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ABSTRACT: Valve-side bushings in HVDC converter transformers operate under composite AC-DC electric stresses, where temperature-
dependent conductivity induces significant redistribution of electric field. In this study, a unified electro-thermal coupled model is
developed for a 226 kV capacitive grading structure. Two insulation margin indices corresponding to DC lifetime stress and AC partial
discharge stress are defined, and a multiobjective optimization model is formulated to minimize the normalized variances of both margins.
An improved multiobjective grey wolf optimizer with a nonlinear convergence factor and a crowding-solution screening mechanism is
proposed to enhance convergence and Pareto-solution quality. Results show that the improved algorithm yields better Pareto-solution
diversity and uniformity than the standard method, while the optimized structure reduces the maximum DC and AC electric fields by
about 6.2% and 10.4%, respectively. The proposed method provides an effective design approach for improving insulation coordination

and reliability of valve-side bushings under composite AC-DC stresses.

1. INTRODUCTION

n high-voltage direct current (HVDC) transmission systems,

the valve-side bushing of a converter transformer serves as
the electrical interface between the converter valve and trans-
former, and is therefore a critical component in practical en-
gineering applications [1,2]. Under actual operating condi-
tions, a valve-side bushing is required to withstand high volt-
age and large current from the converter system while simulta-
neously being subjected to complex electromagnetic and ther-
mal stresses. As a result, the main insulation of the bush-
ing operates over long periods under the coupled effects of
superimposed AC-DC electric fields and temperature fields
[3-5]. With the successive commissioning of multiple cross-
regional UHVDC projects and the continuous construction of
new HVDC schemes, the operational reliability of converter
equipment, represented by valve-side bushings, has become
increasingly important for the security and stability of power
grids [6-8].

Currently, dry-type valve-side bushings are widely used in
newly built DC projects. Their insulation cores are typically
manufactured by winding epoxy-impregnated paper together
with metal foils to form a composite insulation structure in com-
bination with SFg gas. During long-term operation, partial dis-
charges occurring at the grading electrode layers may lead to
the gradual degradation of insulation properties. This degrada-
tion process can be further accelerated by thermal effects, form-
ing a detrimental feedback loop that may eventually threaten
the normal operation of the bushing and compromise the sys-
tem safety [9, 10]. Therefore, an in-depth investigation of the
insulation behavior of grading electrodes in the main insula-
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tion of converter transformer valve-side bushings under cou-
pled electric and thermal fields, together with the establishment
of a structural optimization model that simultaneously consid-
ers both AC and DC electric field stresses, is of great impor-
tance for modern HVDC engineering.

While extensive optimization studies have focused on ei-
ther AC or DC electric field conditions separately, few stud-
ies have integrated both AC and DC stresses in a unified op-
timization framework. This gap leads to non-optimal insula-
tion margin distributions, limiting the operational reliability of
valve-side bushings under real-world combined electric field
stresses. Zhu et al. reported that the insulation margin dis-
tribution of grading electrodes is nonuniform under AC op-
erating conditions and accordingly proposed an equal-margin
iterative design method, which was further validated experi-
mentally [11]. From a thermo-electric coupling perspective,
Hammer et al. systematically investigated the influence of in-
ternal temperature gradients on the DC electric field distri-
bution within bushings, emphasizing that the overall struc-
tural configuration should be comprehensively considered in
DC bushing design [12]. With the continuous increase in the
voltage levels and internal operating temperatures of valve-
side bushings, insulation structures are required to satisfy in-
creasingly stringent performance requirements, motivating re-
searchers to explore more intelligent and systematic design ap-
proaches. Hesamzadeh et al. employed an improved genetic al-
gorithm to optimize the grading of electrode parameters under
complex constraints, achieving a more balanced distribution of
the electric field stress and voltage [13]. Cao et al. proposed
an insulation core design method targeting lifetime equaliza-
tion based on life models derived from accelerated aging tests,
while simultaneously considering temperature effects and AC
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electric field strength limits [14]. Zhang et al. combined an
electro-thermal coupled analysis with particle swarm optimiza-
tion based on an equal-margin mathematical model, resulting in
a more balanced distribution of partial discharge margins and
effective control of hotspot temperatures [15].

Overall, most existing studies have focused on structural
optimization under either AC or DC electric field conditions
alone. The unified optimization of insulation performance un-
der both AC and DC operating conditions, from the perspec-
tive of the multi-physical-field coupled environment encoun-
tered by converter transformer valve-side bushings, has not yet
been sufficiently addressed and still requires further investiga-
tion.

