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Abstract: During the operation of HVDC extruded cables, voltage polarity reversal (VPR) is consid-
ered one of the most severe conditions for cable insulation. In this paper, a bipolar charge transport
model developed for cylindrical geometry is improved by introducing ionic carriers from impurity
dissociation for the simulation of space charge and electric field in an HVDC extruded cable with thick
polymeric insulation under VPR, and the construction of the geometric model is based on a practical
160 kV DC polymeric cable. The influence of polarity reversal period (PRP) and temperature gradient
(TG), formed by the load current flowing through the conductor, on the space charge evolution and
the electric field distribution are investigated. The mechanisms of the charge dynamics and the field
distortion affected by the PRP and the TG are also discussed. The results show that under TG, the
maximum transient field appears near the interface between the conductor shield and insulation in
the early stage of complete VPR. In addition, the longer the PRP, the more serious the maximum
transient field distortion. Moreover, an increase in TG intensifies the maximum field distortion under
steady and transient states due to the enhancement of heterocharge accumulation.

Keywords: HVDC extruded cable; polymeric insulation; space charge; polarity reversal period;
temperature gradient; charge transport; ionic charge

1. Introduction

High-voltage direct-current (HVDC) transmission technology is widely used in long-
distance and large-capacity transmission and regional power grids interconnection [1]. As a
key piece of equipment in HVDC transmission system, the HVDC extruded cable provides
significant advantages in terms of large transmission capacity and long-term reliability [2].

One of the primary factors restricting the development of polymeric insulation for
HVDC extruded cables is the space charge accumulation, which distorts the local electric
field, accelerates insulation aging and even causes insulation breakdown [3-5]. The space
charge accumulation poses a greater threat.

In the line-commutated-converter (LCC) HVDC system, power flow reversal is im-
plemented by voltage polarity reversal (VPR). With the polarity reversal (PR) process, the
cable insulation is subjected to a high transient field caused by the superimposition of the
applied DC field and the distorted field induced by space charge. This is a severe challenge
to polymeric insulation for HVDC extruded cables. The polarity reversal period (PRP) is a
crucial component affecting the VPR process. According to the CIGRE technical brochure
in [6], the recommended PRP is within 2 min. Especially, a shorter PRP under emergency
power control condition can be required to provide emergency support, which can accom-
plish the VPR within a few seconds [7]. In addition, a radially distributed temperature
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gradient (TG) across the cable insulation is formed by the Joule heat originating from the
load current flowing through the conductor. Hence, the effect of TG in the cable insulation
is also a non-ignorable factor during the VPR. With the expansion of transmission distance,
the increase in voltage level and the enlargement of transmission capacity require a stable
operation of the HVDC extruded cable, with a high current-carrying capacity. In this
case, the influence of the TG formed by high load current on the charge dynamics and the
field distribution under the VPR becomes necessary for a reliable assessment of the cable
insulation performance.

The space charge evolution in insulating materials under VPR and its influencing
factors have been recently investigated on the basis of experimental measurement methods.
Wau et al. [8] analyzed the influence of PRP on space charge and transient field in low
density polyethylene (LDPE) film under TG. They found that the decrease in PRP results
in decreasing the maximum transient field under TG. Tu et al. [9] evaluated the influence
of VPR on the space charge characteristics in a Nano-CB/LDPE composite film using
the pulsed electro-acoustic (PEA) method. They demonstrate that the composite film
containing 0.03 wt.% CB nanoparticles shows a better effect in suppressing the charge
accumulation after the VPR. Tanaka et al. [10] found that a large amount of packet-like
charge accumulates in normal cross-linked polyethylene (XLPE) used in the cable insulation
after the VPR, and the local electric field is significantly enhanced by the space charge
accumulation. Du et al. [11] researched the influence of VPR on the distribution of space
charge and the properties of breakdown in XLPE/graphene oxide (GO) nanocomposites.
They demonstrate that space charge injection and accumulation show polarity dependence
under the VPR, and the increase in the pre-applied hetero-polarity field decreases the
breakdown strength in the XLPE film-type samples.

However, these studies focus on the thin film-type sample, which cannot directly
extrapolate the HVDC extruded cable. The polymeric insulation for HVDC extruded cable
is not only related to the insulation material characteristics, but also connected with the
coaxial structure, leading to a field gradient inside the insulation. Moreover, the semi-
conductive shielding layer cannot be ignored in the HVDC extruded cable.

Dissado et al. [12] investigated the space charge evolution in an actual XLPE cable
under DC field during VPR, using the PEA technique. However, the investigation of the
influence of the TG on the charge distribution only aims at the condition under an applied
voltage with a steady unipolarity. Therefore, this research lacks the charge evolution and
the transient field distribution affected by the TG under the VPR in the XLPE cable.

