonstrating a high degree of dynamic
consistency between the model outputs and field measurement data.
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Figure 8. Phase angle error plot: measured vs. simulated data.

To verify that the average power error complies with calibration standards, it is
characterized via Figure 9. Power errors are primarily concentrated within the 2.3-2.9%
range, with the 2.4-2.5% interval exhibiting the highest relative frequency approaching
30%, while frequencies in marginal intervals are lower. Simultaneously, the red Gaussian
fitting curve closely aligns with the histogram distribution trend, indicating that the power
error distribution approximates a normal distribution. The results reveal a concentrated
and stable distribution pattern for power errors, with no extreme outliers. This confirms
the model’s consistency and stability in power parameter calibration accuracy.
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Figure 7. Comparison of uPMU and simulated voltage under steady-state conditions.
Figure 8 illustrates the dynamic changes in phase angle errors between measured
data and PSCAD simulation results for three Micro-Phasor Measurement Units (uWPMUs),
namely #3, #9, and #17, over a 0-60 s time window. The blue curves represent real-time
fluctuations in phase angle error, while the red horizontal lines indicate the average error
values for the corresponding periods. Overall, the phase angle errors of the three uPMUs
exhibit good consistency, with the phase angle error being less than 3° for the vast majority
of the time and maintaining a low average error level: the error fluctuation of #3 uPMU is
the smallest, with an average error of only 0.70°; the average error of #9 uPMU is 0.986°;
although the error fluctuation of #17 uPMU is relatively significant, it remains within 3° for
most periods, with an average error of 1.975°. This overall indicates that the established
PSCAD simulation model has a high phase angle matching degree with the measured data,
and the overall error level is controllable.
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Finally, to visually represent the average relative errors of key parameters after model
calibration, Figure 10 presents a box plot. As shown, the error ranges for AU, Al, and AP
are all concentrated within the 1.5-2.5 interval. The narrow box and low data dispersion
indicate that the error distributions for these three parameters are more compact, demon-
strating superior precision stability. In contrast, the error range for AQ is significantly
broader, concentrated between 3.0 and 4.5, with relatively higher data dispersion. Overall,
the errors in voltage, current, and active power exhibit stronger concentration and stability.
Only the error dispersion for reactive power is slightly higher. This reflects that after model
calibration, the error states of most core electrical parameters are controllable, and their
accuracy performance is consistent.
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Figure 10. Mean relative error of each key parameter.

5. Conclusions

This study focused on the Yeonggwang Substation, completing PSCAD modeling and
uPMU data-driven calibration research. Based on nPMU measurement point data, a hierar-
chical calibration system was established, controlling deviations in core parameters such
as voltage, current, and power within 3% of actual measurements. This model provides a
reliable tool for substation operation optimization and fault analysis, while the proposed
calibration method offers a generalizable reference for modeling similar substations.
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Abstract: Due to the necessity of decarbonising and transforming the Polish energy mix,
topic of using nuclear power plants as one of the key low-carbon generation sources is
returning to the public debate. This paper compares a large, system-wide AP1000 nuclear
power plant with a new concept based on small modular reactors (SMRs), specifically
NuScale 60 MW.. Computer models of secondary loops of the generating units were used
for the analysis, and basic operating parameters were determined. A consistent modelling
approach was used to evaluate technical, thermodynamic, and economic indicators. As a
result, a relationship between total capital expenditures and unit electricity generation cost
was developed. For example, if the investment outlays, taking into account the freeze, for a
large-scale nuclear power plant are USD 8 billion, then the investment outlays for an SMR
power plant should be below USD 0.4 billion in order to ultimately ensure a lower or equal
unit discounted cost of electric energy generation. Assuming stable power demand, the
AP1000 reactor power plant remains the most cost-effective technology, offering favourable
economies of scale. However, modular units are characterised by shorter lead times and
greater flexibility of application in different areas of the energy industry. Therefore, in the
decarbonisation process, it is essential to develop both analysed technologies in parallel.

Keywords: energy transformation; nuclear power; comparative analysis; energy analysis;
economic analysis; AP1000; SMR

1. Introduction

The increasing energy demand, which is correlated with a growing population and
rapid industrialisation, indicates that the challenges of transforming the energy sector
focus on efficiency, reliability, sustainability, and environmental protection. In this context,
nuclear power plants (NPPs) present an effective solution for combating global warming
as they offer a cleaner alternative for the generation of electric energy. These low-carbon
generation sources are characterised by relatively low fuel consumption. Furthermore,
nuclear power has a negligible impact on the environment regarding greenhouse gas emis-
sions. In contrast, power plants that utilise lignite or hard coal frequently face discussions
surrounding the transfer of harmful pollutants into the atmosphere. For instance, one
of Poland’s largest generating units, the Belchatow Power Plant, emits approximately
30 million tonnes of carbon dioxide (CO;) annually [1]. Moreover, according to the Polish
transmission system operator (Polskie Sieci Elektroenergetyczne S.A., Warsaw, Poland), as of
the end of 2024, coal-fired power plants accounted for about 63% of national electric energy
production [2].

Energies 2025, 18, 4749 https://doi.org/10.3390/en18174749
82



Energies 2025, 18, 4749

In contrast to Poland, where coal-fired power plants are the dominant energy source,
France’s energy sector is mainly shaped by nuclear power plants. Based on [3], it can
be observed that their share in total electric energy production in 2024 is almost 68%.
According to information provided by the International Atomic Energy Agency, France
currently operates 57 nuclear reactors [4].

The different structures of the above-mentioned energy mixes affect not only energy
security but also greenhouse gas emissions. When comparing these two countries in terms
of daily CO; emissions, clear differences can be seen. Using the example of one selected
day (8 May 2024), the data presented in [5] are as follows—for Poland, generation of electric
energy was charged with transferring 754 gCO, /kWh to the atmosphere, while for France
it was 18 gCO, /kWh. Thus, the daily emission factor for the Polish power industry was
almost 42 times higher than for the French power industry. In the light of global efforts
to achieve climate neutrality, such a significant difference puts Poland in a particularly
difficult situation.

Climate protection is a major civilizational undertaking. For this reason, it cannot
be carried out within the borders of a single country. Moreover, actions related to energy
transition should also focus on raising awareness among the general public. Education
in the field of nuclear energy and the development of appropriate human resources are
important needs that will influence further technological progress in the nuclear sector.
Cizeli et al. [6] highlight the importance of a European education strategy as a kind of
foundation for the future of nuclear technologies, including modern small modular reactors
(SMRs) solutions. Nuclear power has been a major part of the energy mix of many countries
for decades, providing electric energy in a stable, low-carbon and resilient way. The lack of
appropriately qualified people may be a barrier to the further development of this sector.

For many years, technological advances in nuclear power have mainly focused on
large power units, with installed capacity often exceeding 1000 MW.. However, recently,
with changing social, economic and environmental circumstances, there has been increasing
interest in SMRs, which are designed to reduce capital costs through series production. The
study [7] provides a comprehensive overview of the state of SMR technology worldwide,
identifying both the opportunities and barriers that need to be overcome for this innovative
technology to fully establish itself on the market. SMRs are seen as a potential catalyst for
the expansion of nuclear power in developing countries and regions with underdeveloped
transmission infrastructure. It is also important to identify the factors determining the
success of SMR technology implementation. The paper [8] analysed the characteristics and
potential advantages of modular solutions compared to large-scale nuclear reactors. The
author described issues related to economics, safety and public acceptance. In addition, the
author emphasised that technical and legal challenges (appropriate regulations or obtaining
licences) may hinder the widespread implementation of SMRs. In turn, publication [9] drew
attention to the need for innovative solutions in the field of operation and maintenance of
modular power plants. The article describes an analysis of cost reduction strategies through
the introduction of modern operational solutions, automation and design simplification. It
is pointed out that such an approach can significantly increase the competitiveness of SMRs
on the market. Due to the specific nature of SMRs and high safety requirements, accurate
and rapid fault diagnosis is of great importance. In article [10], researchers focused on
developing an intelligent method for diagnosing faults in SMRs. The authors proposed a
hybrid approach combining artificial intelligence algorithms and machine learning methods.
The research demonstrated high accuracy in fault classification and the effectiveness of
the algorithm in conditions of measurement disturbances and uncertainty. The developed
method allows for the rapid detection of any irregularities and their classification without
the need for human intervention. Other factors analysed in [11] in terms of the operational
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capacity of a single power plant operator were the size of the facility and the simplicity and
compactness of SMR solutions. The authors found that it is possible to safely supervise
3 to 5 reactors during normal operation, but only up to 2 during start-up/shutdown or
refuelling operations.

SMR solutions respond to the challenges of building and operating large nuclear
power plant units, which are characterised by high generating capacity, making them
attractive sources of electric energy in the context of covering base load in the power
system. However, their implementation is associated with high investment costs, long
construction times, and complex licensing procedures. In the literature and engineering
practice, the implementation of SMRs on the market is often described using the categories
FOAK (first-of-a-kind) and NOAK (nth-of-a-kind) [12-14]. The FOAK model refers to the
first unit implemented in a given technological configuration, which involves overcoming a
number of regulatory, organisational and design barriers. For this reason, FOAK projects are
usually characterised by higher investment costs, longer implementation times and greater
technological and financial risk. In contrast, the NOAK category refers to subsequent
reactors built on the basis of a proven design, which allows for the use of learning effects
and standardisation. In practice, this means a reduction in capital and operating costs,
a shorter implementation schedule and greater predictability of the investment process.
From the point of view of the development of innovative SMR technologies, the transition
from the FOAK to NOAK phase will be a necessary condition for achieving their market
competitiveness and widespread implementation in national energy mixes around the
world. According to data available in the literature [15,16], it can be seen that nuclear
power plants can have a unit capital expenditure ratio of $2100 to $6900/kW. The lower
values ($2100-3000/kW) are observed in countries with well-established nuclear programs
and lower costs (e.g., China, South Korea), while the higher values ($6000-7000+/kW) are
typical for first-of-a-kind units built in new markets (e.g., the USA, Europe) or in cases
where significant project difficulties are encountered. In the context of SMR technology
profitability analyses, the authors of publication [17] pointed to the relationship between
construction costs, energy efficiency and market conditions. The conclusions presented
in the paper show that SMRs can be competitive under the right investment and legal
conditions. These analyses are complemented by research [18], which describes long-term
forecasts and scenarios that will enable the United States to achieve climate neutrality by
2050. The paper emphasises the need for long-term investment, regulatory changes and
political support to achieve these goals.

There is also a study about the increasing risk of exceeding budgets and schedules
for the construction of nuclear power plants, examples of which include delays in projects
such as Olkiluoto 3 (Finland)—10 years, or Vogtle units 3 and 4 (USA)—4 years [19].
Furthermore, a study by Stewart and Shirvan [20] assessed the impact of various factors
that increase the risk of delays in work schedules for four types of generation III+ water
reactors. It was noted that design changes and consequent performance declines were a
factor causing significant delays. Another issue related to the supply chain was a small
part that adversely affected the commissioning date.

In a review of the available literature, it is noticeable that there is a lack of comprehen-
sive comparative studies that directly contrast large nuclear units with modular reactors in
terms of energy analysis. Many studies devoted to technical, economic or environmental
analyses of each of these solutions have already been published. Thus, there is a clear
research gap that could be important for future energy strategies and investment decisions
related to the ongoing energy transition.
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2. Problem Description, Novelty and Original Contribution

A fundamental transformation of the Polish energy sector requires a well-considered
diversification of generation sources and investment in solutions that ensure energy in-
dependence, a stable electric energy supply and low emissions. Reforming the domestic
energy sector in a manner consistent with the European Union’s climate policy involves
a thorough examination of alternative electric energy generation technologies. Because
of the above, and the numerous discussions on the role of nuclear power in the power
system, and, in particular, the newly designed modular solutions—SMRs, the selection of
appropriate nuclear technologies to meet the objectives of Poland’s Energy Policy until
2040 is a significant step towards a fair transition.

There is no doubt that replacing coal power with nuclear power is the best way to
reduce the CO, emission factor. In the national arena, a debate has appeared as to whether
it is better to build a system power plant or to rely on the development of distributed
energy through the use of modular solutions. This topic raises a number of questions and
concerns among the public.

The research problem of this paper focuses on the development of a model to compare
the two types of nuclear power plants (large-scale and modular). This will provide a
more comprehensive picture of the advantages and disadvantages of the two technologies
when assessing (energy or economic), which of these solutions can better meet the needs
of the national power system. The results of the analyses can then serve as a tool to
support decision-making in the field related to the development of the generation sector.
Furthermore, the work makes an original and useful contribution through:

e The development of secondary loop models that enable the mapping of the operating
parameters of various generating units, both large-scale and modular. The simulated
technological systems also include a comprehensive comparative analysis from an
energy perspective;

e Application of the models in the context of the transformation of the Polish energy
sector—thanks to this, potential development paths for nuclear technologies can be
identified, which increases the practical value of the research and its strategic impor-
tance;

e  Comparison of large-scale reactors with modern, modular units, which is a valuable
addition to the research conducted so far, which very often focuses only on one type
of technology;

e  An economic analysis examining the impact of technical and economic parameters on
the relationship between the unit discounted cost of generating electric energy in a
large-scale nuclear power plant and a small-scale modular power plant.

3. Model and Method Description

The research methodology was based on a comparison of two modern nuclear reactor
concepts: the large unit, the AP1000, and the small modular NuScale reactor, with a unit
capacity of 60 MW,.. NuScale was selected as a reference SMR due to its advanced licensing
status—it is the first SMR to receive U.S. NRC design approval—as well as the availability
of detailed technical data. Its integral PWR design with passive safety systems and natural
circulation makes it a representative example of the current generation of light-water SMRs.
While other SMRs are under development, such as the BWRX-300 (a 300 MW, boiling
water reactor) or the Rolls-Royce SMR (~470 MW, beyond IAEA SMR definition), they
differ significantly in size, cycle type or system layout. Choosing a single, well documented
design allowed for a consistent comparison of economic and operational indicators.

As a first step, technical and operational data for both technologies were collected
and compared. On this basis, the secondary loop of the AP1000 unit was modelled, and
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the technological layout of the secondary loop of a nuclear power plant with a modular
reactor was designed. The results obtained were used to evaluate parameters such as gross
electrical power, cooling water flow, gross power plant efficiency and nuclear fuel (heat)
utilisation rate.

As part of the economic comparative analysis, a general correlation was derived
for the difference between the unit discounted generation costs of a large-scale nuclear
power plant and a modular power plant. The derivation of the correlation made it possible
to define the parameters determining the advantage of economic reasonableness of the
compared technologies to each other.

The results of the analysis provide a basis for determining the efficiency (cost-
effectiveness) of the implementation of each technology, depending on local demand.

3.1. Energy Analysis

Computer models of nuclear power units with PWR-type reactors of 60 and 1100 MW
electrical output were used for the comparative analysis. Based on the data contained
in [21,22] and using the EBSILON® Professional 16.0 programme, schematics of the thermal
systems of the mentioned generating units were developed. The models are presented in
Figures 1 and 2.
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Figure 1. Diagram of the modelled secondary cycle of a nuclear power plant (SMR) with key
parameters; H—enthalpy [k] /kg]; M—mass flow [kg/s]; P—pressure [MPa]; Q—energy flow [MW];
T—temperature [°C]; ETA—efficiency [-]; factor designation: red line—steam; blue line—water; green
line—shaft power; pink line—electric energy; 1—reactor; 2—steam generator; 3—high-pressure part
of the steam turbine; 4—drain and interstage steam superheater; 5—low-pressure part of the steam
turbine; 6—generator; 7—cooling water system; 8—low-pressure regenerative feedwater heaters;
9—deaerator; 10—high-pressure regenerative feedwater heaters; A—thermal power of the reactor;
B—efficiency of the power plant; C—generated electrical power (gross and net); own elaboration
based on [21].
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Figure 2. Diagram of the modelled secondary cycle of a nuclear power plant (AP1000) with key
parameters; H—enthalpy [k]/kg]; M—mass flow [kg/s]; P—pressure [MPa]; Q—energy flow [MW];
T—temperature [°C]; ETA—efficiency [-]; factor designation: red line—steam; blue line—water; green
line—shaft power; pink line—electric energy 1—reactor; 2—steam generator; 3—high-pressure part
of the steam turbine; 4—drain and interstage steam superheater; 5—low-pressure part of the steam
turbine; 6—generator; 7—cooling water system; 8—low-pressure regenerative feedwater heaters;
9—deaerator; 10—high-pressure regenerative feedwater heaters; A—thermal power of the reactor;
B—efficiency of the power plant; C—generated electrical power (gross and net); own elaboration
based on [21,22].