To address this gap, this study proposes a multiobjective opti-
mization model that simultaneously considers DC and AC elec-
tric field stresses for valve-side bushing insulation structures.
Using a 226 kV converter transformer valve-side bushing as the
case study, we aim to minimize the variance in insulation mar-
gin distributions under combined AC-DC stresses. Based on a
comprehensive analysis of the insulation withstand characteris-
tics of its main insulation structure under coupled AC-DC elec-
tric fields and temperature fields, a multiobjective optimization
model is established that simultaneously considers the unifor-
mity of the DC lifetime margin and AC partial discharge mar-
gin. An improved multiobjective grey wolf optimizer (GWO)
is then introduced to perform optimization searches on the geo-
metric parameters of grading electrodes, with the aim of im-
proving the utilization efficiency of insulation materials and
eliminating potential weak points within the main insulation.

The main contributions of this study are: (1) the development
of a unified electro-thermal coupled model for valve-side bush-
ings under AC-DC conditions, (2) the formulation of a mul-
tiobjective optimization model to optimize insulation grading
structures, and (3) the introduction of an improved GWO to ef-
ficiently solve the optimization problem. These contributions
provide a new approach to the design and optimization of valve-
side bushings in HVDC systems.

2. VALVE SIDE BUSHING STRUCTURE AND MULTI-
OBJECTIVE OPTIMIZATION UNDER COMBINED AC-
DC ELECTRIC FIELD

2.1. Main Structure of the Valve-Side Bushing

Valve-side bushings in converter transformers adopt a capaci-
tive grading insulation structure composed of multiple metal-
lic foils embedded in epoxy-impregnated paper insulation. The
grading electrodes are arranged along the radial direction to
control the electric field distribution inside the insulation core
and to ensure proper voltage distribution under high-voltage op-
erating conditions. For the convenience of subsequent mod-
eling and theoretical derivations, a brief description of the
main insulation structure of the converter transformer valve-
side bushing and the correspondence between its key geometric
parameters are provided herein. Fig. 1 illustrates a schematic
of the valve-side bushing, in which the principal structural pa-
rameters are indicated.
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FIGURE 1. Schematic diagram of the main structure of the valve side
bushing of the converter transformer.

According to [16-18], the grading structure formed by
epoxy-impregnated paper and metal foils inside the valve-side
bushing withstands most of the electric-field stress under
combined AC-DC voltages. The epoxy-impregnated paper
between two adjacent metal foils is treated as one insulation
grading layer. The inner-most and outer-most layers are de-
fined as the Oth and nth layers, respectively, and the remaining
layers are numbered sequentially. The thickness of the i-th
grading layer is defined as

(1

For the i-th grading electrode layer (i # n), the upper-
and lower-step lengths between this layer and its adjacent outer
layer are denoted as A, ; and ); ;, respectively, and satisfy

Aui = kA 2

The total step length was equal to the difference between the
length of this grading electrode layer and that of its adjacent
outer grading electrode layer,

di =r; —Ti_1

X=X+ A =0—lisa 3)

In the optimization process, the dimensions of the central
conductor and external insulation are fixed, while the length,
thickness, and radial position of the grading electrode layers
are treated as the main design variables.

2.2. AC-DC Voltage Operating Conditions and Insulation Design
Requirements

In HVDC converter systems, valve-side bushings operate under
composite AC-DC voltage stresses. Taking the 226 kV valve-
side bushing as an example, the conductor potential under nor-
mal operating conditions can be regarded as the superposition
of a constant DC component and a power-frequency AC com-
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TABLE 1. Technical parameters of 226 kV valve side bushing.

Ttem Insulation Maximum designed
withstand voltage ~ withstand field strength
Rated voltage 226kV 8 kV/mm
Maxi ti
AXHMUIT COMURTOS 260kV 8.16 kV/mm
operating voltage
1h d ithstand volt:
ry witistand voltage 460kV 4.5kV/mm
at power frequency
2h DC withstand voltage 460kV 12.24kV/mm
B0 2.3. Electro-Thermal Coupled Model of the Valve-Side Bushing
5 Given that the main insulation of a valve-side bushing oper-
$ 210} ates over long periods under the coupled effects of electric
& and temperature fields and that temperature gradients have a
< . . . . .
= pronounced influence on the DC electric field distribution, an
"i vor electro-thermal coupled analysis is adopted in this study to
< model the 226 kV valve-side bushing. A two-dimensional ax-
170 . . . i.symmetric geometry was employed tq balancq the computa-
0.1 0.12 Timels 0.14 0.16 tional accuracy and cost. The model mainly consists of a central

FIGURE 2. Working voltage waveform of valve side bushing of con-
verter transformer.

ponent, as shown in Fig. 2. In addition to the continuous oper-
ating voltage, the bushing is also required to withstand various
test and transient voltages. The corresponding typical operating
and withstand parameters are listed in Table 1.

This mixed-voltage characteristic leads to distinct electric-
field distribution mechanisms under DC and AC operating con-
ditions. Under DC conditions, the electric field distribution is
mainly governed by the conductivity of the dielectric materials
and its temperature dependence, and therefore exhibits a time-
dependent redistribution during operation. Under AC condi-
tions, the voltage distribution is mainly determined by the per-
mittivity of each dielectric layer and the geometric configura-
tion of the insulation structure, and is only weakly influenced
by temperature.