The PEA measurement technique in a full-size HVDC cable is an effective method to
recognize the space charge characteristics. However, this technology still possesses some
limitations. Firstly, the full-size cable test is required to stripe part of the outer shields of
the cable (e.g., water blocking layer and metal sheath). This affects the assessment of the
cable’s overall performance. Furthermore, several technique difficulties still need to be
solved in order to improve the spatial resolution and the measurement sensitivity of the
PEA system, especially for the space charge measurement in an HVDC extruded cable
with thick polymeric insulation. Hence, numerical simulation based on polymer charge
transport theory gradually becomes a supplementary method to effectively characterize
the charge accumulation and the field distribution. A bipolar charge transport (BCT)
model proposed by Alison et al. [13] is widely used for simulation of the space charge
behavior in the film-type sample. Le Roy et al. [14] extended the BCT model used in the
film-type sample to cable geometry, taking into account a steady TG across the insulation.
Chen et al. [15] improved the BCT model developed for cable geometry, on the basis of
the thermal transient effects. However, the current BCT model applied to cable geometry
still retains some limitations in the following expressions. (i) The cable geometry used in
the model is simplified: it only consists of the conductor and the insulation layer, which is
different from the structure of an actual HVDC extruded cable. (ii) The carriers’ diffusion
in the insulation under the TG is neglected. (iii) The charge generation in the model is
limited, with only electron and hole being injected from electrodes. Impurities, such as
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crosslinking by-products and antioxidants [16,17], are unavoidable in the preparation
process of polymeric insulation used in the HVDC extruded cable. The ionic carriers from
the dissociation of impurities existing in polymeric insulation is another important source
of space charge. It has been reported in [18-22] that the heterocharge formation is related
to the dissociation of impurities. However, rare research on the space charge modelling in
the HVDC extruded cable considers the contribution from the dissociation of impurities.

To date, the existing simulations based on the BCT model mainly focus on the in-
sulation under an applied DC voltage with a unipolarity, while little attention has been
paid to the effect of VPR on the charge accumulation and the field distribution, especially
during the operation of a practical HVDC extruded cable. To the best of our knowledge,
research about the influence of PRP on the charge evolution and the field distortion in the
cable insulation are still lacking at present. In addition, the effect of TG formed by a high
load current on the charge dynamics and the field distortion under the VPR in the cable
insulation still requires further in-depth analysis. The mechanism whereby the PPR and
the TG influence the charge dynamics and the field distortion in the cable insulation has
not yet been elucidated.

In this paper, the ionic carriers from the impurity dissociation are introduced in the
BCT model developed for cylindrical geometry. The remainder of this paper is organized
as follows. Section 2 details the simulation method. More precisely, Section 2.1 presents the
principle of the improved model with the BCT model and ion charge transport (ICT) model.
The geometric model, initial conditions and boundary conditions used in the simulation
are provided in Sections 2.2 and 2.3. On the basis of the improved model, the influence
of PRP and TG on the evolution of space charge and the distribution of electric field are
investigated in Section 3. The mechanisms by which the PRP and the TG influence the
charge dynamics and the field distortion are discussed in Section 4. Finally, conclusions are
drawn in Section 5.

2. Simulation Method
2.1. Improved Charge Transport Model for Cylindrical Geometry

The simulation based on the improved charge transport model for cylindrical geometry
is implemented by using the finite element method (FEM), and the flow chart of the
simulation implementation is shown in Figure 1.

2.1.1. BCT Model for Cylindrical Geometry

The BCT model consists of the process of charge injection, transport, trapping, de-
trapping, recombination and extraction. Electrons and holes are respectively denoted by
subscripts e and h, the coefficients of trapping and de-trapping are respectively represented
by Be/By, and De/ Dy, So~3 denotes the recombination coefficients of the trapped electrons
(et)/trapped holes (ht), mobile electrons ((ep)/ht, et/mobile holes (hp)) and ep/hp.