Despite differences in reactor design, most modern nuclear power plants use the
Rankine cycle—this is a proven thermodynamic cycle in which heat from nuclear fission
is converted into mechanical energy and then into electricity. In NPP systems where
a saturated steam thermal cycle is used, the expansion of the working fluid in the high-
pressure part of the turbine leads to its partial condensation (it changes to a wet steam state).
The unwanted phenomenon can be seen from the course of the parameter changes shown
in the temperature-entropy diagrams (Figure 3). Therefore, one method of improving the
efficiency of the saturated steam cycle was applied to the process systems studied. Steam
driers (moisture separation) were modelled along with interstage superheating. In addition,
it can be seen from the T-s diagrams that the steam expansion on the last turbine stage is
characterised by a moisture content that does not exceed the allowed 13%. It should also
be added that the cycle begins in the condenser, where the working fluid is in a wet vapour
state, as it has expanded at the individual stages of the steam turbine (thermodynamic
transformation 1-2). Waste heat is removed from the system by cooling water flowing
through pipes inside the condenser. The process of condensing the working fluid is visible
on the T-s diagrams as an isobaric and isothermal transformation (2-3). The use of low-
and high-pressure regenerative heaters improves the efficiency of the Rankine cycle and
increases the temperature of the feed water. The working fluid is then compressed by a
pump to the pressure prevailing in the steam generator so that it can be heated in the next
step (isobaric transformation 3—4) by absorbing heat from the fission reaction of atomic
nuclei and evaporating to a saturated vapour state (isothermal and isobaric transformation
4-5). The steam is directed to the high-pressure part of the turbine, where it partially
expands (transformation 5-6), performing work. As mentioned above, the parameters of
the working fluid decrease, so in order to prevent further deterioration, a dryer (isothermal
transition 6-7) and an interstage superheater (isobaric transition 7-1) are brought into
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the system. After increasing the parameters of the working medium, it is directed to the
low-pressure part of the turbine, thus closing the thermodynamic cycle.
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Figure 3. Rankine thermal cycle for saturated steam—temperature-entropy diagram—(a) modular
nuclear power plant (SMR); (b) AP1000 nuclear power plant.

To ensure a consistent comparison between the large-scale AP1000 unit and the se-
lected SMR design, the thermal cycle of the small modular reactor was modelled with
steam reheat, analogous to the AP1000 configuration. Although the reference SMR design
(NuScale, 60 MW,) is an integral pressurised water reactor with a simplified, once through
steam generator and no provision for steam reheat, this modelling assumption was made
intentionally. The goal was to maximise the thermal efficiency of the SMR cycle for the
purpose of comparison under equivalent boundary conditions. While integral SMRs do not
include reheat within the reactor pressure vessel, certain multi-module plant configurations
could potentially include a reheat system in the shared secondary loop, improving the
overall efficiency. Without reheat, the thermal efficiency of such an SMR unit would be
expected to drop to approximately 30%, due to lower steam parameters and simplified
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turbine design. Nevertheless, this assumption does not affect the general conclusions of
the study, as the economic trends and relative performance between the two technologies
remain the same or very similar.

In the case of feedwater preheating systems, four preheaters—two low-pressure and
two high-pressure—as well as a deaerator, are designed in the SMR solution. Feedwater
reheating in the higher power unit is carried out using two heat exchangers on the high-
pressure side and four low-pressure heaters. Important parameters taken from data sheets
for the modelled nuclear technologies are summarised in Table 1.

Table 1. Selected technological parameters of the analysed nuclear power plants own elaboration
based on [21].

Parameter Unit AP1000 SMR!
thermal power of the reactor MW, 3400 200
gross (and net) electrical power MW, 1200 (1100) 60 (57)
mass flow t/h 51,480 2397.6
pressure MPa 15.513 13.8
reactor coolant
temperature (inlet) °C 279.4 265
temperature (outlet) °C 324.7 321
pressure MPa 5.76 4.3
fresh steam
temperature °C 272.8 -
condenser pressure kPa 9.1 -
feedwater temperature °C 226.7 -
calculated efficiency of the power plant % 34.7 33.3

! parameters for one module.

Performing further energy analysis of the secondary loops of the modelled units
focused on simulating different loads on the nuclear reactor side. Thus, it was possible to
examine the changes in individual parameters in the simulated systems. In addition, the
usage of the simulation results obtained, as well as Equation (1), allowed the determination
of operating characteristics for the subsequent comparison of large-scale technology with
modular technology.

The following equation was used to determine the nuclear fuel utilisation rate:

_3.6[ GJ }

1 Mel

MWh @)

where
11—gross power plant efficiency.
In addition, the indicators that were determined in EBSILON® Professional are:

Fresh steam flow—D;
Cooling water flow in the condenser—D;
Gross electrical power—Pg;_gross;

Gross power plant efficiency—i,;.

3.2. Economic Analysis

To make economic comparisons of different types of power plants, the calculated costs
of electricity generation should be used, as they include all cost elements. Calculated costs
of generating electricity are the own costs increased by the costs of servicing investment
outlays used to build the power plant (capital servicing costs), including interest on the loan
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taken out for construction. It is permissible to include interest on capital (accumulation) and
depreciation in a total rate, dependent on the interest rate on capital and the depreciation
period of the power plant, expressed by the discount rate.

Investment outlays, operational costs and production effects should be reduced to
comparable values using discounting. A commonly used methodology is that developed in
the late 1970s by UNIPEDE and then adopted by the European Union and other countries,
according to which the unit discounted cost of generation is determined as the ratio of the
total discounted costs of building and operating a power plant during its “life”, including
investment outlays, maintenance and repair costs and fuel costs, to the discounted amount
of electric energy produced during that period:

I+ X KU Ak
kK = (14p) 2)

N _PT;
L= Ty

where

Ijg—capital expenditure taking into account the freeze during the construction of the
power plant;

N—lifespan of a power plant;

KU;—maintenance and repair costs per year ¢;

A—amount of electricity produced in a year ¢ (A; = P;-Ty);

kpi—cost of fuel used to produce a unit of energy;

p—discount rate;

P—installed capacity of power plants in the year ¢;

T;—time of use of installed capacity f [23].

The amount of electric energy produced is taken into account in calculations as net
energy introduced into the power system. This means the electric energy generation after
taking into account the consumption for the power plant’s own needs, which translates
into the value of the time of use of the installed capacity [23].

Investment outlays taking into account the freeze during the power plant construction
period o) are calculated from the correlation:

o= Y, Ir(1+p~" ®3)

where

B—construction period [years];

Ii—capital expenditure in the year t (nominal) [23].

A general quantitative comparison of electric energy generation costs in large-scale
nuclear power plants with those in small-scale modular power plants is a difficult task
due to large discrepancies in published, estimated, and forecasted economic data for
various types of nuclear projects. As the literature review has shown, the incurred or
forecasted capital expenditures and, consequently, the unit discounted cost of electric
energy generation may take on extremely different values [24-26].

In order to analyse the factors influencing the relationship between the costs of electric
energy generation in a large-scale nuclear power plant and a small-scale modular nuclear
power plant, a relationship for their difference was defined:

Ak = k]LSNPP - k]SMR (4)
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If kjLS NPP > ké Mg then AK > 0. This means that the unit discounted cost of electricity
generation in a large-scale nuclear power plant is higher, thus electricity production is more
profitable in the case of SMR technology.

If k]LS Nep < k]S Mg then AK < 0. This means that the unit discounted cost of electricity
generation in a small-scale modular nuclear power plant is higher, and therefore electricity
production is more profitable in the case of a large-scale nuclear power plant.

Equation (4), describing Ak, is expanded below in order to determine the relation of
electric energy generation costs in the compared technological variants taking into account
the main techno-economic factors:

j_ 1l _
Ak = kLSNPP kSMR -
KUy 1 sNpP At LSNPP *pt,LSNPP

KUy sMR+At,SMRFpt,sMR
I +Iy I TN, — Dt P ®)
_ [0, LSNPP T 2ut=1 (1+p)f - [0],SMR t=1 (1+p)f
yN Py rsnppTt,LSNPP yN P smr TrSMR
= ae)f Nl

where
LSNPP—Ilarge-scale nuclear power plant;
SMR—small modular reactor.
It was assumed that:

e  Maintenance and repair costs (fixed costs) are proportional to the installed capacity of
the nuclear power plant (single-core system), i.e.,:

KUy 1snpp = kjjp-PyLsnpp (6)

KUy smr = Kyyp-Prsmr (7)

where
kJUT—unit cost of maintenance and repairs (fixed) [USD/kW].
e  The installed capacity of the power plant is constant throughout the entire life of the
facility, i.e.,:
Py rsnpp = const = Prsnpp (8)

Py spmr = const = Psyr )
e  The time of use of the installed power is constant throughout the entire life of the
facility and the same for both investments under consideration, i.e.,:

Tirsnpp = Ty smr = const =T (10)

e  The cost of fuel used to produce a unit of electricity expressed in [USD/MWHh] can be
expressed as the product of the cost of fuel (primary energy) expressed in USD/GJ
and the unit consumption of nuclear energy by individual power plants, expressed in
GJ/MWh, constant throughout the entire life of the facility, i.e.,:

ptLSNPP | roam | = KptLSNPP GJ qpt, LSNPP MWh | = Kp,LSNPP"JLSNPP
UsD USD G
kpt,smR [M\NIJ = kpt,sSMR [GI] "‘dpt,SMR {MV\]/}J = const = kp sMR"GsMR (12)

where
g—unit consumption of nuclear fuel energy [G]/MWHh].
e  Fuel cost [USD/GJ] is independent of technology:

kp,Lsnpp = kpsmr = kp (13)
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e  The operating period N is the same for both power plants considered.

Taking into account the above assumptions, Formula (5) can be written in the form:

Al =
I +yN kr-Prsnpp + Prsnpp-T-kp-qrsnpp I Ly K17 Posmr + Psmr-T-kp-qsmr
0], LsNPP T 1i—1 1+tp) [0],SMR T 1¢=1 1+ p)
- P -T - Pen-T =
N, LSNippt N, SMR :
(I+p) , (1+p)
N Kur-PLsnep ~N  Prsnpp-T-kp-qrsnpp
_ Toiswep Toa+pt TN a+p)
N PrsnepT ~N PrsnepT N Prsnpp'T
Li=1 (1 + t t=1 ﬁ Y1 ﬁ
p) (1+p) (1+p)
N k- Prsmr N Pspr-T-kp-qsmr 14)
~ lgsmr T (4p)t T (+pt
Pspr-T Pspr-T Pspr-T
Zg\]:l 1 t Zg\il 1 t Zg\lzl 1 t
. (1+p) (1+p) (1+p)
Ty (1+ P){t N N .
0|,LSNPP i _ _ 0],SMR :
'[[13]+k]LIT‘E(1+p) Y+ Tk qrsnepr X (14 p) "~ — [P] — K
LSNPP =1 =1 SMR
N 7t N B
-El(l +p) - T‘kp'QSMR'E,l(l +p) | =
1 Ioyzsnee  TjosmR N ,t
= . 4 — ’ + Tk, - Z 1+ . _
TN (tp) { Pronpe Pomr pr L (14 p) - (qusnep = Gsmr)

The analysis aims to compare unit costs of electricity generation for nuclear power
plants on a diametrically different scale. It is worth mentioning that the initial capital cost
for 1 core only can be distributed over multiple cores. Such an approach lowers the value of
unit capital costs. However, this economic indicator was not considered. Instead of it, the
economic analysis assesses the range of total capital expenditures for a single investment,
taking into account the freeze.

The presented economic analysis assumes that SMR cost estimates were taken as
projected future costs after some learning (approaching NOAK costs), rather than one-off
prototype costs (FOAK). Additionally, the considered capital expenditures refer to a power
plant with a single core and the necessary facility. For this reason, the value of repair
and maintenance costs was assumed at a stable and proportional level without scaling for
multiple cores.

Both large-scale reactor (AP1000) and the selected small modular reactor (SMR) are
light-water reactors operating with standard low-enriched uranium (LEU) fuel. Conse-
quently, both units are assumed to rely on the same conventional fuel supply chains, with
no significant differences in uranium procurement, enrichment, or fabrication technologies.

Therefore, the assumption that the unit fuel cost per unit of thermal energy is the
same for both technologies, which is justified for the purposes of this comparison. This
simplification ensures consistency in the economic model and allows a clearer focus on the
influence of other plant-scale parameters, such as thermal efficiency and capital intensity.

Based on the above equation, the following conclusions can be drawn:

e  The relationship between the unit discounted costs of electric energy generation for
a large-scale nuclear power plant and a small-scale modular nuclear power plant
depends primarily on the capital expenditures and the cost of the fuel used to produce
a unit of electricity, or more precisely, at the same fuel purchase price, on the fuel
primary energy used per unit of electricity produced.
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e  Due to the so-called “scale effect”, the unit consumption of nuclear energy fuel in a
large-scale nuclear power plant translates into reduced operating costs compared to a
small-scale modular power plant.

e Itis predicted that the relative (per unit of installed capacity) investment outlays of
modular power plants will be reduced in relation to large-scale power plants. This
is supported by the expected dissemination of technology, serial production, shorter
implementation time, etc.

e  The relation between the unit electricity generation costs of the variants under consid-
eration will be determined by the strength of the above effects. In other words, will
the difference in costs be influenced to a greater extent by the “scale effect” and the re-
duction in fuel costs in a large-scale power plant, or will the effect of serial production
and the reduction in relative investment outlays prove to be more significant?

e  Since both factors: investment outlays and unit consumption of nuclear fuel energy;,
strongly depend on the technology used and the specificity of the project, in order to
obtain a clear answer in the decision-making process, each case should be considered
individually.

4. Results and Discussion

The results obtained from simulation studies carried out on models implemented in
the EBSILON®Proffesional environment provided valuable information from both technical
and energy and economic aspects. These results provide a basis for understanding the
differences between the nuclear technologies studied and their potential applications in the
context of the transformation of the Polish energy sector.

4.1. Energy Analysis

Large-scale power plants are characterised by lower specific fuel consumption, which
makes them extremely advantageous for large national investments. In addition, the
slightly higher fresh steam parameters achieved in a nuclear power plant equipped with
an AP1000 reactor result in higher fuel energy efficiency when operating at near-rated unit
power (90-100)%P,;. The efficiency of the large-scale power plant analysed reaches about
34.7%, compared to about 33.3% for the modular solution.

Another important aspect is the possibility of integration into the National Power
System (NPS). The AP1000 technology is better suited to the needs of replacing large
centralised generating units (currently operating coal-fired power plants). On the other
hand, the SMR solution, thanks to its modularity, offers greater flexibility both in terms of
installed capacity and the possibility of locating it close to final consumers or industrial
plants (adaptation to the needs of distributed generation).

The analysis of the obtained characteristics allows the assessment of the correlations
between the different operating parameters of nuclear generating units. The adopted
power variation range of (25-100)% of rated power is consistent with the physical design
constraints of nuclear reactors. It not only minimises the risk of fuel damage, but also
allows electricity production to be adapted to the fluctuating demand in the power system
(load following operation). Thus, a spike or drop in load will not lead to the activation of
the steam discharge system or the need to shut down the reactor.

Moreover, the very wide range from 25% to 100% of nominal power for both type of
reactors was adopted for the purposes of sensitivity analysis, representing a theoretical
scenario such as load following operation or emergency power reduction. AP1000 is
technically capable of load-following operation by reducing power output to approximately
20-30% of nominal capacity if required. However, in practice, such low-load operation
is not optimal and very rare in large power systems. The 25% power level should not be
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seen as a typical operating point for AP1000, but rather as a boundary case for modeling
purposes. In a PWR, reducing power to such level can be achieved by adjusting control
rods position or increasing boron concentration in water.

Figure 4 shows the dependence of reactor thermal power as a function of gross
electrical power generated for the two technologies compared.
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Figure 4. Graphs of reactor thermal output as a function of gross electric energy generated—(a) SMR
nuclear power plant (1 module, 60 MW,); (b) AP1000 nuclear power plant.

From the study;, it can be seen that, in both the high-powered unit and the modular
unit (SMR), increasing the thermal output of the reactor results in a linear increase in the
generated electrical output. Maintaining the stability of power processes in a power plant
involves a number of factors, including proportional changes on the electricity generation
side or the fresh steam flow rate. If more heat is supplied to the steam generator, it will be
possible to increase the output energy of the plant (production of the working medium).
This will then translate into an increasing load on the steam turbine—increased electricity
generation and the need to remove a significant amount of waste heat from the system
(an increase in the demand for D, cooling water (Figure 5) necessary for condensation of
the steam in the condenser). This relationship follows directly from the energy balance
(conservation of energy principle).

When selecting a location for an NPP, it is important to bear in mind the need for
cooling water to receive waste heat from the steam-water cycle. It becomes important
to select a suitable site, which should be close to large reservoirs of water (river, lake,
sea or ocean), with modular SMR technology offering greater location options due to the
much lower cooling water requirements of the thermal cycle. A cooling water flow of
approximately 150,000 t/h must be assumed for operation of the AP1000 at rated output
for Aty =12 °C. For SMR operation at rated output, the cooling water flow is 8500 t/h.

Figure 6 shows the relationship between the nuclear-to-electricity conversion efficiency
as a function of the unit load.
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Figure 5. Graphs of cooling water flow as a function of gross electric energy generated—(a) SMR
nuclear power plant (1 module, 60 MW,); (b) AP1000 nuclear power plant.
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Figure 6. Graphs of gross power plant efficiency as a function of gross electric energy generated—
(a) SMR nuclear power plant (1 module, 60 MW,); (b) AP1000 nuclear power plant.

From Figure 6, it can be seen that as the amount of heat generated in the reactor
increases, the gains in primary energy efficiency decrease. In the considered load range
of the AP1000 nuclear power plant generator, the efficiency decreases from the nominal
value of 34.5% by about 4 p.p., while in the case of the SMR, the efficiency relative to the
nominal load decreases by about 1 p.p. This is due to the modularity of the solution and
the much smaller range of variation in steam parameters as a function of load. From the
point of view of power plant operation, aiming to operate in the highest efficiency range
will minimise costs and energy losses.