Accordingly, the insulation design of the valve-side bushing
should simultaneously satisfy three requirements:

1) Adequate long-term withstand capability under DC elec-
tric stress;

2) Sufficient AC insulation performance to avoid partial dis-
charge or local breakdown;

3) Coordinated insulation-margin distribution among the
grading layers to improve material utilization and avoid
local weak points.

Therefore, as indicated by the operating conditions in Fig. 2
and the design constraints summarized in Table 1, the valve-
side bushing should be optimized under both AC and DC op-
erating conditions. To achieve this, an electro-thermal coupled
model and a corresponding multiobjective optimization frame-
work are established in this study.
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conductor, epoxy-impregnated paper-metal foil grading elec-
trode layers, SF¢ gas, transformer oil, and composite insulator
housing, as shown in Fig. 3. For each material region, the cor-
responding physical properties, including permittivity, thermal
conductivity, density, and specific heat capacity, were assigned
accordingly.

FIGURE 3. Simulation model of the valve-side bushing.

In the thermal field analysis, the Joule heat generated by the
current flowing through the central conductor is considered the
dominant volumetric heat source, while the additional losses
caused by the dielectric loss and DC leakage current are rel-
atively small and therefore neglected. Accordingly, the volu-
metric heat source () satisfies

I3 B M1+ (T —273.15)] - L/S
o 1%

Py
Q=7 )
where P, is the Joule heating power (W); V' is the conductor
volume (m?); I4 is the root-mean-square (RMS) current (A);
[ is the skin effect correction factor; A is the electrical resistiv-
ity of the conductor ({2 - m); « is the temperature coefficient of
resistivity (1/K); T is the conductor temperature (K); L is the
conductor length (m); and S is the conductor cross-sectional
area (m?).

For the temperature field, heat conduction and convective
heat transfer are considered the dominant heat transfer mecha-
nisms, while radiative effects are equivalently included through
modified convective heat transfer coefficients. The corre-
sponding thermal boundary conditions are shown in Fig. 4, and
the heat transfer coefficients of different interfaces are listed in
Table 2. The connection region between the central conductor
and the external busbar is approximated as an adiabatic bound-

ary.
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TABLE 2. Setting of heat transfer coefficient at bushing interface.

Surface Heat transfer coefficient/W/m?

Resin-air surface 1
Aluminum-air surface 25

AlIP-oil surface 100

Copper-oil surface 120

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA :| _—
Y
-~ AN

resin-air surface OIP-oil surface

—— Aluminum-air surface —— Copper-oil surfac
Adiabatic surface

FIGURE 4. Setting of temperature field boundary conditions of valve
side bushing.

FIGURE 5. Electro—thermal coupled temperature distribution of the
valve-side bushing.

The electro-thermal coupled finite-element model was im-
plemented in COMSOL Multiphysics. The calculated temper-
ature distribution is shown in Fig. 5. It can be seen that the
temperature inside the valve-side bushing generally decreases
from the inner region to the outer region. The temperature
ranges from approximately 17.8°C to 74.6°C, with the high-
temperature region mainly concentrated around the central con-
ductor because of Joule heating. Along the radial direction,
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the temperature exhibits an evident gradient, whereas the ax-
ial variation is relatively small.

Under DC operating conditions, the electric field distribution
in the main insulation is described by the steady-state current
continuity equation,

{ J =vEpc ()
V- Epc =—-Vepc

where J is the current density (A/m?); v is the electrical con-
ductivity of the material (S/m); Epc¢ is the DC electric field
strength (V/m); and ¢ p¢ is the DC electric potential.

The boundary conditions for the DC electric field are speci-
fied as follows: the rated high-potential DC voltage is applied
to the central conductor, while the metal flange and outermost
aluminum foil electrically connected to it are grounded. All
the internal aluminum foils within the insulation core were as-
signed floating potentials. An infinite element domain is intro-
duced at the outer boundary of the computational model and
grounded to simulate the surrounding open space.

Under AC operating conditions, the voltage distribution
among the grading electrode layers is calculated using the
equivalent capacitor network shown in Fig. 6 [19].

=
Q)

a
0
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'
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n

FIGURE 6. Equivalent circuit under AC voltage.

The n + 1 aluminum foils and n insulation layers form a
series-connected equivalent capacitor network. The capaci-
tance of the ¢-th capacitor, denoted as C}, satisfies:

li

Oi —crfo In (n/ri,l)

(6)

where €, is the relative permittivity of the material, and ¢ is the
vacuum permittivity. Accordingly, the admittance of capacitor
C; at angular frequency w can be expressed as

1 o 1I1 (7"1'/7'1‘_1)
wC;  wereol;

|Bi| = ™)
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Based on the voltage division relationship of series-
connected admittances, the voltage across the i-th capacitor
can be expressed as

| Bi

Ui =
2 Byl
k=1

U 8)

and the corresponding electric field strength is expressed as:

€

By combining the electro-thermal model and the AC equiva-
lent circuit, the electric field and temperature distributions of
the valve-side bushing under both DC and AC operating con-
ditions can be obtained. These results provide the basis for the
subsequent definition of insulation margin indices and the con-
struction of the multiobjective optimization model.