Figure 7 shows the relationship between the nuclear fuel utilisation factor and the
gross electrical power generated.
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Figure 7. Graphs of nuclear fuel utilisation rate as a function of gross electric energy generated—
(a) SMR nuclear power plant (1 module, 60 MW,); (b) AP1000 nuclear power plant.

As the load increases, the value of the ratio of the use of nuclear energy of the fuel
for the production of electric power decreases, while for the AP1000 technology in the
considered range of power changes of 200-1200 MW, the g ratio changes its value in the
range of 11.9-10.36 GJ/MWh, while for SMR the value of the g ratio changes in the load
range by a small value of 0.32 GJ]/MWHh. The small change in the value of the g index is due
to the modular design of the solution and the selection of parameters, already at the design
stage, so that the operation of the SMR units in the partial load ranges is characterised by
the highest possible efficiency. Thus, the examined parameter indicates that the power plant
gains clearly in energy efficiency only at higher reactor thermal power values (increased
electricity generation). The values of g were taken into account in the economic analysis.
4.2. Economic Analysis

For example, the derived relationship (Formula (14)) was used to compare a large-scale
nuclear power plant with an AP1000 reactor and a NuScale 60 MW SMR. Considering that
the ratio of installed powers of the compared power plants is 20 (P I%;\I\/’[ L = 1280M1\<[/\‘/N ) , the
equation for the difference in the unit cost of electricity generation can be written as:

; 1 Iio,esnep i), sMR N —t
AK = | 50 -0 +Tkpy Y (1+ (9sMR — dp,sMR) | =
TX (1+p) " L20-Psyr Psmr g t:l( Pyl Tnsmk) 3

~ 0.05-Ij) Lsnpp — Ijo), smr
T-Yil (14 p) " -Psuir

In order to answer the question under what techno-economic conditions the generation

+ (qrsnpp — Gsmr) kp

of electricity in SMRs will be more economically viable than in a large-scale nuclear power
plant, the following condition should be defined:

AK >0 (16)
Using Equation (15), the above condition becomes:
0.05-T o), Lsnpp — Ijo),smr
9 9 + (qLsnpp — 4sMr)kp > 0 (17)

Ty (1+p) " Psmr
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After mathematical transformations:

(1+p)~"Psmr (18)

1=

Iig),Lsnpp > 20-Ij) spr — 20-(qLsnpp — gsmr) kp T
t

Il
—_

The following data were adopted for further analysis:

e  Fuel cost (primary energy)—k, = 1.4 [USD/(]];

e  Unit consumption of nuclear energy fuel for AP1000 when working at rated power—
qsnee = 10.36 [ il |

e  Unit consumption of nuclear energy fuel for SMR when working at rated power—
gsmr = 10.81 [%}

e  Period of operation of the power plant—N = 60 years;

e Annual time of use of installed power, with availability of 90%—T = 7884 h;
e  Discount rate—p = 0.07.

After taking into account the above values of selected quantities in the condition
regarding the difference in unit discounted costs of electricity generation, the relationship
between investment outlays for the compared technologies is obtained:

N
I Lsnpp > 20-Ijg) smr — 20-(qLsnpp — gsmr)-kp -T-) (1 + p)”"Psur (19)

t=1
60
Tio Lsnpp > 20-Ijg spr — 20+(10.36 — 10.81)-5 -7884- Y (1+0.07) 60 (20)
t=1
Iig,Lsnpp > 20-I) spg + 83.7-10° (21)
Expressing the relationship in billions of USD:
Iio,Lsnpp > 20-Ijg),spmr +83.7 (22)

The above condition defines the relationship between capital expenditures taking into
account the freeze for the compared power plants. If the condition is met, the unit discounted
cost of generating electricity in a small-scale NuScale 60 MW modular nuclear power plant is
lower than the cost for a large-scale nuclear power plant with an AP1000 reactor.

Figure 8 shows the relationship between the capital expenditures taking into account
the freeze for a large-scale nuclear power plant with an AP1000 reactor and the expenditures
for a small-scale NuScale 60 MW modular nuclear power plant, ensuring that the unit
discounted generation costs in these plants are equal: k]LS NPP = k]S MR"

Figure 8 addresses the large variability of possible estimates in terms of costs connected
to nuclear power plants. Instead of estimating and indicating single specific values of capital
expenditures for comparing investments, the ranges of these quantities and their influence
on relation between unit electricity generation costs were considered. Figure 8 shows the
line defining capital expenditures configurations for which unit electricity generation costs
are equal in both compared investments. Additionally, there are defined the spaces over
and under this line, which consists of configurations resulting in an opposing relationship
between unit electricity generation costs—respectively: k. < Kk} qypp and ks p >
klsnpp

According to the relationship presented in Figure 8, if, for example, the investment
outlays, taking into account the freeze, for a large-scale nuclear power plant are USD
8 billion, then the investment outlays for an SMR power plant should be below USD
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0.4 billion in order to ultimately ensure a lower or equal unit discounted cost of electric
energy generation.

16
Klspr = Klisnpp
(] 14
N
Q
Q
&
Q = 2
£ 1 Klsmr < Klisnpp
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£ 2
=

g 23
- = >
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g4 5 Kismr > Klisnpp
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3 4
s
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Capital expenditures taking into account the freeze for SMR Ijg) sir [bn USD]

Figure 8. The relationship Ij) ;snpp = f (I[O],SMR ) with kéMR = kjLSNPP on the example of a power
plant with AP1000 and NuScale 60 MW reactor.

The presented method of relative economic evaluation of two compared nuclear tech-
nologies allows for determining the impact of technical and economic parameters on the
mutual relationship between the discounted unit costs of generating electricity without
the need to determine their exact value. Determining the value of the discounted unit
cost of generating electricity for nuclear technologies is challenging due to the difficulties
in estimating the level of costs incurred for construction and operation. The presented
method of economic analysis is therefore universal and generalised. The main determi-
nants, which have by far the greatest impact on the unit cost of generating electric energy
in nuclear technologies and on the obtained results, are the investment outlays. Their
values can significantly differ and be shaped depending on the degree of complexity and
organisational constraints of large-scale projects, or the development and popularisation of
SMR technology.

5. Conclusions

Both compared investments—AP1000 nuclear power plant and the 60 MW, SMR
power plant—can have a crucial role to play in the transformation of the Polish power gen-
eration sector, with the AP1000 as the foundation for large-scale zero-carbon electric energy
generation (system base operation), and the SMR as a distributed and flexible solution to
support the decarbonisation of industry. The implementation of nuclear technologies could
significantly reduce CO, emissions, improve energy security, as well as ensure a stable
electric energy supply in conditions of constantly increasing shares of renewable energy
sources in Poland’s energy mix.

As the reference SMR in this analysis, the NuScale 60 MW, was chosen, primarily
because it is a pressurised water reactor, the same type as the AP1000. This ensures that the
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comparison between the two technologies is made on the basis of comparable thermody-
namic and safety principles, even though they differ significantly in scale. Furthermore,
NuScale was seriously considered for deployment in Poland, similarly to AP1000, which
reinforces its relevance in our context. It also has the most advanced licensing status.

Comparing the two technologies, it can be seen that the AP1000 reactor has a higher
electric energy generation efficiency when operating at rated power (approximately 34.7%
compared to 33.3% for the SMR system). This translates into a lower nuclear fuel utilisation
rate of between 10.36 and 11.88 GJ/MWh for the AP1000, compared to 10.81-11.15 G]/MWh
for the SMR unit. This dependence translates into a difference in operating costs related to
the purchase of nuclear fuel.

Despite the lower efficiency, modular solutions can offer a number of advantages, such
as shorter investment lead times, the possibility of series production and greater location
flexibility. Investments can be made close to end-users or in areas with underdeveloped
transmission infrastructure. In terms of cooling water requirements, this is one factor that
is important in the choice of location, making SMRs more suitable for regions far from large
water reservoirs or with limited water resources. However, in unit terms, the difference
is insignificant.

Since facilities of completely different scales were compared, the unit discounted cost
of electricity generation was used as the evaluation parameter. The economic analysis
shows that the cost-effectiveness of both solutions is strongly dependent and the most
sensitive on capital expenditures. As the main variable, the investment outlays taking into
account the freeze during the power plant construction period Ijp) was used. Moreover, the
sensitivity of the results on these quantities for both investments was examined. It is worth
mentioning that the impact of changes in discount rate was examined indirectly, because, it
affects the value of the investment outlays taking into account the freeze during the power
plant construction period: Ij = ZZO_ (B=1) It-(1+ p)~". The advantage of the method is
the lack of necessity to specify the value of unit investment outlays, which characterises
significant variability.

The presented methodology of economic analysis is adequate for single-module power
plants. It is particularly significant in the case of SMR units, because initial costs for 1 core
only can be distributed over multiple added cores. Such an approach lowers the value of
unit capital cost or unit maintenance and repair costs. In order to take into account the
effect of modularity on economic efficiency, a relationship should be developed that scales
unit costs with the number of cores in the reactor building. However, the closer the number
of modules used in an SMR brings its rated power to that of the AP1000, the less justified
their use as a replacement for a large-scale power plant seems. Therefore, the analysis
focuses on comparing a large-scale power plant with a small-capacity unit, whose roles in
the system may be complementary.

As the two technologies can complement each other, a hybrid deployment strategy
should be considered. High-capacity reactors should be built in regions with adequate grid
infrastructure and access to water, while SMRs can act as distributed sources to replace
decommissioned coal-fired units or serve as process heat sources for industry.

The developed model, with its potential for further expansion, is a valuable tool to
support the much-needed decision-making associated with the implementation of nuclear
power in the country. In future research work, it is worth extending the analysis to include
external factors such as regulatory risk, energy market development scenarios and the
potential for integration of nuclear technology in hybrid energy systems (e.g., cogeneration,
district heating, hydrogen production).
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It may be particularly important to deepen research into the application of small mod-
ular reactors (SMRs) in the district heating sector, which in Poland faces challenges related
to the need to reduce greenhouse gas emissions and decarbonise the heating infrastructure.

Extending the current model to include variants for the use of SMRs for district heating
production would allow the development of scenarios for their implementation in district
heating systems. However, a comprehensive legal framework, institutional support and
outreach activities aimed at increasing public acceptance of nuclear power in heating
applications will be required for the successful implementation of this technology.

Author Contributions: Conceptualization, B.C. and A.M.; methodology, N.K. and A.M.; software,
N.K,; validation, B.C,, ].S. and R.S.; formal analysis, B.C., ].S. and R.S.; investigation, N.K,; re-
sources, N.K. and R.S.; data curation, N.K.; writing—original draft preparation, N.K. and A.M.;
writing—review and editing, B.C. and A.M.; visualization, N.K.; supervision, B.C. and ].S.; project
administration, B.C.; funding acquisition, B.C. All authors have read and agreed to the published

version of the manuscript.

Funding: This research was funded by the Ministry of Education and Science, grant number
0711/SBAD/4662.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author(s).

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations and Symbols

The following abbreviations and symbols are used in this manuscript:

BWR boiling water reactor

FOAK first-of-a-kind

TIAEA International Atomic Energy Agency

LEU low-enriched uranium

LSNPP large-scale nuclear power plant

LUEC levelized unit electricity cost

NOAK nth-of-a-kind

NPP nuclear power plant

NPS National Power System

PWR pressurised water reactor

SMR small modular reactor

UNIPEDE International Union Producers Distributors of Electrical Energy

Ay amount of electricity produced in a year ¢

B construction period [years]

D fresh steam mass flow [t/h]

Dew cooling water mass flow in the condenser [t/h]

I capital expenditure taking into account the freeze during the
g construction of the power plant

Iy capital expenditure in the year t (nominal)

kpt cost of fuel used to produce a unit of energy

ijT unit cost of maintenance and repairs (fixed) [PLN/kW]

KU; maintenance and repair costs per year ¢

N lifespan of a power plant

el gross power plant efficiency [%]

p discount rate

Pel_gross gross electrical power [MW]

Py installed capacity of power plants in the year ¢
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q nuclear fuel utilisation rate [G]/MWHh]
Qreactor thermal power of the reactor [MW]

Ty time of use of installed capacity ¢

Atew cooling water temperature difference [°C]
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Abstract: Flexibility is advocated as an effective solution to address the growing need to
alleviate grid congestion, necessitating efficient energy management strategies for indus-
trial operations. This paper presents a mixed-integer linear programming (MILP)-based
optimization framework for a flexible asset in an industrial setting, aiming to minimize
operational costs and enhance energy efficiency. The method integrates dynamic pricing
and real-time grid analysis, alongside a state estimation model using Extended Kalman
Filtering (EKF) that improves the accuracy of system state predictions. Model Predictive
Control (MPC) is employed for real-time adjustments. A real-world case studies from aqua-
culture industries and industrial power grids in Denmark demonstrates the approach. By
leveraging dynamic pricing and grid signals, the system enables adaptive pump schedul-
ing, achieving a 27% reduction in energy costs while maintaining voltage stability within
0.95-1.05 p.u. and ensuring operational safety. These results confirm the effectiveness
of grid-aware, flexible control in reducing costs and enhancing stability, supporting the
transition toward smarter, sustainable industrial energy systems.

Keywords: dynamic pricing; MILP; real-time grid analysis; Kalman filter; industrial energy
optimization; flexible assets; aquaculture case study; Model Predictive Control

1. Introduction

The increasing integration of renewable energy sources and price-responsive con-
sumers driven by the goal of achieving a carbon-free society by 2050 [1] has led to greater
uncertainty and variability in power systems, thereby intensifying the need for sufficient
flexibility. Flexibility provision approaches can generally be categorized into three main
parts: demand-side, generation-side, and storage-based solutions [2]. However, emerging
technologies that create links between the power sector and other domains such as water
pumps underscore the growing importance of sector coupling as a source of flexibility. In
this context, the optimal operation of water pumping systems in industrial clusters near
water from the sea not only provides valuable flexibility to the power system but also
presents an opportunity for profit maximization. Therefore, it is crucial to explore how the
optimal energy management of such systems can be implemented, taking into account the
technical constraints of the power grid and the accurate state estimation of water levels.

In recent years, several studies have investigated the optimal energy management
of the water—energy nexus. The authors of [3] developed a mixed-integer nonlinear pro-
gramming model for the day-ahead scheduling of integrated water and power systems,
incorporating flexible components such as variable-speed pumps. Their results demon-
strated a 4.6% reduction in operational costs compared to the case where the two systems
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are optimized independently. The authors of [4,5] analyzed the optimal energy mix for
water-pumping systems, comparing renewable and non-renewable sources alongside
demand-response flexibility. According to the results, a hybrid setup of biomass-based
distributed generation, photovoltaics, and time-of-use demand response minimizes cost;
applying the Generalized Reduced Gradient nonlinear optimization yields energy costs of
0.018 USD/kWh (with carbon tax) and 0.016 USD/kWh (without).

The impact of a water distribution network comprising multiple pumps and tanks
on the optimal day-ahead scheduling of the power system was analyzed in [6] using a
mixed-integer linear programming approach. A flexible power-water flow model was
introduced in [7] to optimize the scheduling of energy-intensive assets in water systems,
such as water treatment and desalination plants, as well as variable-speed pumps and
tanks, thereby highlighting their contribution to power system flexibility. Due to the strong
interdependence between water distribution grids and power systems, largely stemming
from the prevalence of variable-speed pumps, a nonlinear conjunctive optimization model
was developed in [8], which achieved a 10% reduction in total system costs. In the context
of smart energy communities, ref. [9] introduced a water-energy nexus model aimed at
minimizing the community’s operating costs. The model used integer variables to capture
the on/off status of pumps, and the results confirmed its superior cost efficiency compared
to separately optimizing each sector. In [10], a hardware-in-the-loop testbed for a water
distribution system was employed to validate a real-time economic dispatch model for
integrated energy and water systems. The study also utilized machine learning techniques
to solve the optimization problem efficiently.

Researchers have proposed strategies to optimize integrated water—electricity sys-
tems. A three-step approach improved computational efficiency, cutting curtailment and
operational costs by over 50% [11]. Optimal tank design and joint energy—water storage
enhanced flexibility and water quality [12,13], while a robust data-driven model improved
peak load handling and uncertainty management [14]. Transfer delay modeling using
electrical-water analogies also supported wind integration [15]. Solar-powered pumping
with battery storage improved control performance [16], and standalone PV systems en-
abled crisis-resilient water supply [17]. Smart meters and 5G supported real-time pump
energy reduction and water quality assurance [18]. An integrated nexus model showed the
role of water storage in energy planning [19]. Metaheuristic optimization minimized pump
energy use while maintaining water standards [20]. IoT-enabled smart tanks enhanced
monitoring, leakage detection, and control [21]. Based on a Neuro fuzzy logic algorithm,
optimal energy management of the system of batteries and wind turbines for supplying
water pumping has been suggested in [22]. Additionally, in [23], the authors proposed a
Takagi-Sugeno fuzzy model for the optimal energy management of a hybrid system that
consists of a photovoltaic system, a wind turbine, and a battery for supplying water to
a rural region without access to the main grid. A mixed integer nonlinear programming
approach was proposed in [24] for optimizing the management of water and energy inte-
gration as a virtual power plant model for an irrigation system. A machine-learning-based
optimal pump operation scheduling model was proposed in [25], taking into account
dynamic load fluctuations, electricity prices, and the technical constraints of the system.
An economic model predictive model was proposed in [26] for estimating the optimal
scheduling for seawater pumping systems, utilizing demand-side management, batteries,
and solar energy for load shifting as well as peak shaving. For convenience, Table 1 is
presented below to compare our proposed work with state-of-the-art studies.
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Table 1. Comparison of state-of-the-art studies with this work.

Paper (Ref.) Optimisation/Control Method Closed-Loop  Grid-Voltage Price/DR  Storage Modelled ]\ilzﬁzr;:?::tal/
[3] MINLP, day-ahead co-optimization — — v Water tanks —

[4] Hybrid PV/wind sizing — — v Battery —

[5] Conceptual flexibility model — — v Water tanks —

[6] MILP, day-ahead scheduling — — v Water tanks —

[7] MILP, day-ahead scheduling — — v Water tanks —

[8] Nonlinear conjunctive optimization — — v Water tanks —

[9] MILP, micro WEN — — v Battery + tanks —

[10] Data-driven economic dispatch ~ — v Tanks HIL bench
[11] Three-step cost minimization — — v Tanks —

[12] Tank-size optimization — — — Water tanks —

[13] Joint electricity—water storage sizing — — — Battery + tanks —

[14] Two-stage robust optimization — — v Battery + tanks —

[15] Delay-aware scheduling — — v Tanks —

[16] MPC for PV-pump ~ — — Battery Lab

[17] Stand-alone PV sizing — — — Battery Field (crisis)
[18] MILP with water-quality limits — — v Tanks —

[19] Integrated E-W-F resource planning — — — Water storage —

[20] Meta-heuristic pump scheduling — — v — —

[21] IoT monitoring/control — — — — Prototype
[22] Neuro-fuzzy EMS ~ — — Battery —

[23] Takagi-Sugeno EMS ~ — — Battery —

[24] MINLP virtual power plant — — v Battery —

[25] ML pump scheduling — — v — —

[26] Economic MPC, seawater pumps ~ — v Battery Simulation
This Paper MILP + EKF + MPC v v v Water Tank Industrial field data

v Feature is included in the study. ~ Partially addressed or limited support.

While prior demand-response research within the water—energy nexus has predomi-
nantly focused on either economic scheduling or advanced control and monitoring, few
studies have addressed a fully integrated, real-time, closed-loop architecture that com-
bines both aspects. This paper proposes and validates a closed-loop, grid-aware energy
management scheme for an industrial saltwater pumping facility in Denmark. The pro-
posed method consists of three key steps: First, an EKF reconstructs tank levels, flow
rates, and busbar voltage from noisy or incomplete SCADA data. Then, in the second step,
a mixed-integer linear programming (MILP) model is developed to co-optimize pump
on/off schedules based on 24 h electricity price forecasts, incorporating both hydraulic and
voltage-band constraints. Finally, in the third step, a hourly receding-horizon MPC layer
continuously updates and resolves the MILP using the latest state estimates. The main
contributions of this study are as follows:

1. The objective function incorporates quadratic penalties on deviations from real-time
EKF state estimates, ensuring that the economic optimizer does not propose hy-
draulically or electrically infeasible actions even in the presence of sensor drift or
failure.

2. Voltage-band constraints are co-optimized alongside pump operations, transforming
the water process from a passive price-taker into an active asset within the distribu-
tion grid.

3. A unified linearized model simultaneously represents tank mass balances and nodal
voltage behavior, enabling integration of hourlyl optimization with second-level
dynamic simulation.

The remainder of the paper is structured as follows: Section 2 describes the method-
ological framework and the Danish industrial saltwater pumping case study, including the
integration of dynamic electricity pricing and real-time grid analysis. Section 3 elaborates
the mathematical formulation, highlighting how the MILP model and EKF are employed to
enable real-time state estimation and grid-aware scheduling. Section 4 presents simulation
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results, highlighting cost savings, voltage stability, and system flexibility, and illustrates
the model’s potential for active industrial participation in smart grid operations. Section 5
concludes with key findings.

2. Materials and Methods

The primary objective of this study is to optimize the operational strategy of a saltwater
distribution system located in Denmark, in order to minimize both energy consumption and
operational costs while simultaneously ensuring system flexibility and grid stability. This
Danish case study exemplifies the nation’s progressive approach toward sustainable and
smart industrial energy use. The optimization strategy is achieved through the integration
of advanced state estimation techniques—specifically the EKF—to accurately estimate
real-time water flow rates and tank levels. Furthermore, the optimization framework
incorporates real-time electricity pricing signals, enabling the system to dynamically adjust
pump operations in response to grid demands, thus supporting Denmark’s broader goals
for intelligent demand-side management.

2.1. Description of Saltwater Distribution System

The saltwater distribution network comprises four interconnected tanks designed to
supply water from the sea to an industrial aquaculture facility. The saltwater distribution
network used in this study is shown in Figure 1. The system’s flexibility and control respon-
siveness are evaluated based on this configuration, which serves as a representative example
of Denmark’s potential for integrated water-energy optimization in coastal industries.
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Figure 1. Schematic representation of the saltwater distribution network comprising four intercon-
nected tanks: storage, buffer, aquaculture industry, and secondary tank. The diagram highlights the
pump layout and flow directions used in the MILP-based optimization. This setup is used to evaluate
system flexibility, energy efficiency, and control responsiveness in a real industrial context.

Tank 1, designated as the storage tank, serves as the primary reservoir, collecting water
directly from the sea. The water level in this tank varies according to gravitational inflows
influenced by tidal conditions.

Tank 2, referred to as the buffer tank, is supplied with saltwater from the storage
tank via two electrically driven centrifugal pumps. Each pump has a rated capacity of
250 m3/h and consumes 22.5 kWh under full operational load. The buffer tank serves
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as an intermediary node, regulating water flow to downstream units while mitigating
flow variability.

Tank 3, identified as the aquaculture industry tank, receives water exclusively from
the buffer tank. This tank supplies the aquaculture process directly, thus maintaining a
continuous and stable inflow that is essential to prevent operational disturbances in the
industrial system.

In parallel, a secondary tank is also connected to the buffer tank. This unit has a
relatively constant water demand, maintained within the range of 15 to 20 m3 /h throughout
the operational period. Furthermore, the aquaculture industry tank and secondary tanks
are modeled as fixed-load units with time-dependent water consumption profiles. Their
demand is treated as an external input, rather than an optimization variable.

2.2. Optimization Framework of Saltwater Distribution System

To minimize energy costs while ensuring safe and reliable operation, we propose an
optimization framework that jointly optimizes pump scheduling and water flow dynamics
in a saltwater distribution system. The framework integrates MILP for pump scheduling
(see Equation (1)), EKF for real-time state estimation of critical variables such as tank
water levels (L, (t), Ls(t), Ly(t)), flow rates (Q1(t), Q»(t)), and voltage magnitude (V(t))
(Equations (17)-(20)), and MPC for closed-loop control that adapts to disturbances and
future system behavior using the estimated states and optimized trajectories (Equation (16)).

The optimization process is constrained by a set of operational and physical limi-
tations to ensure safe and efficient system performance. These include the enforcement
of minimum and maximum allowable water levels for each tank (buffer: L, (t), storage:
Ls(t), aquaculture: L;(t)) to prevent overflow or dry-out conditions (Equations (5)-(7)), as
well as adherence to pump capacity limits and ramping constraints (Q; (t), Q2(t), P;(t))
(Equations (8), (9), (12) and (13)).

Additionally, the framework incorporates real-time electricity pricing signals A(t) that
vary dynamically over the optimization horizon, allowing for cost-effective scheduling. Mass
balance equations are also applied to govern the inflow and outflow dynamics at each tank
node, ensuring hydraulic consistency across the distribution network (Equations (2)—(4)).

For each time step, the EKF first estimates the current system states. These estimates
are then passed to the MILP module, which computes the optimal pumping schedule.
Finally, the MPC utilizes the MILP-generated trajectories and EKF outputs to determine
and issue control actions (P;(t), P,(t)) for the next time interval, ensuring closed-loop
implementation and adherence to system constraints (Equation (16)).

To assess the effectiveness of the proposed optimization and control architecture,
two simulation scenarios are considered. In the first, a baseline case is implemented,
representing business-as-usual operation with static pump schedules and no real-time
optimization. In contrast, the optimized scenario incorporates the full integration of MILP-
based scheduling, EKF-based state estimation, and MPC for dynamic real-time control. The
MILP problem is formulated and implemented using the Pyomo optimization framework
and solved using the open-source CBC (Coin-or branch-and-cut) solver, enabling a practical
evaluation of the model’s performance in achieving cost efficiency, voltage stability, and
operational flexibility under real-world conditions. The Algorithm 1 and the mathematical
equations used in the algorithm are given below.
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Algorithm 1 MPC Optimization Framework with EKF and MILP

1: Input: Time-series SCADA data: Py yess(t), P2 meas(t), tank inflows/outflows,
Qconsume(t), Quist, voltage readings, electricity prices

2: Output: Optimized control actions: Py (t), Po(t), Q1(t), Qa(t), Ly(t), Ls(t), Ly(t), V (1),
E(t), C(t)
State Estimation via EKF

3: Initialize EKF state vector:

X(0) = [Lp(0), Ls(0), La(0), V(0), Ly (0), Ls (0), La(0), V(0)] T

4: for each time step t do

5. Predict next state: X(t+1[t) = AX(t) + BU(t)

6:  Update using measurements: Y (t) = CX(t) + W(t)
7. Output estimated states: Ly, (t), Ls(), Ly (t), V(¢)

8:

end for

MPC Optimization using MILP
9: for each control interval t = 1to T do
10: Define decision variables:
Pump setpoints: P (t), P>(t) € [0,100]
Flow rates: Q1 (¢), Qa(#)
Tank volumes/levels: V}, V5, V;, Ly, Ls, Ly
Reactive power: Qreactive ()
Optimized voltage V (t)
Energy: E(t), Cost: C(t)
11: Add constraints:
Qi = % - Qmax

e Tank mass balances from flow dynamics

e  Level-volume relations: L, = % for each tank

e Estimated voltage: V(t) included directly
e Voltage limits: 0.95 < V(¢) < 1.05
*  Runtime and ramp constraints on P;, P,

12: Minimize objective:

min |C(t) +a - E(f) + By - zp(t) + Bs - zs(f)

+ B4 'Zd(t) +6- Zv(f)

13: Solve MILP and apply control actions
14: end for
15: Return: Optimized control trajectories and predicted states

3. Mathematical Formulation for MILP and EKF

Building on the system architecture and optimization framework presented in
Section 2, the following section formalizes the mathematical foundation used to implement
MILP and EKF for real-time grid-aware energy management.

3.1. Mathematical Integer Linear Programming

The objective of the MILP (Equation (1)) is to minimize the total operational cost while
ensuring energy efficiency, demand fulfilment, and grid stability. To reflect the Model
Predictive Control (MPC) structure used in this study, the complete cost over the prediction
horizon is formulated as
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to+T
min ) [C(t) +a-E(t) + By - zp(t) + Bs - 25(t) + Ba - za(t) + 6 - zo(t) @)
t=ty
Here, T denotes the time horizon and the auxiliary variables z(t), zs(t), z4(t), zo (1)
approximate the squared deviations:

a

zy(t) = (Ly(t) — Ly(t))?,  and similarly for z(t), z4(t), 2o (t)

represent the linearized deviations used to maintain MILP tractability. Equation (1) corre-
sponds to the objective evaluated at a single time step t and is solved in a receding-horizon
fashion across the window [f, fo + T| at each control interval.

*  C(t): Operational cost at time step ¢, computed based on energy consumption and
electricity price.

e E(t): Total energy consumed at time f, derived from pump operation decisions.

o Ly(t), Ls(t), Ly(t): Estimated water levels of the buffer tank, storage tank, and aqua-
culture tank at time ¢, respectively.

e Ly(t), Ls(t), Ly(t): Optimized decision variables for tank levels at time ¢.

e V(t): Estimated voltage at time f.

e V(t): Optimized voltage decision variable at time .

e a: Weighting coefficient for energy consumption.

* By, Bs, Ba: Weighting coefficients for the buffer, storage, and aquaculture tank level
deviations, respectively.

e §: Weighting coefficient for voltage deviation penalty.

1.  Mass Balance Constraints are given in Equations (2)—(4).

_ Vouffer(t+1) = Voufter (t)

Q1 (#) — (Q2(t) + Qaist (1)) A )
V uaculture t + 1 - V uaculture t

QZ(t) - Qconsume(t) = A L ( A)t A9 L ( ) (3)

Qun(t) = Lol F 1) = Vol @

*  Vhuster(t), Vaquaculture(t), Veec(t): Water volumes in buffer, aquaculture, and sec-
ondary tanks.
*  Quist(t), Qconsume (f): Outflow from secondary stream and demand from aquaculture.

2. The Water Level Constraints are given in Equations (5)—(7).

Linin < Ly(t) < Lia )
fnin < Ls(t) < Lfnax (6)
Ltrinin < Ld(t) < L‘rinax (7)

e Ly(t), Ls(t), Ly(t): Water levels at time f for buffer, storage, and aquaculture tanks.
. Lx

mins Lmax: Minimum and maximum allowable levels.

3. The Pump Constraints are given in Equations (8) and (9).

0 S Ql(t)/ QZ(t) S Qmax (8)
Pi(t) € {0,1}, Vie{1,2} )

Qmax: Maximum pump flow rate.
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The Energy Consumption Calculation is given in Equation (10).

Eunit: Energy consumption per pump operation.

The Energy Efficiency Constraints are given in Equations (11)—(13).

Qi(t) > Qmin . Pi(t)/ Vi e {1,2},Vt

si(t) = Pi(t) = Pi(t = 1), si(t) = Pi(t—1) = Pi(t), si(t) < Smax
t+ﬁnin Pi(k) > Tmin - Pi(t), Vie{1,2}

k=t

Qi (t): Flow from pump i, linearly dependent on binary state.
si(t): Auxiliary variable to linearize switching constraint.
Qmin: Minimum flow when pump is active.

Tinin: Minimum runtime once activated.

Smax: Max switching rate between time steps.

(10)

(11)
(12)

(13)

The Energy Consumption and Cost Constraints are given in Equations (14) and (15).

o= Zt:E(t) - (A(E) + Atransp (1))

Ql(t) + QZ(t) < Qmax

(14)

(15)

Conditions: If A(t) < Aoy and if A(f) > Apeqi are handled using binary variables

and logic constraints (not written here due to MILP scope). Here, A}y, is the threshold for

low-price classification and A,k is the threshold for peak-price classification

A(t): Electricity price at time ¢.

Atransp (£): Transmission price at time .
C: Total cost of electricity consumption.
Qmax: Max combined flow rate.

The Voltage Constraints for grid stability are given in Equation (16).
Vinin < V(t) < Vinax, Vt

Vinin, Vmax: Permissible voltage limits (e.g., 0.95-1.05 p.u.).
V(t): Voltage at time t.

3.2. State Estimation via EKF

1.

The State Transition Model Equations are given in Equations (17)—(19).

X(t+1) = AX(t) +BU(t) + W(t), W(t) ~N(0,Q)

_éb(t)
X(t) = [Qu(t)
| Qa(t)
o3

110
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2. The Measurement Model is given in Equation (20).
Y(t) = CX(t) + M(t), M(t) ~N(0,R) (20)

e X(t) represents the estimated state variables (buffer tank level and pump flow rates).
e U(t) represents the control inputs (pump activation).

e W(t) and M(t) represent process and measurement noise, respectively.
The system matrices are defined as follows:

e A e R"™: State transition matrix describing the evolution of water levels and voltage.
* B e R"™"™: Control input matrix mapping pump actions to state changes.
e C e RP*": Observation matrix mapping system states to measured outputs.

The exact values of these matrices were derived from linearization of the physical
dynamics around nominal operating points. The noise covariance matrices Q € R"*" and
R € RP*? model process and measurement uncertainties, respectively.

The process noise covariance matrix Q and the measurement noise covariance matrix
R were calibrated based on historical SCADA data variability. Specifically, Q was tuned
to reflect slow changes in tank levels and voltage, while R was selected based on sensor
accuracy specifications and empirical measurement noise distributions. A sensitivity
analysis confirmed that these values offered stable convergence and reliable estimation
performance under typical operating conditions.

Although the system exhibits mild nonlinearities, the Extended Kalman Filter (EKF)
was selected for its computational simplicity and real-time feasibility within industrial
controllers. In our tests, the EKF produced stable and accurate estimates under typical load
conditions. Nevertheless, for systems with stronger nonlinearities or fast dynamics, an
Unscented Kalman Filter (UKF) could offer performance advantages. We highlight this as
a direction for future work.