2.4. Multiobjective Optimization Model under Combined AC-DC
Electric Field

The multiobjective optimization model of the valve-side bush-
ing is established by defining its objective functions, decision
variables, and constraints.

2.4.1. Selection of Objective Function

Because the valve-side bushing operates under both DC and
AC electric stresses, its insulation design must simultaneously
satisfy long-term DC withstand requirements and AC partial
discharge constraints. Therefore, the distributions of insulation
margins under the two operating conditions are selected as the
optimization targets.

a) Insulation Margin Index under DC Electric Field: Under
DC operating conditions, the insulation margin is mainly de-
termined by the long-term withstand electric field strength of
the dielectric and its aging state. According to the accelerated
aging data reported in [20], the maximum long-term DC with-
stand electric field varies with temperature. Based on the fitting
method in [14], the relationship between temperature and long-
term electric field strength can be expressed as

Ey(T) = kge *rT (10)

where T' is the temperature experienced by the insulation
medium; Fj;(T') denotes the maximum long-term DC with-
stand electric field strength of the insulation at temperature
T; and kg and kp are fitting constants obtained from the
experimental data, which are related to the intrinsic properties
of the insulation material.

By substituting the above expression, the DC insulation mar-
gin of the insulation medium at temperature T' under the DC
electric field strength Ep¢, denoted as M arpc(T'), can be ex-
pressed as:

MaT‘Dc(T) = EgD(Z) =

(11)
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b) Insulation Margin Index under an AC Electric Field: Un-
der AC operating conditions, the insulation margin is mainly
related to the partial discharge inception characteristics of the
grading structure. As reported in [15], the partial discharge
inception voltage Upp(d) is positively correlated correlation
with the electrode thickness d, and can be written as

Upp(d) = kpp (d>0.45

Er

(12)

where kpp is an empirical coefficient obtained from the exper-
imental results, and ¢, is the relative permittivity of the insula-
tion material.

Since the grading electrode layers can be approximated
as slender cylindrical capacitors, the corresponding partial-
discharge inception electric field can be expressed as:

UPD d70.55

EPD(d) = T =kpp 13)

0.45
67‘

Thus, the AC insulation margin under an AC electric field
FE 4¢ is defined as:

Epp(d)  kppd %

MarAC (d) = = 60'45EAC

(14

Eyc

¢) Normalized Variance Objective Functions and Multiob-
Jjective Optimization Model: To maximize insulation utilization
and avoid local weak points, the uniformity of the insulation
margin distribution among grading layers is taken as the opti-
mization objective. Therefore, the normalized variances of the
DC and AC insulation margins are adopted as the two objective
functions:

M=

(Marpc,i—Marpc)
1

/ (nfl)WDC (15)
(Marac,;—Marac)

_ - Varpe __ s
= Mmin =—-= = min
fl Marpc

— 1 Va’r’Ac — 1 B
= min —"- = min
f2 Marac

L0

(n—1)Marac

where Marpc,; and Marac,; denote the insulation margins
of the i-th insulation grading electrode layer under DC and AC
electric field conditions, respectively, which are given by:

k —kp T,
MarDC,i = EET
DC,i (16)
kppd;°53
MarAc,i = =

where T; is the average spatial temperature of the i-th insula-
tion grading electrode layer. The average temperature is used
to evaluate the insulation withstand capability based on the av-
erage withstand electric field within the layer, thereby reduc-
ing the complexity of the degradation model. ET ; denotes
the maximum DC electric field strength within the ¢-th insula-
tion grading electrode layer, and d; is the thickness of the i-th
layer. ER% ; represents the maximum AC electric field strength
within the i-th insulation grading electrode layer. The max-

imum values of the DC and AC electric field strengths were
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adopted to assess the main insulation of the valve-side bush-
ing under the most severe insulation stress conditions to ensure
sufficient operational reliability. Furthermore, Marpc and
Mar a¢ denote the average insulation margins of the grading
electrode layers under the DC and AC electric field conditions,
respectively.

n
_ >° Marpc,:
i=1
Marpe = =——— an
Marac,i

Il
—-

Marac =+ —

Because the DC electric field is mainly governed by con-
ductivity, whereas the AC electric field is mainly determined
by permittivity and geometry, the two objectives are inherently
conflicting. Therefore, the insulation design of the valve-side
bushing is formulated as a multiobjective optimization prob-
lem.

2.4.2. Selection of Decision Variables

As discussed above, the insulation margins under both AC and
DC operating conditions are strongly dependent on the geomet-
ric parameters of the grading electrode layers. Therefore, the
optimization variables should be selected from the axial and
radial dimensions of the grading structure.