4. Simulation Results

4.1. Economic Benefits of Dynamic Pricing
4.1.1. Cost Dynamics Under Time-Variant Electricity Pricing

Figure 2 illustrates a 27% reduction in normalized energy cost achieved through MILP
optimization. Pump operations are scheduled during low-tariff periods (electricity price
A(t) < 1.66 ore/kWh + 6.1 ere/kWh) [27,28], while fulfilling the aquaculture tank demand
and maintaining grid voltage within 0.95-1.05 p.u. The cost savings are computed by
comparing the total energy cost of the system under optimized operation to that of the
baseline, using a normalized cost index over a 24 h period. This demonstrates the economic
advantage of dynamic pricing over the baseline scenario.

To further characterize cost efficiency, Figure 3 presents the hourly percentage cost
savings resulting from the optimized schedule. Savings range from 12% to 48%, with the
maximum reduction observed between 01:00 and 06:00—a period coinciding with off-peak
tariffs. The schedule maintains system constraints, ensuring a continuous inflow rate
of 250 m3/h and voltage stability within 0.95-1.05 p.u., thereby validating the temporal
economic effectiveness of dynamic pricing.
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Comparison of Operational Cost Under Baseline and MILP-Optimized Scenario
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Figure 2. Evaluation of normalized operational costs under baseline and MILP-optimized scenarios.
A 27% cost reduction is observed by shifting energy usage to low-tariff periods, satisfying an
aquaculture demand of 250 m?/h and maintaining voltage limits of 0.95-1.05 p.u. Blue areas indicate
cumulative cost of optimized operation; Orange areas indicate cumulative cost of baseline operation.
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Figure 3. Hourly percentage cost savings with MILP optimization. Savings range between 12%
and 48%, with peak savings occurring between 01:00 and 06:00 during low-tariff hours. System
operational constraints are satisfied throughout.

4.1.2. Temporal Shifting of Energy Consumption

Figure 4 compares the relative hourly energy consumption profiles of the baseline and
MILP-optimized strategies. The optimized schedule shifts demand to low-tariff periods
between 01:00 and 06:00, reducing consumption during high-cost hours. This redistribution
supports cost minimization while satisfying flow and voltage constraints.

Figure 5 presents the hourly percentage energy savings attained through MILP-based
optimization. Savings peak during early morning hours (01:00-06:00), coinciding with
low electricity tariff periods. This validates the optimization’s effectiveness in minimiz-
ing energy use during expensive intervals, contributing to overall cost efficiency while
maintaining operational constraints.
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Energy Comparison between Baseline and Optimized
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Figure 4. Relative hourly energy consumption under baseline and MILP-optimized scenarios. The

optimized schedule reallocates load to early morning hours (01:00-06:00) when electricity tariffs

are lowest, minimizing operational cost while meeting process and voltage requirements.Blue areas
represent the energy savings achieved from the baseline to the optimized scenario.
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Figure 5. Hourly percentage energy savings with MILP optimization. Peak savings occur between
01:00 and 06:00, aligning with low-tariff periods. The optimization effectively reduces consumption
during high-cost hours, contributing to overall operational efficiency.

4.2. EKF and Grid Stability
4.2.1. EKF State Estimation vs. Actual Energy Demand

Figure 6 presents a comparative analysis between the actual measured volume demand
of the aquaculture tank and the estimated volume generated by the EKF. The estimation
closely tracks the actual demand across all 24 h, demonstrating the robustness of the EKF
in capturing dynamic system behavior.
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State estimation of Volume of Aqua Culturelndustry Tank using EKF vs. Actual Volume m?
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Figure 6. State estimation of aquaculture tank volume using EKF versus actual demand. The EKF accu-
rately tracks the actual volume trajectory throughout the day, supporting predictive control strategies.

The demand profile exhibits pronounced peaks during early operational hours
(06:00-08:00 and 17:00-19:00), which are effectively captured by the EKF. Minor devi-
ations are observed during abrupt load transitions, which are typical in systems with
nonlinear demand fluctuations. Despite this, the EKF maintains an average estimation
error of less than 5%, validating its suitability for real-time energy management and pre-
dictive scheduling. The dataset exhibited minimal data loss—2% in the aquaculture and
buffer tanks and 1% in the storage tank. The Extended Kalman Filter (EKF) maintained
low estimation errors, with signal-to-noise ratios as low as 0.01002 m?. The limited sample
size may have influenced these results.

This high fidelity for state estimation enables proactive adjustments in energy procure-
ment and consumption strategies, ultimately enhancing the responsiveness and economic
viability of the dynamic pricing model.

4.2.2. Voltage Stability During Peak Load

The MILP-optimized schedule, integrated with MPC, ensures voltage deviations
remain within 0.95-1.05 p.u., even during peak demand hours. As shown in Figure 7, the
voltage profile is consistently maintained between 0.95 and 1.05 p.u. over the 24 h period.

Critical demand windows—06:00-08:00 and 17:00-19:00—exhibit no limit violations,
demonstrating the MPC'’s ability to preemptively adjust control actions. This grid-aware
strategy sustains power quality, system reliability, and supports cost-efficient operations
under dynamic pricing.

4.3. Industrial Flexibility and Operational Optimization
4.3.1. Pump Operation Schedule

After solving the MILP, Figure 8 illustrates the 24 h scheduling of pump setpoints
under optimized and baseline conditions. The optimized profiles for Pump 1 and Pump 2
show dynamic adjustments that align with demand, lowering setpoints during off-peak
hours and increasing them during peaks. Compared to the static baseline, this flexible
operation smooths energy use and enhances efficiency, demonstrating the benefits of
MILP-based scheduling.
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Voltage Stability under Optimization
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Figure 7. Voltage profile of the industrial saltwater distribution system under the MILP-based
optimization framework. The voltage levels are maintained consistently within the operational
bounds of 0.95-1.05 p.u. across the entire 24 h simulation period, even during high-demand windows
such as 06:00-08:00 and 17:00-19:00. This outcome highlights the efficiency of the integrated MILP-
MPC-EKF control strategy in ensuring voltage stability despite dynamic electricity pricing and
variable load conditions.Yellow areas denote the peak demand hours of the day.
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Figure 8. Optimized vs. baseline pump setpoint scheduling over a 24 h period. The MILP-based
real-time optimization dynamically adjusts pump setpoints—lowering them during off-peak hours
and increasing them during peaks—unlike the flat baseline schedule. This flexible operation leads to

smoother energy use and improved efficiency.

4.3.2. Operational Stability of the Tanks and Water Flow Rate Adjustments

The performance of the saltwater distribution system was evaluated over a 24 h period
under both baseline and optimized control strategies. Figure 9 shows the water level profile
of the storage tank. Under baseline conditions, the level fluctuates up to 5.0 m, while the
optimized control strategy maintains a narrower range between 4.0 and 4.5 m, indicating
more consistent level regulation.
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Storage Tank Level Baseline vs Optimized
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Figure 9. Storage tank levels under baseline and optimized conditions. Optimization maintains a
controlled range of 4.0-4.5 m, whereas the baseline shows unstable behavior near 5.0 m.

Similar behavior is observed in the buffer tank, as illustrated in Figure 10. The
optimized control maintains levels within a tight range of 3.9—4.0 m, whereas the baseline
exhibits more variability, oscillating around 4.2 m. Reduced fluctuation in the buffer tank
contributes to more stable downstream supply and smoother overall system dynamics.
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Figure 10. Comparison of buffer tank water levels under baseline and optimized conditions. The
baseline shows greater fluctuations around 4.2 m, whereas the optimized strategy maintains a stable
range of 3.9-4.0 m.

The aquaculture industry tank, which is sensitive to flow variability, demonstrates
more adaptive behavior under optimized control. As shown in Figure 11, the water level
dynamically adjusts between 1.0 and 3.8 m in response to process demands. In comparison,
the baseline maintains a steady level near 3.5 m, which, while stable, may result in reduced
flexibility or unnecessary overfilling.
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Aqua culture Industry Tank Level Baseline vs Optimized
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Figure 11. Comparison of aquaculture tank water levels under optimized and baseline conditions.
The optimized strategy dynamically adjusts the level between 1.0 and 3.8 m based on demand, while
the baseline remains near 3.5 m, leading to inefficiencies.

Pump operation also exhibits notable differences across the scenarios. Figure 12 shows
the hourly flow rates of Pump 1 and Pump 2. Under baseline operation, flow rates remain
nearly constant around 180 m?/h, reflecting static scheduling. In contrast, the optimized
strategy allows flow to vary between 40 and 240 m?/h, enabling responsive adaptation to
real-time water demand and electricity price fluctuations. This results in improved energy

efficiency and operational flexibility.

Hourly Pumps Flow Rate With Optimization and Without Optimization

250 - mmmmmm s R S : T
w LT
z |
= i
B 150}
s |
s |
& ! '
= 100]; 5
S | £
= \ i
—— Pump 1 Flow Opt
504 Pump 2 Flow Opt
------ Pump 1 Flow No Opt
ol Pump 2 Flow No Opt

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time of Day

Figure 12. Hourly pump flow rates with and without optimization. Optimized flow ranges from

40 to 240 m3/h, dynamically adjusting to system demand. Baseline operation stays near 180 m3/h,

showing minimal flexibility.

Overall, the integration of EKF state estimation, MPC, and MILP optimization con-
tributes to more stable tank operations and flexible, energy-conscious pump control, which
are beneficial for reliable and efficient industrial water distribution.

Table 2 summarizes key performance metrics comparing the baseline and optimized
scenarios. The proposed framework improves energy efficiency, enhances voltage stability,
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and enables adaptive control of water distribution, supporting cost-effective and grid-
responsive industrial operation.

Table 2. Comparison of key performance metrics between baseline and optimized scenarios.

Metric Baseline Optimized (MILP + EKF + MPC) Improvement

Energy Cost (Normalized) 1.00 0.73 27% Reduction
Voltage Range (p.u.) [0.94, 1.06] [0.95, 1.05] Regulatory-compliant
Pump Flow Rate (m3/h) Constant 180  Adaptive [40-240] Load shifting enabled
Storage Tank Level (m) Up to 5.0 4.0-4.5 Reduced fluctuation
Buffer Tank Level (m) 4.2 (variable) 3.9-4.0 More stable
Aquaculture Tank Level (m) 3.5 (flat) 1.0-3.8 (adaptive) Responsive to demand

The simulation results have tangible implications for industrial stakeholders. The
27% energy cost reduction not only demonstrates economic viability but also reflects how
real-time control systems can actively participate in grid-responsive programs. Maintaining
voltage within regulatory limits ensures compliance and enhances power quality. Moreover,
the ability to modulate pump flow and tank levels responsively offers improved resilience
against supply fluctuations and demand surges, which is critical for ensuring uninterrupted
operation in sectors like aquaculture and water distribution systems.

5. Conclusions

This study presents a flexible and grid-aware optimization framework integrating
MILP, EKF, and MPC for industrial energy management in a Danish saltwater distribution
system. By leveraging dynamic pricing and real-time grid analysis, the system enables
adaptive pump scheduling, achieving a 27% cost reduction while maintaining voltage
stability and operational safety. Designed within the context of Denmark’s smart grid
and sector-coupling ambitions, the framework demonstrates how predictive control and
accurate state estimation can enhance system flexibility and responsiveness to tariff fluctua-
tions and demand variations. These findings underscore the role of industrial flexibility in
Denmark as a key enabler of cost-efficient, grid-supportive, and sustainable participation
in future energy systems. While the framework shows strong potential, the current model
assumes fixed pump parameters and tariff structures, which may not fully capture the
operational diversity encountered in real-world deployments. It also does not yet account
for the potential impact of state estimation uncertainty on control performance. Moreover,
its scalability to larger, multi-site industrial systems remains to be explored. As directions
for future work, we intend to evaluate the model’s performance under varying electricity
tariff regimes (e.g., real-time pricing), different pump sizing configurations, and a range
of estimation error conditions. We also aim to explore integration with renewable energy
forecasts and distributed control architectures to support real-time, resilient industrial
energy management. Future work will also explore the application of Unscented Kalman
Filters (UKF) to further improve estimation accuracy in the presence of nonlinear system
dynamics. Finally, the modular design of the framework enables potential scalability
to multi-site systems and adaptation to other process-driven sectors such as wastewater
treatment and food processing.
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Abstract: Electromagnetic and magnetic devices are increasingly prevalent in sectors such
as transportation, industry, and renewable energy due to the ongoing electrification trend.
These devices exhibit nonlinear behavior, particularly under signals rich in harmonics.
They require precise and appropriate modeling for accurate sizing. Identifying model-
specific parameters, which depend on frequency, is crucial. This article focuses on a
specific frequency range where a circuit model with series resistance and inductance,
along with a parallel resistance to account for iron losses (Riron), is applicable. While the
determination of series elements is well documented, the determination of R;;o,, remains
complex and debated, with traditional methods neglecting operating conditions such as
magnetic saturation. To address these limitations, an innovative experimental method
is proposed, comprising two main steps: determining the complex impedance of the
magnetic device and extracting Rron from the model. This method aims to provide a more
precise and representative estimation of Rj;on, improving the reliability and accuracy of
electromagnetic and magnetic device simulations and designs. The obtained values of the
iron loss equivalent resistance are different by at least 300% than those obtained by an
impedance analyzer. The proposed method is expected to advance the understanding and
modeling of losses in electromagnetic and magnetic devices, offering more robust tools for
engineers and researchers in optimizing device performance and efficiency.

Keywords: winding; impedance measurement; iron losses; data processing

1. Introduction

Electromagnetic and magnetic devices are now widely used in our increasingly elec-
trified world. They are especially important in transportation, industry, and renewable
energy sectors. These devices are essential for the operation of electric motors, transformers,
and power conversion systems. Their reliability and performance have become critical in
modern applications [1-4]. In these applications, the nonlinear behavior of electromagnetic
and magnetic devices is particularly pronounced in the case of being powered by electric
signals rich in harmonics. This nonlinearity complicates the correct sizing of these devices,
making it imperative to use a precise and well-adapted modeling approach [5].

To ensure the accuracy of the circuit models used for these devices, it is necessary to
identify model-specific parameters, which typically depend on frequency [6-8]. For the
scope of this article, the focus is limited to a specific frequency range of [4 kHz-300 kHz]
where a circuit model with a series resistance representing copper losses and a series

Energies 2025, 18, 4099 https://doi.org/10.3390/en18154099
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inductance is applicable [9,10]. Additionally, a parallel resistance to this inductance is used
to model the iron losses of the magnetic material in the device [5,10-14].

The determination of the parameters for this model, particularly the series elements
such as resistance and inductance, is well known and documented in the scientific litera-
ture [6-8,15,16]. However, the determination of the equivalent resistance for iron losses,
termed Rj;op, is more debated and complex. Various methods can be used to determine
Riron: analytically, by simplifying the device’s geometry; by approximation using complex
magnetic permeability and finite element analysis [9,11,15,17]; or by direct setting using an
impedance analyzer measurement [6,11].

Each of these methods has notable limitations, mainly because the system’s operating
conditions—temperature, magnetic saturation, and other specific factors—are not consid-
ered. As a result, the values obtained for R;.,, may lack precision and fail to accurately
represent the actual performance of the device under normal operating conditions.

To address these shortcomings, an experimental measurement method that considers
the operating point of the electromagnetic of magnetic device is proposed. This innovative
approach takes place in two major steps. First, the complex impedance of the electromag-
netic of magnetic device is determined while it is operating. This phase enables a more
precise capture of the device’s frequency response characteristics.

Secondly, the value of Ry, is determined by using the circuit model, the complex
impedance values, and the copper resistance, as seen in Figure 1. This method aims to
provide a more precise and representative estimation of the equivalent resistance for iron
losses by directly integrating the effects of the device’s operating conditions. Consequently,
the resulting model is more reliable, thus improving the performance and accuracy of
electromagnetic and magnetic device simulations and designs. This new experimental
method should lead to advancements in the understanding and modeling of losses in
electromagnetic devices.

i(t)

RCopper

@D | vy

L Riron

Figure 1. Equivalent circuit model of an electromagnetic or magnetic device used at low to medium
frequencies where the inductive effect is predominant.

2. State of the Art

The determination of an equivalent resistance representing iron losses in electromag-
netic and magnetic devices has been an important topic in electrical engineering and
materials science for many years. Early studies used simple methods, usually based on
direct measurements with single-frequency (typically sinusoidal) signals. These early tech-
niques provided only a basic understanding of iron losses. Understanding this parameter is
essential for optimizing the performance of electrical machines, transformers, and inductors
used in DC-DC converters, aiming to improve their energy efficiency and reliability [13,18].

With the development of more complex electrical systems and the widespread use of
power electronic converters, researchers have improved their methods. Modern research
now uses advanced tools, such as impedance analyzers, and applies sophisticated analytical
and modeling approaches. These advances allow for a more precise and detailed evaluation
of iron losses in magnetic materials.
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The continuous development of these methods demonstrates both the increasing
technical requirements for magnetic components and the improved knowledge of how iron
losses depend on nonlinear behavior and frequency.

2.1. Historical Approach

The historical approach involves determining the total iron power losses of the model.
Extensive research has been conducted in this area, enabling electrical machine designers
to accurately calculate and predict these total iron power losses and improve the efficiency
of their design [10,19-21]. Another method involves directly determining the equivalent
resistance of iron losses using the iron losses themselves [8,16,22].

Nonetheless, these studies face limitations due to the applicability of iron power
loss formulas predominantly only at very low frequencies [16]. The maximum studied
frequency was often in tenths of a kilohertz, which is not applicable to broad harmonic
signals, as shown in Figure 2.
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Figure 2. Determination of the iron loss equivalent resistance by [8] (A) and of an iron power losses

by [21] (B).