To reduce the complexity of the optimization problem while
preserving the main design flexibility, the inner diameter and
axial length of the innermost grading electrode, as well as the
outer diameter and axial length of the outermost grading elec-
trode, are fixed according to the equal-capacitance reference
design under AC operating conditions. On this basis, the step-
length sequence of the intermediate grading electrodes and the
thickness correction terms of each grading layer are selected as
the decision variables.

With this treatment, the variable ranges are confined to rea-
sonable intervals, and the monotonic geometric relationship of
the grading structure can be naturally maintained. As a result,
the overall complexity of the optimization model is effectively
reduced.

2.4.3. Integration of Constraint Conditions

In the insulation structure optimization model, constraint con-
ditions are formulated to impose limitations and characterize
the geometric configuration, fundamental insulation design re-
quirements, and electric field distributions under both AC and
DC operating conditions.

First, for the i-th step length and thickness correction of the
grading electrode layer, which are taken as decision variables,
the correction terms A ; and Ag ; are constrained by their cor-
responding lower and upper bounds, respectively, that is,

l<i<n-—1
l<i<n-1

A)\,min < A)\,i < A)\,maxa (18)

Ad,min < Ad,i < Ad,ma}u
where Ay min and Ay max denote the lower and upper bounds of
the correction term for the step length, respectively, and Ay min
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and A4 max represent the lower and upper bounds of the correc-
tion term for the graded electrode thickness, respectively.

Accordingly, based on the original step length \; and grad-
ing electrode thickness d;, the corrected step length A} and cor-
rected thickness d) of the i-th grading electrode layer can be
obtained as follows:

2<i<n—1
2<i<n—1

X=X+ A,

19)
di = di + Ag g,

The corrected parameters are also required to satisfy the cor-
responding lower and upper bounds, as follows:

)\min S )\; S \max
' (20)
dmm S d; S dmax

where A™™ and A™®* denote the lower and upper bounds of the
step length, respectively, and d™" and d™* denote the lower and
upper bounds of the grading electrode thickness, respectively.
Finally, based on the length /;_; and radius r;_1 of the (i —
1)th grading electrode layer, the corrected length I} and radius
r} of the i-th grading electrode layer can be obtained, as follows:

=11\

%)

/! /
T =7Ti—1+d;,

2<i<n—1

21
2<i<n—-1 @1

By using the above formulation, the geometric monotonicity
of the grading electrode structure can be naturally preserved,
and a complete set of geometric constraints is established for
the subsequent optimization process.

3. IMPROVED MULTIOBJECTIVE GWO FOR INSULA-
TION OPTIMIZATION

3.1. Standard Multiobjective GWO

The standard multiobjective grey wolf optimizer MOGWO) is
adopted in this study to solve the proposed insulation optimiza-
tion problem. Owing to its hierarchical population structure and
external archive mechanism, MOGWO is suitable for handling
multiobjective optimization problems [21-23].

However, when applied to complex engineering optimization
problems, the standard MOGWO still exhibits two limitations.
First, the linear convergence factor may lead to a premature
reduction of global exploration ability. Second, the diversity
maintenance of the external archive is only activated when the
archive becomes full, which makes it difficult to continuously
regulate the distribution uniformity of nondominated solutions.
These shortcomings may reduce the final quality of the Pareto
solution set.

To address these issues, an improved nonlinear convergence
factor and a crowding-solution screening-elimination mecha-
nism are introduced in this study [24-26].
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3.2. Improved Nonlinear Convergence Factor

In the standard GWO, the convergence factor decreases linearly
with the number of iterations:

t
a(t) = Omax — (amax - amin)
tmax

(22)
where amax and ap, are the maximum and minimum conver-
gence factors; ¢ is the current iteration number; and ¢, is the
maximum number of iterations.

To improve the balance between global exploration and lo-
cal exploitation, a cosine-based nonlinear convergence factor is

adopted:
Gmax — Amin it
= — 1
0= [ (tm) n }

In this study, amax = 2 and apin = 0. As shown in Fig. 7, the
proposed formulation slows down the decay of the convergence
factor in the early stage and accelerates it in the later stage. This
improves the balance between global exploration and local ex-
ploitation, thereby alleviating premature convergence and im-
proving the Pareto solution quality.

(23)

Improved change curve of a

Standard change curve of a

Slf—m———— —— — §

0 It,./2 It
Number of iterations

FIGURE 7. Change curve of iteration factor a before and after improve-
ment.

3.3. Crowding Solution Screening-Elimination Mechanism

In multiobjective optimization, the nondominated solutions
stored in the external archive may become unevenly distributed.
In the standard algorithm, archive regulation is performed only
when the archive becomes full, which is insufficient for con-
tinuously improving the diversity of the solution set during the
evolutionary process.

To improve the distribution quality of the archive, a
crowding-solution screening-elimination mechanism based on
the average minimum distance is introduced. Whenever a new
nondominated solution is added, and the number of archived
solutions exceeds a preset threshold, the crowded-solution
screening procedure is activated.
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For the i-th solution f; in the archive, the minimum distance
dmin,; 1s defined as:

d(f1, f2) i=1
dmin,i = min[d(fiflvfi)ad(fiafi%»l)] Z:27an_]~
d(fnfhfn) 1=

(24)
where d(f,, f») denote the Euclidean distance between the a-
th and b-th solutions in the objective space. The corresponding
average minimum distance is

n

Z dmin,i
i=1

n

dmin = (25)

If the i-th solution satisfies dmin; < kgdmin, it is identified
as a crowded solution, where k; is a prescribed proportional
coefficient. All identified crowded solutions are then removed
from the external archive.

By performing this operation throughout the optimization
process, the nondominated solutions can be kept more uni-
formly distributed, and low-quality crowded solutions can be
prevented from occupying the archive for long periods. Conse-
quently, the diversity and representativeness of the final Pareto
solution set are improved.

In the optimization design of the main insulation of the valve-
side bushing, the axial lengths and radial parameters of each
grading electrode layer were represented using real-coded en-
coding. On this basis, the original linear convergence factor
was replaced by the proposed nonlinear convergence factor,
and the crowded-solution screening and elimination module
was incorporated, thereby forming the improved multiobjec-
tive GWO adopted in this study. The overall implementation
procedure of the proposed algorithm is summarized in Fig. 8.

3.4. Benchmark Validation of the Proposed Algorithm

To further verify the general applicability of the proposed al-
gorithm beyond the engineering case study, several standard
multiobjective benchmark functions were employed. In this
study, the classical test functions ZDT1, ZDT2, ZDT3, and
DTLZ2 were selected because they represent different Pareto-
front characteristics, including convex, non-convex, discontin-
uous, and high-dimensional Pareto sets.

The performance of the proposed algorithm was compared
with two widely used multiobjective optimization algorithms,
namely NSGA-II and the standard multiobjective GWO
(MOGWO). For a fair comparison, the population size and
maximum number of iterations were set to 100 and 200,
respectively, for all algorithms.

Two widely used performance metrics were adopted to
evaluate the quality of the obtained Pareto solution sets:

Hypervolume (HV), which reflects both convergence and
diversity of the Pareto front.

Inverted Generational Distance (IGD), which measures
the distance between the obtained Pareto front and the true
Pareto front.
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Each algorithm was independently run 20 times, and the av-
erage high voltage (HV) and IGD values were recorded. Table 3
summarizes the optimization results of the three algorithms on
the benchmark problems.

TABLE 3. Performance comparison of different algorithms on bench-
mark test functions.

Test functio ~ Algorithm HV IGD

NSGA-II  0.713 0.0118

ZDTI MOGWO 0.741 0.0097
Proposed  0.768  0.0079

NSGA-II  0.684 0.0146

ZDT2 MOGWO 0.721 0.0115
Proposed  0.752  0.0088

NSGA-II  0.647 0.0173

ZDT3 MOGWO 0.689 0.0138
Proposed  0.724  0.0106

NSGA-II  0.618 0.0194

DTLZ2 MOGWO 0.663 0.0151
Proposed  0.701  0.0117

The results show that the proposed algorithm consistently
achieves higher HV values and lower IGD values, indicating
better convergence performance and improved diversity of the
obtained Pareto solution set. Therefore, the benchmark tests
further confirm the effectiveness and robustness of the pro-
posed optimization strategy.

4. ENGINEERING VALIDATION OF THE PROPOSED
ALGORITHM

To verify the effectiveness of the proposed algorithm in a practi-
cal engineering problem, a 226 kV converter transformer valve-
side bushing with a rated current of 3 kA was selected as the
case study. Multiobjective optimization was carried out using
both the standard MOGWO and the proposed improved algo-
rithm, and the obtained Pareto solution sets were compared us-
ing relevant performance indicators.

In this case study, the insulation core consisted of 27 grading
electrode layers, and the initial structure was obtained from the
equal-capacitance reference design. The correction range of the
axial step length was set to [—100, 100] mm, and the thickness
correction range was set to [—2, 2] mm. The population size,
archive size, and maximum number of iterations were set to
140, 80, and 500, respectively.

Under DC operating conditions, the steady-state field distri-
bution was evaluated using the rated DC voltage and operat-
ing temperature. Under AC operating conditions, the power-
frequency component superimposed on the DC voltage was
considered according to International Electrotechnical Com-
mission (IEC) requirements. The electro-thermal finite element
model was used to calculate the temperature and DC electric
field distributions, while the AC equivalent circuit was used to
determine the interlayer voltage distribution and corresponding
electric field strengths.
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The Pareto-optimal solution sets obtained by the standard
and improved algorithms are shown in Fig. 9. Both algorithms
can identify nondominated solutions; however, the proposed
method yields a Pareto set that is closer to the origin and more
uniformly distributed. This indicates that the improved conver-
gence strategy and crowding-solution elimination mechanism
enhance both convergence quality and solution diversity.