Moreover, these determination methods require specific expensive equipment, such as
a sinusoidal variable frequency power supply and the corresponding sensors, in order
to perform the necessary measurements. The frequency range that the power supply
can provide is also a limiting factor and is often the reason why the maximum frequency
studied is so low. These methods properly check how different frequencies affect iron losses
because their sensors only work well at low frequencies. They are unable to show which
frequency ranges cause the most energy loss in the electromagnetic and magnetic device.
As a result, they do not give the full picture of iron losses under real, varied conditions.

2.2. First Resonance Frequency Measurement

The conventional technique associates the determination of the resistance of iron losses
with impedance measurements performed at the first resonance frequency of the device.

Toudji et al. and Grandi et al. have used this type of circuit model, which is equivalent
to the low to medium frequency in Figure 3 [11,23].

Using an impedance analyzer such as the HP4300 series from Agilent Technologies,
Santa Clara, CA, USA, they extracted the impedance measurements of their respective
devices. They then fixed the iron loss equivalent resistance value called “Rp” in their
figure directly to the measured impedance value at the first frequency resonance, as shown
if Figure 4.

123



Energies 2025, 18, 4099

Ity

to adjacent tumns

Pl RFZ I
AW MW
G Ra = Rez
° {—ww { v . .
LiM Ry LM, Ry 3 g
= B §
(a) (b)
Figure 3. Equivalent circuit model used by [23] (a) and [6] (b). The equivalent iron loss resistance is
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Figure 4. Absolute impedance of the magnetic device measurement by [23] (a) and [6] (b).
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Although this method is widely accepted for its simplicity, it presumes a constancy of
resistance beyond this frequency, which may not be relevant for some devices operating
under complex dynamic regimes or exposed to atypical conditions, such as high levels of
saturation or magnetic disturbances [6,11,23].

2.3. Complex Magnetic Permeability

The extraction of resistance through complex magnetic permeability offers another
alternative. Examples of use of this method have been provided by Ruiz-Sarrio et al. and
Cuellar et al. [7,15,24].

In their papers, the authors present the same method of determination. First, they cal-
culate the relative magnetic permeability of their magnetic devices under DC conditions.
Further calculations then transform this into complex frequency-dependent magnetic per-
meability, taking into account the eddy currents within the laminations of the magnetic
device. The imaginary part of this complex magnetic permeability is then used to determine
the equivalent resistance of iron losses, as shown in Figure 5.

The limiting factor of this method is the fact that the complex magneticity does
not consider the hysteresis effect affecting the magnetic device, which contributes to the
nonlinearity [15]. Furthermore, an impedance measurement can also be used to extract the
complex magnetic permeability in some cases, adding to the criticism in Section 2.2 [15].
Because of this, the results may not match real performance, making them less useful for
designing and modeling actual devices.
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Figure 5. Determination of the complex magnetic permeability by [24] (a) and [25] (b).

2.4. Limits of These Methods

The existing methods have certain limitations, as they do not fully represent the real
operating conditions of electromagnetic and magnetic devices. For example, measuring
the first resonance frequency at low signal levels does not account for important effects
such as magnetic saturation and hysteresis. Additionally, calculations of complex mag-
netic permeability—which are used to estimate the iron loss equivalent resistance—are
often based on simplifying assumptions. These assumptions usually ignore the effects
of hysteresis.

For these reasons, we propose an experimental measurement approach that takes all of
these physical effects into account. This method should allow a more precise measurement
that the impedance analyzer in a respectable amount of time.

3. Measurement and Estimation Method

This method is based on the evaluation of the complex impedance of a magnetic device
fed with a switching power supply corresponding to an operating point. Then, a rich,
harmonics-broadband voltage signal will excite the magnetic device.

3.1. Method Description

To analyze the frequency response near the nominal operating point, the wound
device is supplied using a voltage pulse characterized by a low duty cycle to ensure a broad
harmonic spectrum.

The method’s effectiveness is demonstrated through a MATLAB Simulink 2022b
simulation featuring a circuit with constants such as copper resistance, inductance, and
iron loss equivalent resistance, shown in Figure 1, given in the Section 1. A voltage pulse
generator supplies the circuit, operating at 500 V amplitude, 10 kHz frequency, and a 2%
duty cycle, as summarized in Table 1.

Table 1. Parameters of the pulse generator.

Parameters Values
Voltage amplitude 500 V
Frequency 10 kHz
Duty cycle of the pulse 2%

In this simulation, the parameters are fixed with the copper resistance Reopper = 2 (),
the inductance L = 1 mH, and the equivalent iron loss resistance Rj;on = 5000 ().

125



Energies 2025, 18, 4099

Voltage and current steady-state periods are recorded at a fixed time step, determined
by the desired maximum observable frequency, complying with the Shannon-Nyquist
principle [26]. For this simulation, the time step is set at 1 ns, with data acquisition starting
after reaching steady state.

In MATLAB, the signals are processed with the Fast Fourier Transform (FFT).
From the Fourier series coefficients, impedance and phase values at corresponding frequen-
cies are extracted.

The Fast Fourier Transform (FFT) is applied to the voltage and current signals

as follows: .
v(t)= ) Vyenwt @
n=0
i(t) = ) Ienet 2)
n=0
where V,,, I, is the Fourier series complex coefficient of rank n, w = 27fy, and f; is the

fundamental frequency of the supplied periodic pulse voltage.

The time signals and spectra are shown in Figure 6. In order to facilitate the display of
the current spectrum, the DC component is removed from the spectrum graph. The value
of the DC component of the current is 5.0 A.
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Figure 6. Voltage pulse and resulting current in the circuit and their respective spectra.

From the coefficients V,, and I,,, the values of the impedance Z and the phase ¢ of the
circuit are determined at the corresponding frequencies:

Z(fa) = Z(nfy) = Vn/I 3)

¢(fn) = arg( Z(fn)) @

Depending on the supply voltage signal, such as a pulse, the corresponding spectrum
may contain harmonics with a magnitude close to zero, as shown in Figure 7. Digital
processing may be required to prevent divergence in impedance calculations with these
particular harmonics, such as a direct thresholding on the magnitude of the harmonics.
Such methods are employed and explained by Creux et al. [27].

The resulting impedance modulus and phase are obtained in Figure 8. The fundamen-
tal frequency fixes the lowest observable value of the impedance.

126



Energies 2025, 18, 4099

Voltage Spectrum of supplied voltage Pulse

N
o

T

200 kHz 400 kHz 600 kHz 800 kHz 1 MHz
Frequency

Magnitude (V)
> a

o

o

Current Spectrum of resulting current (Zoom)
T T

A
O
o o
= o
o N

Magnitude (A)
o
=3

0
5 kHz 200 kHz 400 kHz 600 kHz 800 kHz 1 MHz
Frequency
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Figure 8. Resulting impedance and phase diagrams of the circuit.

3.2. Theoretical Determination of the Iron Loss Equivalent Resistance

Electrical equations of the circuit model in Figure 1 from the “Introduction” Section
lead to the equivalent impedance Z:

Rcoppersz2 =+ RcopperRion + Lzu"zRiron . R Lw

1ron
L*w? + RZ . L?w? + R

ron

7/ =

©)

The real and imaginary part of the impedance ((6) and (7)) can be used to
determine Rj;on-

2 2 2
RcopperL w? + Rcoppear-on + RironL w?

Re(Z) = 6

2) LZw? +RZ ©)
RZ Lw

Im(Z) = ——ron—"—" 7

(Z) = L2w?2 +R? @)

ron
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From Im(Z), the expression of Rizmn can be found in Equation (8):
Im(Z)L2w?
Koy = (2L ®
Lw — Im(Z)

From Re(Z), the expression of L? can be found in Equation (9):

fer

.1 R (Re(Z)—Rs>

B E.Rs + Rfer — Re(Z)

)
The following expression for Rjop, is obtained:

~ (Re(Z) — Reopper)” +1Im(2)?
eron - (Re(Z) . Rcopper) (10)

This result is independent of the inductance L but depends on the resistance Reopper-
In the case of our example and simulation, the following Rj;oy, is obtained with a con-
stant Reopper = 2 () in Figure 9.
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Figure 9. Iron Loss equivalent resistance of the simulated circuit.

By applying the method in simulation, it is possible to obtain the value of Rj;op, for
different frequencies.

The iron loss equivalent resistance can only be determined at the frequencies present
in the voltage pulse spectrum, provided that the copper resistance is known and the real
and imaginary parts of the impedance are indirectly obtained from the measurements.

In most of the cases, the geometry of the wound devices is known, so Reopper values
can be determined by using finite element method, considering skin and proximity effects.

4. Experimental Results

In order to apply the method, an experimental measuring test bench has been con-
structed with adapted sensors and the corresponding power supply.

To enable comparison, impedance measurements have been carried out using
a T3LCR1100 impedance analyzer, from TeledyneLeCroy, Loomis, CA, USA.
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4.1. Measurement Setup and Data Processing

The measurement setup consists of a DC power voltage supply with a maximum
voltage of 600 V and a maximum current of 8.5 A. It is connected to a half inverter leg.
The switch T1 is controlled by DSPACE, which allows it to be controlled at the desired
frequency and duty cycle. The wound device is connected to the T2 switch directly, which
is not driven. A schematic of the setup is shown in Figure 10.

A F

Current Measurement
,

|

DC Voltage

Supply Wound
x Device
T2

=+
Figure 10. Measurement setup schematic.

The voltage is measured at the wound device terminals by a passive voltage probe
with a 400 MHz bandwidth, from Lecroy, USA. The current is also measured at the wound
device terminals by a RT-ZC20 Probe with an RT-ZA13 Amplifier, both from Rohdes &
Schwarz, Munich, Germany, having a bandwidth of 100 MHz. Finally, the signals are
visualized and recorded on a MS046 scope, from Tektronix, Beaverton, OR, USA, with
a bandwidth of 600 MHz. Details are available in Table 2.

Table 2. Equipment used in the setup.

Equipment Name Relevant Parameters

DC Voltage: 0-600 V

Power Supply GEN600-8.5, from TDK-Lambda, Achern, Germany DC Amps: 0-85 A

Bandwidth: 600 MHz

Scope MSO46, from Tektronix, Beaverton, OR, USA Sample Rate: 10 GS/s

Lecroy PPE 2 KV, from Lecroy, Chestnut Ridge, NY, Bandw1dth: 400 MHz
Voltage Sensor USA Input Capacitance: <6 pF

Attenuation: 1:100

Bandwidth: 100 MHz
Propagation Delay: 17 ns
Sensitivity Range: 1 A/V-10 A/V

RT-ZC20 Probe + RT-ZA13 Amplifier, from Rohde &

C tS .
urrent sensor Schwarz, Munich, Germany

Thermal Camera T200, from FLIR, Wilsonville, OR, USA Temperature Range: —20 °C-1200 °C

In this experimental configuration, the wound device consists of a coil composed of 48
copper turns, located around a magnetic core made from NO20 Fe-Si laminated sheets, from
Isolectra, Estrées-Deniécourt, France. The system is configured with a sampling frequency
of 3.125 GHz. Pulse generation is achieved through the switching states of T1.

Synchronization of the oscilloscope with T1’s control signal enables accurate acquisi-
tion of voltage and current signals flowing through the winding over a complete period.
To mitigate acquisition noise inherent to the experimental setup, the averaging function
of the oscilloscope is employed, allowing signal filtering without inducing phase shifts.
Subsequently, the data is converted into MATLAB format.
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During data processing, compensation for the 17 ns propagation delay, as detailed
in Table 1, associated with the current probe and its amplifier, is necessary. The final data
processing workflow aligns with the procedures outlined in Section 1. This methodology
facilitates the estimation of various Rj,n values corresponding to different operational
points, utilizing the approach delineated in Section 1.

4.2. Measurement Results

These operating points are representative of the operating point of the coils in a DC-
DC converter.

4.2.1. Results and Comparison

Two set of measurements are realized on the test bench in Figure 11. They are per-
formed with the settings given in Table 3. Voltage and current acquisitions are displayed in
Figure 12 for operating point 2.

Figure 11. Picture zoomed in on the wound device and the used sensors and scope.

Table 3. Setting of the acquisition.

Parameters Operating Point 1 Operating Point 2
Voltage amplitude 50V 120V
Frequency 5 kHz 5 kHz
Duty cycle of the pulse 1.6% 1.6%
Current DC component 300 mA 14 A

The ensuing spectra as well as impedance and phase diagrams are available, respec-
tively, in Figures 13 and 14. DC component of the current spectrum is removed from the
display and is equal to 1.4 A.

Impedance and phase obtained from the method developed in Section 1 and from the
T3LCR1100 Impedance Analyzer, from TeledyneLecroy, Loomis, CA, USA are compared
in Figure 14.

By analyzing the impedance and phase diagrams for each method, the difference is
obvious. At this point, we can conclude that the operating point has an impact on the low-
to medium-frequency behavior of the wound device.
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Figure 14. Impedance module and phase of the wound device up to 300 kHz.

131



Energies 2025, 18, 4099

The estimated parameters related to the equivalent circuit of wound devices (Figure 1)
will be different depending on the measurement method.

In this paper, we focus our attention on the evaluation of the iron loss equivalent
resistance (Riyon). As seen in Equation (8), it is possible to estimate Rj;,, with the knowledge
of the complex impedance and the copper resistance (Reopper)-

4.2.2. Determination of Copper Resistance

As stated previously, determining the value of the copper resistance is required to
calculate the iron loss equivalent resistance.

In our case, a 2D finite element model with finite element software GetDp Version 3.30
of the wound device is used that takes into account frequency-dependent effects such as
skin and proximity effects [28].

The conductivity of copper is set to the controlled temperature of 26 °C, which is the
temperature at which previous measurements were conducted. The temperature measure-
ment was carried out using a thermal camera directly pointed toward the magnetic device.

The finite element software, showcased in Figure 15, calculates the equivalent copper
resistance Reopper Of the wound device for the frequencies of the harmonic content of the

voltage pulse.
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Figure 15. Display of the 2D meshed finite element model of the wound device.

As reported in other studies, the magnetic permeability p, function decreases as the
frequency increases [29].

The apparent permeability of conductive magnetic materials, such as Fe-Si steel, de-
creases rapidly at higher frequencies due to increased eddy current losses [30,31]. Variations
in Reopper depending of the relative magnetic permeability of the magnetic core , in the
wound device are shown in Figure 16.

In this frequency range, Reopper varies slightly and only affects the result of the iron
loss equivalent resistance by less than 1% (Figure 17) with the lowest magnetic permeability.
Our results are thus only slightly affected by the variation in the magnetic permeability.
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Copper Resistance at 26°C - Variation of the magnetic permeability of the core
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Figure 16. Variation in the copper resistance depending of the magnetic permeability of the core.
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Figure 17. Error on the iron loss equivalent resistance between a magnetic permeability on the

magnetic core of 750 and a lower permeability of 350.

4.3. Determination of the Iron Loss Equivalent Resistance

The iron loss equivalent resistance calculated according to the steps in Section 2.2 and
the impedance analyzer are compared at Figure 18. Thermal steady state at 26 °C is ensured
before signal acquisition, and determination of the copper resistance is also performed

at 26 °C.

The sensitivity errors associated with the voltage and current sensors were taken into
account, estimated at 2% and 3%, respectively. Numerical errors originating from the
oscilloscope were also considered, but these were found to be negligible in comparison to

the sensor errors.

A frequency dependence of the iron loss equivalent resistance is visualized, while
also being dependent on the operating point at which the magnetic device is running.
It validates the influence of the operating point on the evaluation of the iron loss equiva-

lent resistance.

133



Energies 2025, 18, 4099

Iron Loss Equivalent Resistance - Variation in Operating Points

——T—T— ——
" [ -Impedance Analyzer 0
-$-300 mA DC {Hiﬂﬁﬂﬁ
[ [ £-14ADC et
§"§// 5F
. 2 5 -3 §.§~§’§§§§
= S i
JE--%7
8 ; A 32t
G sl & @@ﬁ{r
R 3 S §§/§
w107 F- 5 T ]
Q : e ¥
Y it Eoe
e kol
g E
3 ,%l
5 kHz 10 kHz 100 kHz 300 kHz
Frequency

Figure 18. Iron loss equivalent resistance of the wound device from the impedance analyzer and the
method at operating point at 300 mA DC and 1.4 A DC.

5. Discussion

The differences between our measurement approach and the one implemented with
conventional impedance analyzers can largely be attributed to the nonlinear behavior
exhibited by electromagnetic or magnetic devices. A key phenomenon explaining this
difference is harmonic intermodulation. In a traditional impedance analyzer, only the
fundamental component of the current, resulting from a perfectly sinusoidal voltage input,
is taken into account in the measurement process, shown in Figure 19.

Impedance Analyzer Our method
Magnetic Device Magnetic Device
YT

()
)

Variable Frequency
Sinusoidal Voltage Generator Sum of each signal

Figure 19. Circuit model equivalent of the method highlighting the differences between the measure-
ments from the impedance analyzer and from our method.

By contrast, in our case, the nonlinear electromagnetic or magnetic device is subjected
to voltage excitations containing numerous harmonics. This excitation generates an even
higher number of current harmonics at the output, which significantly affects impedance
determination. The generated current harmonics may add to or subtract from the existing
ones, influencing the resulting signal and impedance determination.

In addition to this limitation, another physical phenomenon characteristic of magnetic
materials, particularly of the ferromagnetic type, comes into play: the existence of minor
hysteresis loops. Minor hysteresis loops are smaller cycles that develop around the major
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loop formed by the fundamental excitation component in an electromagnetic or magnetic
device. According to Petrea et al., the presence of these minor loops around the major
one leads to a reduction in both the material’s dynamic coercivity and—most notably—its
permeability, especially at high frequencies [21].

Further, Petrea et al.’s research demonstrates that high-frequency harmonic content
directly impacts the low-frequency behavior of the device, establishing a clear link between
the effects of minor loops and the methods used to measure the impedance of electromag-
netic and magnetic devices. As a result, changes in magnetic properties in the presence of
harmonic content influence not only the determination of the material’s impedance but
also our estimation of its equivalent iron loss resistance [21].

Finally, because the frequency sweep in an impedance analyzer is performed with
a purely sinusoidal power supply, such an analyzer is fundamentally incapable of generat-
ing and exciting an electromagnetic or magnetic device in a manner that would give rise to
minor hysteresis loops. This means that conventional impedance analyzers cannot capture
these essential dynamic effects, resulting in measurement limitations when characterizing
nonlinear magnetic materials under realistic, harmonic-rich excitation conditions.

In summary, by explicitly considering the effects of minor hysteresis loops and har-
monic intermodulation, our method offers a more precise and realistic determination of
iron loss equivalent resistance under real operating conditions, including phenomena such
as electromagnetic and magnetic saturation. This approach is unique because it accounts
for the actual dynamic behavior of magnetic devices under complex excitation, which
traditional methods typically overlook. As a result, our methodology provides data that
is not only more accurate but is also directly applicable to the modeling and design of
advanced electromagnetic components. Such improved precision is particularly valuable
for high-frequency transformers, power electronics, and other applications where under-
standing complex magnetic behavior is critical. This makes our results significantly more
suitable and relevant for both detailed circuit modeling and the further development of
next-generation electromagnetic and magnetic devices.

6. Conclusions

This work began by reviewing the development of measurement techniques for
electromagnetic and magnetic devices, focusing on the challenges of characterizing iron
loss equivalent resistance under realistic operating conditions. The state of the art highlights
the growing importance of evaluating devices directly under their typical working points,
especially as modern applications increasingly rely on complex, harmonic-rich excitations.

We have introduced a novel method for determining the iron loss equivalent resistance
of magnetic devices directly at their actual operating point. This method involves exciting
the magnetic device with a voltage signal rich in harmonics and measuring both this
voltage and the resulting current. Using these measurements, the complex impedance of
the winding can be directly determined through FFT (Fast Fourier Transform) analysis.
This approach consists of three essential elements: accurate measurement during operation,
careful calibration of the sensors to ensure reliable data, and dedicated digital processing
to extract the relevant parameters from the measurements. Each of these steps contributes
to the accuracy and repeatability of the method.

The method was successfully implemented on an electromagnetic device, confirming
its practical viability. As an example of the results in Figure 18, at 10 kHz, the estimated
iron loss equivalent resistance for a 1.4 A DC operating point is 1262 () &= 23 (), while for a
300 mA DC operating point, it is 731 () &= 21 Q). For comparison, the value obtained with
the impedance analyzer is 378 & 20 (). This represents a difference of approximately 333%
between the 1.4 A DC operating point and the impedance analyzer and about 193% for
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the 300 mA DC case. The study demonstrates that the DC component of the current has a
clear impact on the impedance of electromagnetic devices and therefore on the iron loss
equivalent resistance. This underlines the relevance and the importance of our method in
applications where the operating currents may deviate from purely alternating forms.

A fundamental difference between our method and traditional impedance analyzer
measurements can be attributed to the consideration of intermodulation effects and the
complex magnetic phenomena known as minor loops. Unlike conventional techniques, our
method takes into account these nonlinear effects, which results in a more accurate and
comprehensive assessment.

To our knowledge, this practical measurement technique is not yet standard in the
field, but it offers significant flexibility and adaptability. It can be applied to a wide range
of electromagnetic and magnetic devices for the direct measurement of iron loss equiv-
alent resistance, which is highly valuable for device design and optimization. Looking
ahead, the method will be extended to analyze performance under various supply wave-
forms, including Pulse-Width Modulation (PWM). In particular, this includes validating
the technique with multilevel PWM signals and in scenarios involving high switching
frequencies—such as those found in advanced inverters equipped with Gallium Nitride
(GaN) components driving electrical motors. These systems are increasingly common due
to their high efficiency and ability to operate at very high switching speeds.

Overall, this method offers a reliable and innovative solution for characterizing iron
loss equivalent resistance under realistic operating conditions. It paves the way for further
research and development, making it particularly relevant for the measurement and design
of next-generation magnetic components used in modern power electronic systems.
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Abstract: Asymmetry in the supply voltage in three-phase circuits disrupts the flow of
currents. This worsens the efficiency of the distribution system and increases the problems
in determining the mathematical model of the energy system. Among many power theories,
the most accurate is the Currents’ Physical Components (CPC) power theory, which tries to
justify the physical essence of each component. Such knowledge can be used to improve
efficiency and reduce transmission losses in the power system. This article discusses the
method of mathematical decomposition of current components in the case of a three-wire
line connecting an asymmetric power source with linear time-invariant (LTI) loads. Special
cases where irregularities appear in the results of calculations according to the CPC theory
are discussed. The problem of equivalent conductance in the case of a non-zero value of
the constant voltage component is discussed. The method of determining symmetrical
components for periodic non-sinusoidal waveforms is also discussed. These considerations
are supported by numerical examples.

Keywords: Currents” Physical Components (CPC); power definitions; power theory

1. Introduction

Contemporary problems in the energy sector mainly focus on improving the efficiency
of energy systems and improving energy quality [1-3]. These activities in the area of power
engineering include, among others, monitoring the flow of current and actions to reduce
transmission losses [4-6]. In this respect, developing methods to describe the mathematical
model of the power system [7-11] and to determine the values of individual elements is
crucial. Knowing the mathematical model of this system will make it possible to select the
topology and parameters of the compensators [12-24].

In measurement practice, we most often only have data in the form of measured
electrical quantities on the line connecting the load with the power source. This article
focuses on the three-wire connection (Figure 1).

A linear time-invariant (LTI) load is supplied by a three-wire line with non-sinusoidal
and asymmetrical voltage. The assumption of the LTTload is crucial here because in the case
of a receiver generating harmonics [25-35], identifying all the parameters of the nonlinear
load requires a more complicated measurement procedure [36-41]. The nonlinearity of
the receiver causes a change in the direction of energy flow for some harmonics. This
disrupts the operation of power systems operating on both micro and macro energy scales.
The impact of a nonlinear receiver affects all receivers connected to a common power
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grid [37,38]. Disturbances in energy flow affect the measured active power and the control
method in power electronic converters of electromechanical systems [39].

'S
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Figure 1. The tree-wire connection of the load with the source.

For easier presentation of the problems presented in this article, the case of harmonic
generation by the load (Figure 1) is omitted. This means that the harmonics in the circuit
were transferred from the outside to the tested measuring point of the power network
using a real voltage source.

In the case of electromechanical systems, it should be borne in mind that under certain
circumstances, an induction machine may cause the generation of energy in the opposite
direction. Such generation may result from nonlinear magnetization characteristics (in
motor operation) or the operation of a frequency converter, which results in the gener-
ation of energy with higher harmonics. A change in the direction of energy flow of the
first harmonic will occur in generator operation. Such disturbances negatively affect the
operation of the power grid and the service life of this machine [2]. The appearance of
subharmonics and interharmonics in the current supplying an induction machine results in
deformation of the rotating magnetic field. Improving the power factor in such a system is
a big challenge.

There are several power theories that allow the description of an electric circuit in
terms of energy [42-55]. The most important are two theories: the first is the IEEE Standard
1459 [56,57], which is treated as a standard for measurements in electric circuits, and
the second is the CPC theory [58-70], which precisely recognizes the individual current
components and allows for the parameters of compensators to be determined.

There is great conflict in the scientific community between several factions recognizing
particular theories. When looking objectively at known power theories, it is necessary to
emphasize the advantages of each.

The IEEE Standard 1459, due to its simplicity and simplification, is a good and suffi-
cient way to describe the energy in an electric circuit for billing purposes. Due to the way
in which components dependent on physical phenomena are determined, the CPC theory
is an excellent tool for compensation purposes, design purposes, detailed mathematical
analyses, and considerations for improving the efficiency of a power system.

The remarks on the CPC theory concerning the incorrectness of the considerations
may be considered outdated over time as work on the detailed description is still in
progress, and the results obtained bring us closer to honoring a universal power theory
that does not arouse any controversy. Thanks to the way in which analyses are conducted
in this theory, individual components of the current are added to the general mathematical
description—analogously to puzzle pieces creating a unified graphic image. If at present
day the CPC theory has not taken into account some electrical interaction in the circuit, one
can be sure that in the future, an additional component will appear, which will be a new
puzzle piece in the picture of power theory.

When performing circuit analysis using the CPC power theory, one may hit a dark
area that has not yet been considered. This leads to misunderstandings and controversies
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regarding the entire CPC theory. So, it is important to find these unknown areas to learn
the correct mathematical modeling of various electrical circuits.

The CPC theory is a method that allows for a broad view of all phenomena occurring
in electrical circuits [71-74]. Thanks to continuous development, it provides the possibility
of modeling various types of circuits. The first publications from the late 20th century
provided insights into simple single-phase circuits. In subsequent stages, considerations
took into account increasingly complex situations. Monitoring the progress of the CPC
theory and pointing out ambiguities is beneficial because it allows for its development.

Is the current state of knowledge in CPC theory sufficient? Unfortunately not. During
mathematical analyses of AC circuits, one can still come across problems that have not
yet been solved. Therefore, it is important to continue research in this area. This article
proposes a solution to several problems found. However, this does not mean that the topic
is fully understood and that further research will no longer be needed.

The first few sections of this article point out several ambiguities that arise during
mathematical analyses. Section 5 presents a revision of the CPC theory for a three-wire
circuit connecting an asymmetric three-phase source to an unbalanced load.

2. Shift in Vectors by 90°

The voltage measurement [75-78] in a three-wire system is made with respect to
an artificial zero (Figure 1). This circuit is designed in such a way that the three-phase
voltage vector does not have a zero symmetrical component. This is possible when the
three measuring channels of the voltmeters have the same internal impedances, Zy. In
practice, the Zy value is many times greater than the source and receiver impedances in the
tested system, i.e., the Zy value does not affect the obtained measurements. The current
is measured non-invasively using current transformers in the circuit powering a three-
phase receiver. This means that the internal impedances Z, of current meters are many
times smaller than the source and receiver impedances. By measuring the instantaneous
values of voltages and currents and using the FFT transform, amplitudes and phase shifts
are separately obtained for each harmonic. The condition is that the current and voltage
waveforms are periodic. When making measurements in a real measuring system, we only
have access to the line connecting the source with the receiver (Figure 1). The source and
receiver are unknown. As a result of measuring the instantaneous values of current and
voltage and performing the FFT transformation, three-phase vectors are obtained in the

form of
uR,)’l QR,n_ ) )
u, = |us, | = V2Re|Us, | "1 = V2Re{U, "'}, u =T uy,,
n

uT,)’l QT,n_ (1)

iR,i’l lR,n ] )
in= |is, | = V2Re I, | "t = V2Re{L, "1t} i =Y i,

. n
ZT,H lT,n_

Constant values of these elements can only be obtained in the case of continuous and
periodic waveforms. So, this is the first and most important limitation that applies to most
power theories.

When adopting the definitions of these vectors according to the CPC theory, it should
be remembered that these vectors are shifted by 90° with respect to the other theories. In
this case, the instantaneous values are based on the cosine function (2) and not the sine
function. For example, for voltage, it would be

u=U+v2) [U,|-cos(nwnt +arg{U,}). @)
n=1
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It is known that the Fourier series coefficients a,, and b, (3) determined in the period
T are

T T
ap = %/f(t) cos(nwit)dt, by, = %/f(t) sin(nw t)dt, 3)
0 0

So, in CPC theory, these coefficients should be swapped as follows:

[ee)

f(t) = = + ) (by cos(nwit) + a, sin(nwit)). 4)

n=1

Phase shift is not a problem if it is taken into account in all results. In power systems,
the cosine or sine function is used. Nevertheless, when comparing the results obtained
between several theories, this should be kept in mind.

3. Problems with the Constant Voltage Component

The active component of current was proposed at the beginning of the 20th century by
Prof. Fryze [79]. It makes physical sense for single- and three-phase circuits. As is known,
the value of this component is related to the value of active power and the rms value of
the voltage. For example, for single-phase circuits, the active component of the current is
described by the following relations:

N

. P '
liall = - Ge = s a = Gete = Gello + fz@Re{ GeUneJ”“’lt}. ®)

n=1

It can be seen in (5) that the value of the i, component and the value of the power
P depend on the equivalent conductance Ge. Therefore, Ge is a key parameter in deter-
mining the active component, and the value of this parameter is determined from the

following relationship:
Ge = P/||ul|*. ©)

According to the accepted standards, in single-phase systems, the effective value of

lull = Uz + YU, @)
n=1

Let us note that the rms value of voltage (7) is influenced by all components of this

the voltage is equal:

voltage that create the instantaneous value u(f) (e.g., for a three-phase system, it is expressed
in Formula (2)). The effective value of the voltage depends on the subsequent harmonics
and the constant voltage component. Therefore, all of these voltage components contribute
to the power P and the equivalent conductance G, (6).

Example 1. Let us assume a single-phase receiver constructed from a series connection of a resistor
R =1 Q and a capacitor C, which, for a pulsation of wq = 1 rad/s, has a reactance of Xc =1 Q.
This circuit is powered by voltage, u = 1+ v/2[cos(w1t) + cos(3wit)] V.

According to (7), the rms value of voltage is ||u|| = /U2 + U? + U3 = /3 V. Active
power is the power lost in the resistance R, where for the nth component, it is P, = |I, |2 R,
while the currentis I, = %

YI(U1

The current values are obtained, I = [0; 0.5 + j0.5; 0.9 + j0.3] A, and the powers are
P =[0; 0.5; 0.9] W. The total active power is equal, P = }_ P, = 1.4 W, i.e., the equivalent
n

conductance (6) is Ge = 0.47 S.
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In a series RC connection, the voltage component Uy has no energetic effect and does
not affect the value of the current flowing through these elements. The direct current
component is equal to Iy = 0 and does not depend on the value of R.

The definition of the effective value (7) is standardized and should not be modified. It
corresponds to the value presented by measuring instruments. However, knowing that
the product of the effective value of voltage and current is used for power calculations,
when the effective value of voltage (7) is taken into account in the RC circuit, the result
will be incorrect. The value of power in an RC circuit is influenced only by those voltage
components that produce an energy effect. The numerator in Equation (6) can be easily
determined as the sum of active powers for individual harmonics. However, the value
of the denominator of this equation must depend only on those harmonics that affect the
value of the power P.

The correct voltage value in Formula (6) must be defined as a parameter that pro-
duces a certain effect in the circuit, so in this example, it should be determined based on

d
Uy ™ | L U ®)

where H is the set of harmonics for which there is a plexus between the current Iy and the

components U; and Us (8).

voltage Uy components, i.e., in this example, H = {1, 3}.
Equation (6) goes to the following notation:

Ge = P/uesz (9)

The voltage value determined from (8) is U.rf = V2V, which means that the equiv-
alent conductance (9) is Ge = 0.7 S. By determining the rms value of the active current
component according to (5) and using (7), we obtain ||i,|| = 1.4/1/3 = 0.81 A, and after
using (8), the value of this current is ||i|| = 1.4/v/2 = 0.99 A.

For three-phase circuits, the CPC theory also determines the equivalent conduc-
tance [13-19]. The DC component of voltage in three-phase circuits is practically non-
existent. In three-phase circuits, the definition of the rms value of the three-phase
voltage is

2 2 2
[ull = \/IIuRII + [Jus|| 4 [fur |~ (10)

The rms values of the L-phase voltages, where L = (R, S, T}, are also determined
from (7). If there are components of the voltage vector that do not participate in the
current flow, the equivalent conductance G, and the active component of the three-phase
current ||i, || will be determined incorrectly. Therefore, special attention should be paid to
mathematical relationships.

4. Notes on Three-Phase Current Components Using
Fortescue Transformation

In three-phase systems, when there is no symmetry in the power source, symmetrical
voltage components with positive UP, negative U", and zero U* sequences are used to build
mathematical relationships [80-83]. They are determined from (12), i.e., using three-phase
symmetrical unit vectors of the positive 1P, negative 1", and zero 1* sequences, defined as

1 1 1
1P = [a2|,1"= |[a |, 1 = |1]. (11)
o o? 1
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where « is the rotation operator which is & = /12" = ¢/ 5.

utl 11 Uy
ur =31 «a w2 - | Us |- (12)
un 1 a?2 « Ut

From this point on, mathematical operations are performed individually on the crms
values UP, U™, and U* as for a symmetric source. The transformation (12) is performed
separately for each harmonic.