To evaluate the uniformity of the obtained nondominated
solution set in the solution space, the deviation index can be
adopted as a quantitative metric. Its definition is given by:

n—1
SP=>"
=1

A smaller SP value indicates a more uniform distribution of
the Pareto solution set.

The diversity of the nondominated solution set can be evalu-
ated using the HV indicator.

Both algorithms were applied to the multiobjective optimiza-
tion design of the converter transformer valve-side bushing.
Each algorithm was independently executed ten times, and the
corresponding deviation index and hypervolume indicator were
statistically analyzed. The results are summarized in Table 4.
It can be observed that the improved algorithm yields a smaller
deviation index and a larger hypervolume value, indicating that
the resulting Pareto solution set exhibits a more uniform distri-
bution in the solution space and significantly enhances solution
diversity.

Therefore, the improved algorithm exhibits better conver-
gence and diversity performance in the practical valve-side
bushing optimization problem, which provides a more reliable
basis for the subsequent design analysis.

|di - d|

n—1 (26)

5. DISCUSSION

5.1. Analysis of Design Results

After verifying the effectiveness of the proposed optimization
algorithm, the design results of the valve-side bushing are fur-
ther analyzed in this subsection. Using the same converter
transformer valve-side bushing as the case study, conventional
single-objective equal-margin optimizations were first carried
out separately under AC and DC operating conditions. The nor-
malized variances of the insulation margins under both elec-
tric field conditions were then calculated for the two resulting
designs, as summarized in Table 5. It can be seen that when
the structure is optimized in a single-objective manner for one
operating condition, the insulation margin distribution under
the other condition deteriorates significantly, exhibiting poorer
uniformity and larger interlayer discrepancies.

Table 6 lists a representative set of Pareto solutions obtained
using the improved multiobjective GWO. The normalized vari-
ances under DC and AC operating conditions are compared
with those of the corresponding single-objective equal-margin
designs shown in Table 5. The results show that, for an indi-
vidual objective, a multiobjective optimized design is generally
slightly inferior to the corresponding single-objective optimum.
However, from the perspective of the overall trade-off between
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FIGURE 8. Flowchart of the improved multiobjective GWO.

TABLE 4. Comparison of SP and HV values obtained by the standard and improved algorithms.
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L crowded solutions
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than the external archive capacity?

Run the grid mechanism to

remove redundant solutions

in crowded areas
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accommodate the

new solution

_—\c _

XXXXX |Standard algorithm flow | XXXXX } Improved/new processes

-

DI/x107° HV/x107?
Number of runs Standard Improved Standard Improved
algorithms algorithms algorithms algorithms
1 1.020 0.646 5.897 8.782
2 1.076 0.614 5.104 8.935
3 1.064 0.643 5.479 9.416
4 0.968 0.694 5.722 9.262
5 1.024 0.745 6.284 8.843
6 1.119 0.706 5.384 8.967
7 1.007 0.658 5.197 9.035
8 1.016 0.747 4.882 9.368
9 0.986 0.716 5.645 9.117
10 0.918 0.694 6.121 8.873
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FIGURE 9. Distribution of Pareto optimal solutions obtained by stan-
dard and improved algorithms.

the two objectives, the multiobjective solutions exhibit better
comprehensive performance. This clearly demonstrates the ad-
vantage of the proposed multiobjective optimization method in
coordinating the insulation performance of the valve-side bush-
ing under combined AC and DC electric field conditions.

5.2. Electric Field Distribution before and after Optimization

To further verify the effectiveness of the proposed optimization
method, the electric field distributions of the valve-side bushing
before and after optimization were analyzed under both DC and
AC operating conditions. The corresponding electric field dis-
tribution cloud maps are shown in Figs. 10 and 11, and the radial
electric field distributions extracted from the grading electrode
layers at the flange region are presented in Figs. 12 and 13, re-
spectively.

Under DC operating conditions, the electric field is mainly
concentrated in the outer grading electrode region. As shown
in Fig. 10, the maximum DC electric field decreases from ap-
proximately 8.4 kV/mm before optimization to 7.88 kV/mm af-
ter optimization, corresponding to a reduction of about 6.2%.
At the flange region, the extracted radial electric field in Fig. 12
shows that the peak value decreases from about 5.2 kV/mm to
4.8kV/mm, while the fluctuation amplitude among adjacent
grading layers is reduced. These results indicate that the DC
electric stress is redistributed more uniformly after optimiza-
tion.