4.1. The Definition of Three-Phase Symmetrical Voltage in the Case of Multiple Harmonics

In three-phase unbalanced periodic and non-sinusoidal voltage waveforms for the nth
harmonic (Figure 1), there is no symmetrical voltage component of zero sequence, and the
following is true:

QR,n + Qs,n + QT,n =0, (13)

In the case of symmetry, for each nth harmonic, the phase shift is equal to « or a2. This
can be written as an equation:

up =2 21 \Uy | - cos[n(wit + s+ Pn)] = V2 21 \Uy | - cos(nwqt +arg{Uy ,}),
n= n=

up = V2 ¥ Re{lUy , - et} (14)
n=1
where L—the phase symbol, L = (R, S, T};
s —the phase shift equal to s, = [0, =2%, '], meaning sg = 0, ss = arg{a?}, and
st = arg{a};
@n—the phase shift between the current and voltage for the nth harmonic.
In (14) it can be seen that the argument of the complex number Uy , contains the
rotation vector «, the phase shift angle ¢, and the nth harmonic order:

arg{Uy .} (s + ). (15)

Example 2. For  the instantaneous  voltage  value in R  phase,
ur = V2 - Re{230e/1+ 20e/5(@it+2) 4 5617“’“} V, it can be written in the time domain as
follows: ug = /2 - {230 cos(wqt)+ 20 cos(5(wqt +2)) + 5cos(7wit)} V.

In the case of symmetry, according to (14), the voltage curves in the remaining
phases are

us = /2 {230 cos(wyt — &)+ 20cos(5(wit — & +2)) +5cos(7(wit — Z5))} V,
ur = V2 {230 cos(wit + )+ 20 cos (5(wit + & +2)) +5cos(7(wit + &)} V.

The graphical waveforms of these voltages are presented in Figure 2.
In (14), the separation of the nth harmonic order and phase shifts, s; and ¢;, simplifies
the mathematical analysis of three-phase waveforms.

4.2. Using Fortescue Transformation in the Case of Multiple Harmonics

In the case of sinusoidal waveforms, the three-phase asymmetrical source is replaced
by the sum of three symmetrical sources. Taking the phase R as the reference phase, from
(12), we obtain

U=U"+UP+U"=1"U" +1PUP + 1"U". (16)
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T
whereU = |Ur Ug Uy

Similarly to (16), in reference [78], for non-sinusoidal periodic waveforms for the nth
harmonic, the following relation is used:

U, =U:+Up+Uy =17 U2+ 1P - U, + 1" - UJ. (17)

300 URrR us ur
200
100

0

N EAVERVAR ZEAVARVAR

—2004

—300
Figure 2. Symmetrical non-sinusoidal voltage waveforms from Example 2.

So far, in the case of periodic non-sinusoidal waveforms, the values of symmetrical
components have been determined in the same way as for sinusoidal circuits—i.e., using
transformation (12). For waveforms consisting of many harmonics, Formula (15) is valid. It
follows that the turnover factor « is multiplied n times. Therefore, Equation (12) for the nth
harmonic should look like the below:

uz 11 1] [Ug,
p | def 1 n 2n ’
uh| Tl @ (Us, (18)
ur 1 a2 " T
=7} MTn

while the inverse transformation is described by the following relationship:

Ug,] [t 1 1] [u
Us, | € |1 a2 an |- |Ub]. (19)
Ur,| |1 2" o] |

The new vectors 1 and 1 arise after raising the vectors shown in (11) to the

nth power:
1
15 d:ef (1p)n = | q2m , 11}’} d:ef (1“)” = | a” |. (20)
A" a,'Z‘n

The coefficients shown in (20) were called multiplied three-phase unit vectors.

When determining symmetric components using Fortescue transform in the presence
of multiple harmonics, it is natural to raise the rotation factor « to the nth power. How-
ever, there is no formal note in the literature enabling such a transformation. Using the
relationship between (18) and (19) is helpful in this case.

So far, the mathematical methods presented in [55] partially solved this problem by
introducing additional vectors dependent on the nth harmonic. For example, the CPC
theory [15,24] defines a coefficient § that depends on # and then multiplies it by the rotation
vector a.

Example 3. In the three-wire line from Figure 1, where the relationship Uy , + Us ,, + Uy, = Ois
valid, the following voltage values were measured:
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ur = /2 - {300sin(wqt)+ 30sin(5w;t) + 3sin(9wit)} V,
us = /2 - {250 sin(wyt + ss)+ 25sin(5(wit +ss)) + 2sin(9(wit +55))} V,
ur = /2 {50\/31 sin(cwy t + 128.95%)+ 5v/31 sin 5wy t — 128.95°) + 5 sin (9wt + 1800)} V.

The symmetric components (17) determined from (12) give the solution in the
following form:
uz = %(QRJ[ + Qs,n + QT,n>/
Ul = 3 (Ug, +als, +a’Ur,), (22)
Qﬂ = %(QR,H + 0‘2!9,;1 + “QT,H)‘

After substituting the numerical data, we get

w275 +iBR) [un] [5-iB2] [uf] o
Wl = | 5452 | W] = | F-/5¢ | &) = o). @)
gl Lgeme ] sl L3-e) Ll Lo

The same components determined from (19) give the following solution:

Qﬁ = %(QR,n + QS,n + QT,n)/
QE = %(QR,n + lxngs,n + lxanT,n)/ (24)
QI;: = %(QR,n + azngs,n =+ “nQT,n)r

which, in this example, gives the following values:

] s+ R (W] [5-iBR) (] o
Ul = | 520 |0 (US| = | 54728 | |Us| = |0}, )
up 0 us 0 us 0

Comparing solutions (23) and (25), it should be noted that differences appear when
n > 1. In practice, when n = 3k + 2 (where k is a natural number k € {N.}), the positive ub
and negative U; symmetric components are swapped (Figure 3).

u &
T Uz ]z ]z T

oo

n=3k+2

Ui=a’U’

S

Figure 3. Graphical interpretation of multiplied three-phase unit vectors, where k is natural number
k € {N}, (*) is the real asymmetric vectors system.

The appearance of non-zero Q}; and U§ components in Equation (23) also indicates
an incorrect transformation. When the equation Uy , + Us,, + Ut ,, = 0 is satisfied, the
appearance of zero-order harmonics (for n = 3k) is unnatural. In the functions shown in
(21), in real systems, the amplitude of the ninth harmonic cannot be different from zero.
This translates into zero values of a symmetrical component of the zero sequence U7 for
any nth harmonic.
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5. Revised CPC Theory Definitions

The introduction of a correction to the decomposition into symmetrical components
for periodic non-sinusoidal waveforms results in a different mathematical notation for
electrical quantities for three-phase systems.

The vector of the supply voltage u as referenced to an artificial zero of the cir-
cuit (Figure 4) can be decomposed into symmetrical components of the positive and
negative sequences:

u= Zun = \6%6{ Z (IPQIZ + 1ngﬂ) .ejnw1t} =uP +u". (26)
n

n=1

Pu=u+u" i ii=lp+i"i
: b :
i ' I . !
1 | : IR‘ H
L L s ! Unbalanced
1 | I
| HTT o i
1 | !

| P :
! Artificial zero | | :
I ! !

Figure 4. Decomposition into three-phase symmetrical components.

Symbols ub and U}y in (26) denote the crms values of the symmetrical components of
the nth order supply voltage harmonic with positive and negative sequences, respectively.

They are
u
le _1 1 a aZn . zIR,n (27)
Qﬁ 311 aZn ol =Sn |-
QT,n

The three-phase rms value of the supply voltage, equal to the root of the sum of the
squares of the effective values of the line voltages, is

2
lull =/ 2 lur||?, where [[uc | = | 3 [Uy,[" (28)
L=RST n=1

The load in Figure 5 is equivalent with respect to the active power P to a balanced

resistive load of conductance Gy,:
P

G= L. (29)
[[uf
E_-i_a_—: ——————————————
P;Z, 4 I:R: LTl load Rg iiR{ — :
u i oa 4 1isg 1 1G i
E — — Yt — P
T, us4 iT P T, us4 :zTa_ : EGb ,

ur T
Artificial zero Avrtificial zero

Figure 5. Three-phase load and balanced resistive load equivalent in terms of active power P.
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The current flowing through such an equivalent load is called the active current and
is as follows:

iRa

i, =|iy, |[=Gu=v2%e: Y G| PUP+1"UL |- |, [i|=G, Ju]. 0
. n=1 S—
Ity v u

As a result of calculating Equation (30), we obtain the same form as in the previous
articles that did not take into account the multiplied vector in (27) because the ub and
U}, components are swapped—which does not affect the result in the case of their sum.
However, to improve readability, the elementary division between these components
should be maintained.

The load for each harmonic has active and reactive powers. For the nth order harmonic,
they are as follows:

Py = Re{UT I} = Re{Ur Ly, + Us,ls, + Ur,li, ), Qo = Sm{UL L} (D)

When for the nth order harmonic, the load is unbalanced, it is useful to define the
balanced admittance Y};,. This admittance is already symmetrical and depends on the
voltage u,, the active powers P;, and the reactive powers Q,, and it is as follows:

Py —jQn _ Gy
=" =
[[un |

Xb,n = Gpn+ jBon = 7 (32)

Z ’ QL,n
=R,S,T

In definition (32), the symbol “C” was used instead of the symbol “S”. This is an
intentional action by the authors of [78] to avoid confusing the complex power P;, + jQ
with the apparent power S, which may also contain components other than only active
and reactive power. These powers are shown in Figure 6.

—_—————-

. L i
R \ iR n!
@ —
S AURp ' 1Sh,n :
2 AL
T¢ uS,n* E lT‘%,, |

Artificial zero

Figure 6. A graphical interpretation of the equivalent admittance for the nth order harmonic.

The supply current of such an equivalent load consists of the active current (33) and
the reactive current (34):

i = Gpptty = ﬁ?Re{Gb/n (11@; i 1ng;;) .ej”“’lt}, (33)

i = \/Ea%e{ jBon (1PQE + 1“@5}) -ef”w1f}. (34)
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The i, current component appears in the load current because of the phase shift in the
load current harmonics relative to the supply voltage harmonics. It can be considered as a
reactive current component on the load, whose value is

ie =) i = x/iéﬁe{ Y jBon (1PU5 + 1) 'ej”‘*’lf}. (35)
n n=1

Y4, is the admittance of the equivalent balanced load for the nth order harmonic. In
practice, the load may be unbalanced, so the nth order harmonic of the load current i, may
contain the unbalanced current component:

fyp = in — by = ip = (lan +irn) = ﬁ%e{ln — Yy <1PQ§ + lngﬂ) '6j”“’1t},

. . 36
iy = ) iun (36)
n=1
In the case of the (33) component, the relation holds:
Y dan #ia=Gp ) up (37)
n=1 n=1

The inequality (37) occurs when the conductance Gy, ,, for harmonic frequencies is
different from the conductance G, of the equivalent balanced load. The difference between
these components is

Y o —ia = V2Re{(Gop — Go) - (1PUF + 17U ) - et} = i, (39)
n=1

The current is is called a scattered current component because conductances at har-
monic frequencies Gy, , are usually scattered around the balanced conductance Gy, and the
current is is the effect of this scattering.

The current of the load is presented as the sum of the specific components:

i= iy +is +ir + iu. (39)

Because of the association of these load currents’ components with physical phenom-
ena in the load, these currents are referred to as the Currents’ Physical Components (CPCs).
However, this does not mean that these currents exist physically as they are mathematical
entities, and not physical ones.

Each of these currents is associated with a different physical phenomenon in the load.
The active current i, is related to the phenomenon of supplying active power P to the
load. The scattered current is is related to the phenomenon of changing the equivalent
conductance Gy, , with the harmonic order n. The reactive current i, is related to the
phenomenon of phase shift in the current relative to the supply voltage for the nth harmonic.
The unbalanced current iy is related to the load imbalance for the nth harmonic.

The correction introduced to the definitions presented so far in this article does not
change the rms values of these components. Only the equations defined in the time
domain change.

The situation becomes more complicated when the unbalanced current component
is decomposed and the values of the compensator parameters are determined. In refer-
ence [61], the unbalanced current component was decomposed into two elements:

iy =ih 4+l (40)
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The rms values of both components depend on the division into positive and negative
sequence components. When Equation (17) is taken into account, these components can be
represented in the following forms:

ib = \/EéRe{ 21 (Xd,ng}i +Xﬂ,ngz) 1Peinwrt } (41)
n—=
iy = ﬁme{ ¥ (Yaulp + YE,Up ) 1rement } (42)
n=1
where, according to [61], the voltage asymmetry dependent admittance is
Yau=Yen = Ypu (43)
the equivalent admittance is
Yen = Ysru + Yrrn + YRS 00 (44)

and the unbalanced admittances are

Xﬁ,n = (LST,n + “XTR,n + “2XRS,n)/

(45)
Yo, = —(Ysr + a®Y1R, + YRs,)-

Admittances (43), (44), (45), and (32) depend on the admittance values of the three-
phase load, while the rotation vector « acts in the same direction of rotation regardless of
the harmonic order.

As a result of changing the values of the symmetrical voltage components U}, and U%,
which should be determined from (27), the values of the current unbalanced components
(41) and (42) will change. Defining these variables in a different way causes the instanta-
neous and rms values of both components to change, and the formulas determining the
reactive compensator parameters must be re-developed.

6. Conclusions

The computational problems revealed in this article are important when perform-
ing mathematical analyses in electrical systems powered by sources with periodic non-
sinusoidal waveforms.

1. The 90° shift in vectors discussed in point 2 is important in the case of time-domain
notation and when comparing calculation results with oscilloscope measurements.
To deal with this problem, one can use relationship (4), or each of the determined
numerical values in the time domain can be shifted by a constant angle of —90°.

2. The problem shown in point 3 concerns a special case when components that do not
participate in the transmission of the energy appear. An example is a situation when
the load has a series capacitance, which, as is known, does not carry a DC component.
In such a situation, Formula (8) should only be used for harmonics that are related to
energetic interactions.

3. The method of notation of three-phase waveforms, discussed in point 4, revealed
the need to change the definition of symmetrical components (18) when the instanta-
neous values are described by periodic non-sinusoidal functions. Determining the
symmetric components using multiplied three-phase unit vectors (20) improves the
mathematical notation. This observation revealed the need to improve the devel-
opment of algorithms determining the unbalanced components and parameters of
reactive compensators. These issues should be considered in further research.
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The first problem may only occur when comparing the calculation results with the
measurements and should instead be treated as a failure of the obligation to use a unified
system for noting expressions in the time domain. This problem may arise when comparing
power theories in the domain of instantaneous values.

The second problem concerns cases based on the CPC theory. Only in this theory is
the equivalent conductance Ge determined. In other theories, the calculation for the DC
component in a circuit connected in series with the capacitance is naturally omitted.

The third problem only applies to the case when Fortescue transformation is used. The
degree of error committed cannot be determined in a general way. It depends on the degree
of asymmetry of the three-phase voltage and current. Moreover, without knowledge of the
equations determining the compensator parameters, based on (18) and (19), it is impossible
to estimate the performance metric.

In summary, the remarks quoted cause imprecision in the description only in specific
situations and do not affect the general relations between theories. A comparison of
power theories with respect to the problems discussed is therefore pointless and would not
contribute any cognitive information to this article.

It should be noted that this article discussed simple circuits and imperfections in power
theory. However, the problems discussed here also affect the mathematical descriptions of
power systems on a macro scale. Therefore, the significance of the presented results has
great cognitive value.

In the case of cooperation between the power grid and power electronic converters, the
problems occurring in the power description are still unclear. The CPC theory is based on
the assumption that all harmonics are multiples of the fundamental harmonic. In practice,
the switching frequency of the keys in a power electronic converter is not related to the
frequency of the fundamental harmonic.

Future research should consider the correctness of analyses in the case of subharmonics
and interharmonics [84].
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Abbreviations

Symbols

1 three-phase symmetrical unit vector
a,b Fourier series coefficients

o rotation vector

By balanced susceptance, S

C capacitance, F

e electromotive force, emf, V

Q phase shift

Gy, balanced resistive load of conductance, S
Ge equivalent conductance, S
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i vector of instantaneous currents in three-phase system, A
1 vector of complex currents in three-phase system, A

iR, is, IT instantaneous values of line currents, A

ia active component of current—three-phase vector, A

i reactive component of current—three-phase vector, A

is scattered component of current—three-phase vector, A

iy unbalanced component of current—three-phase vector, A
N set of harmonics

P active power, W

Q reactive power, var

R resistance, ()

sp phase shift

t time, s

T repetition period of instantaneous value, rad/s

u vector of instantaneous voltages in three-phase system, V
U vector of complex voltages in three-phase system, V

UR, Ug, UT instantaneous voltage values relative to virtual star point, V
w1 basic pulsation, rad/s

X reactance, ()

Yy, balanced admittance, S

Y4 voltage asymmetry dependent admittance, S

Ye equivalent admittance, S

Yu unbalanced admittance, S

Subscripts, superscripts

R,S, T,N phase and neutral wires

n harmonic number

L phase number, L = (R, S, T}

p,nz positive, negative, zero sequence

Acronyms

CPC currents’ physical components

crms complex root mean square
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