Under AC operating conditions, a similar improvement
can be observed. As shown in Fig. 11, the maximum AC
electric field decreases from approximately 1.64kV/mm to
1.47kV/mm, corresponding to a reduction of about 10.4%.
The radial electric field distribution at the flange region in
Fig. 13 further shows that the field variation becomes less
pronounced after optimization, with the peak value decreasing
from about 1.0kV/mm to 0.95kV/mm. This redistribution is
mainly attributed to the coordinated adjustment of the grading
electrode geometry, which moderates the electric field gradient
between adjacent layers.

Overall, the optimized grading electrode structure effectively
reduces the peak electric field strength and improves the uni-
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TABLE 5. Summary of single-objective optimization results.

Normalized variance of margin

DC electric field AC electric field

Optimization goal

Margin under DC
0.042 0.250

electric field

Margin under AC P
0.155 1.954 x 10

electric field

formity of the electric field distribution under both DC and AC
operating conditions. This is consistent with the optimization
objective of minimizing the normalized variance of insulation
margins and demonstrates that the proposed method can alle-
viate local electric field concentration and enhance insulation
coordination in the valve-side bushing.

5.3. Engineering Implications

From an engineering perspective, the optimized grading elec-
trode structure provides clear practical benefits for the insula-
tion design of valve-side bushings operating under composite
AC-DC electric stresses. According to the simulation results,
the maximum DC electric field decreases from 8.4 kV/mm to
7.88 kV/mm, corresponding to a reduction of about 6.2%, while
the maximum AC electric field decreases from 1.64 kV/mm
to 1.47 kV/mm, corresponding to a reduction of about 10.4%.
In addition, the peak radial electric field at the flange region
decreases from approximately 5.2kV/mm to 4.8 kV/mm un-
der DC conditions and from 1.0kV/mm to 0.95kV/mm un-
der AC conditions. These results indicate that the optimized
structure effectively suppresses local electric-field concentra-
tion and helps mitigate insulation overstressing.

The optimization also improves the uniformity of the electric
field distribution among the grading electrode layers. The re-
duced fluctuation amplitude of the radial electric field indicates
a more balanced electric-stress distribution after optimization.
Correspondingly, the insulation margin distribution among dif-
ferent grading layers becomes more coordinated, which is con-
sistent with the reduction in the normalized variance of insula-
tion margins. This means that the optimized structure not only
lowers the peak electric field, but also improves the utilization
efficiency of the insulation structure by avoiding local weak
points and excessive design redundancy.

These improvements are beneficial for the long-term relia-
bility and practical engineering design of valve-side bushings.
Since the DC electric field is closely related to long-term elec-
trical aging and the AC electric field is associated with partial
discharge inception, reducing the peak field by approximately
6-10% and improving the electric-field uniformity can effec-
tively lower the risk of local insulation degradation. Therefore,
the proposed multiobjective optimization strategy provides a
practical design approach for enhancing insulation reliability,
improving insulation coordination, and increasing material uti-
lization efficiency in HVDC equipment.
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FIGURE 10. DC electric field distribution before and after optimization.

w |

Before optimization After optimization

FIGURE 11. AC electric field distributions before and after optimization.
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FIGURE 13. Radial AC electric field distribution before and after opti-
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TABLE 6. Statistics of insulation margin variance obtained by the improved multiobjective optimization.

Normalized variance of margin

. DC electric field AC electric field
Serial number The effect of The effect of
Value R Value R
optimization/% optimization/%
1 0.071 —55.07 0.180 —27.80
2 0.078 —50.86 0.157 —36.82
3 0.082 —47.03 0.141 —44.17
4 0.087 —43.88 0.124 —50.86
5 0.094 —39.22 0.108 —56.25
6 0.095 —38.43 0.102 —58.71
7 0.103 —35.29 0.088 —64.35
8 0.106 —30.54 0.070 —72.49
9 0.124 —21.99 0.047 —80.56
10 0.135 —15.56 0.036 —86.07

6. CONCLUSION

A multiobjective optimization method for the insulation
structure of a converter transformer valve-side bushing under
combined AC-DC electric stresses was proposed based on an
electro-thermal coupled model and an improved multiobjective
grey wolf optimizer.

The results show that the proposed method improves both
the Pareto-solution quality and the insulation-field distribution.
Compared with the standard algorithm, the improved method
yields a lower spacing metric (SP) value and a higher HV
value, indicating better uniformity and diversity of the ob-
tained Pareto solution set. In addition, the optimized structure
reduces the maximum DC electric field from 8.4kV/mm
to 7.88kV/mm and the maximum AC electric field from
1.64kV/mm to 1.47kV/mm, corresponding to reductions
of about 6.2% and 10.4%, respectively. The radial electric
field at the flange region also becomes more uniform after
optimization.

Overall, the proposed method effectively suppresses local
electric-field concentration and improves insulation coordina-
tion under composite AC-DC operating conditions. Therefore,
it provides a practical design approach for enhancing the relia-
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bility and material utilization efficiency of valve-side bushings
and other capacitive grading insulation structures in HVDC
equipment.
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