When an applied DC electric field exceeds the threshold value for charge injection, the
charge injection from both electrodes can be described by the Schottky law [15]:

. wj E(rin,
jn(rin, t) = AT?(r) exp (— kBTl?r)> exp (kB;(,) 647(I€08i))

fe(rout 1) = AT2(r) exp(— %) exp (m “ES::;;;”>

where jy, (rin,f) and je(7out,t) are respectively the injection current densities for holes and
electrons, A is the Richardson constant, T(r) denotes the temperature at the radius r of
the insulation layer, wy, and wj respectively represent the injection barriers for holes and
electrons, kg is the Boltzmann constant, E(rin,f) and E(rout,t) are respectively the electric
fields at the radius of 7;, and 7oyt.
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The fundamental equations governing the charge dynamics in cylindrical coordinates
are expressed as:

, 9(ja-
ar T 7 (]Brr) = sa(r, 1)

fau(r 8) = pan (r, )y (£ E(r, ) — D2 (et @
PV | 13Vt _ _p(rt)
or2 Tooor T €er

where 1, denotes the carrier density, subscript a represents the density of different carriers,
jau is the current density, ya(7,t) denotes the mobility of the mobile carriers, V is the applied
voltage, p(r,t) represents the net charge density, and Dy refers to the diffusion coefficient
which describes the diffusion movement of the mobile carriers. Dy follows the Einstein
relation, and is given by:
kpT(r)
e

Dg(r,t) = pa(r,t) - (3)

The charge transport between the shallow traps is characterized by the hopping
mechanism, y,(7,t) as a function of the field gradient and the TG dependency [23] is defined

by:
2\ —Wephu \ . eE(r, t)A
Hen(rit) = oy &P ( T )5 2T () @
where A denotes the distance between traps, w, and w;, respectively represent the
hopping barrier heights for electrons and holes, v is the attempt to escape frequency (v = kg
T(r)/h), where h denotes the Planck constant.

In (2), sa(r,t) is the source term for the bipolar carriers which indicates the changes of
the local charge density caused by the non-conduction process, expressed as [24]:

Sep = —3r — _Slnhtnep. - S3nhpnep. - Beneu(l - %) + Detet

Shy = 3’31;“ = —SoMethpy — S3Mhptep — Buitny (1 — %) + Dy )
Set = agft = *SZnhpnet — SoMpihet + Beneu(1 - ,?;ett) — Denet

Sht = % = —SiMpelep — SoNnillet + Bptin, (1 — %) — Dpnyy

where et and 11, respectively represent the trap densities of electrons and holes, D. and
Dy, are given by:

De(r,t) = vexp( et )

Dy(r,t) = vexp (k;lTpE‘;) )

where et and iy, represent the de-trapping barrier heights for n¢; and ny,, respectively.
The mobile carriers are extracted at the counter electrodes, with extraction fluxes j,
and j,, given by [25]:

(6)

je(r,t) = Cepte(r, t)nen(r,t)E(r, t)

n(0,t) = Chpn (0, #)nn, (0, £)E(O, £)

@)

where C. and Cj, respectively denote the extraction coefficients, reducing from being
immediate (C/, = 1) to fully blocking (Ce /1, = 0).
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Build the simulated geometric model
shown in Figure 1
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Figure 1. The flow chart of the simulation implementation.

2.1.2. ICT Model for the Cylindrical Geometry

The space charge also originates from the impurity dissociation. To simplify the type
of impurities in the polymeric insulation for HVDC extruded cable, it is assumed that the
impurity molecules can be thermally activated and dissociated into positive and negative
ions. The dissociation coefficient is expressed as [26]:

Dy(r,t) = vexp<lc;l]e<zirﬁ")>

where 145 is the dissociation barrier of ions.

The ionic carrier transport is described by the hopping barrier model, i.e., under
the applied field, the generated ions are transported towards the counter electrodes by
overcoming a barrier. The mobility of ionic carriers is defined by [26]:

i(r,t) = %10 exp( i) fexp( — ) —exp( i
W =GB ) P\ kT (r) ) |ZF \ ks T () P\ k3T (1)
where subscript i denotes the type of ionic carriers, i.e., mobile positive ions (pp) and

negative ions (np), J; represents the average migration distance, wy; is the migration barrier,
w; represents the decrease of wy; under the applied field, given by:

®)

©)

1
w; = EéieE(r, t) (10)

The fundamental equations for the ionic charge dynamics in the cylindrical coordinates
can also be governed by (2). Hence, the total net charge density p(r;t) is composed of eight
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types of carriers, containing mobile and trapped carriers for electrons, holes, positive ions
and negative ions. In (2), the source term s,(r,t) is expressed as:

Snu = a%r;p. = *glnPtnnu - CB”ppnnp - Bnnnu(l B :onntt) + Dnitne + DdNO/

Spu = a?}% = —GoMnthpp — C3Mppiiny — Bpnpu (1 — :TP;) + Dpnipt + DgNo' an
11

snt = 20t = —Zomputing — Gomptiing + Baftng (1 — #2) — Dy

Spt = ? = —C1Mpthny — GoMptiint + Bpnpu (1 — %) — Dpript

where ¢.3 respectively denotes the recombination coefficients of the trapped positive ions
(pt)/trapped negative ions (nt), mobile negative ions (np)/pt, nt/mobile positive ions
(pw), and pp/ny, ngpt and nont respectively represent the trap densities of the positive and
negative ions, Bp and By, are the trapping coefficients for positive and negative ions. The
de-trapping coefficients D, and D, are expressed as:

Dy(r,t) = UeXP(}%ﬁi)) (12)

Dy(r,t) =vexp (k;#;) )

where ¢+ and ¥yt are respectively the de-trapping barrier heights for the trapped positive
and negative ions 11pt and 11nt. Ny denotes the concentration of residual impurities, given
by:

No' = No — (Se — DalNo) (13)
where Ny is the concentration of impurities and S represents the concentration of impuri-
ties formed by recombination per unit time:

Sg, = Conpthint + G1Mptiny + C2Mpulint + E3Mpputiny (14)

The mobile ionic carriers reaching the counter electrode are fully blocked at the counter
electrodes, i.e., the current densities of extracted ionic carriers on both electrodes are set to
Zero.

The simulation parameters are selected on the basis of the guidance from existing
research [23,24,26]. They are provided in Table 1.

Table 1. The simulation parameters.

BCT Model
Parameter Value Units
Wie 1.3 eV
Wih 1.27 eV
A 3x10°8 m
Wye 0.62 eV
Wyuh 0.68 eV
Be 0.06 st
By 0.12 571
get 100 C/m3
Noht 100 C/m3
ll)et 0.9 eV
Vh 0.95 eV
50,51,52 4%x1073 m3C/s
S3 0 m3C/s

Ce/Ch 05 1
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Table 1. Cont.

ICT Model
Parameter Value Units
Ny 1.5 x 101? m3
Pdis 0.8 eV
dp 25 x 1077 m
On 2x107° m
Wip 0.75 eV
Win 0.78 eV
By 0.18 !
Bn 0.15 -1
Ppt 0.92 eV
Pnt 0.9 eV
Mopt 100 C/m?3
Hont 100 C/m°
¢0,61,C2 4x1073 m—3 C/s
{3 0 m3C/s

2.2. Geometric Model Used for Simulation

A one-dimensional axisymmetric geometric model used for the simulation is con-
structed on the basis of an actual 160 kV DC polymeric cable, as shown in Figure 2. The
model is built by the 360-degree rotation of the segment O-G around the center O. In
Figure 2, segment O-A is the conductor radius, segment O-B (ri,) is the outer radius of the
conductor shield and the inner radius of the polymeric insulation layer, segment O-C (rout)
is the outer radius of the polymeric insulation layer, segment O-D is the outer radius of the
insulation shield, segment O-E is the water blocking layer, segment O-F is the outer radius
of the metal sheath, and segment O-G is the outer radius of the outer sheath. The selection
of the structural dimensions and material properties in the geometric model are guided

in [27-29], as listed in Table 2.

~ Conductor
Quler T T T T shield

p
sheath i’ -
/,‘,

Outer metal/  ~
sheath / I!' /

Water bl(wking:’:
laver

{
™
lnsulation| '
|

)

Figure 2. The simulated geometric model.
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Table 2. Structural dimensions and material properties in the geometric model.

Thermal

Structure R/?:rl:s Conductivity H;;lit ?f };?fllty /113 eflls 1ty3
/Wm-1 K-1 g g m

Conductor 12.62 400 390 8900
Conductor shield 14.12 0.29 1900 1100
Insulation 30.12 0.29 1900 930
Insulation shield 31.12 0.29 1900 1100
Water Blocking Layer 34.12 0.17 2200 350
Metal sheath 40.12 237 880 2700
Outer sheath 46.12 0.5 1900 950

The geometric model shown in Figure 2 is discretized using with a non-uniform grid
of cells of thickness Ar. The time step At used for the simulation satisfied the Courant—
Friedrichs-Lewy (CFL) condition [30], demonstrating that the charge transport distance
within each time step At was less than the cell size Ar.

2.3. Initial Conditions and Boundary Conditions in the Improved Model

The initial temperature for the polymeric insulation is set to the ambient temperature
(20 °C), while the initial charge density is set to 0 C/m?>. The detailed boundary conditions
in the improved model are set as follows.

2.3.1. Electric Field

In order to realistically reflect the polarity reversal process in a practical HVDC
transmission system, a time-varying DC voltage U(t), shown in Figure 3, is applied to
simulate the different stages, including before the VPR and after the VPR and during the
VPR. In Figure 1, the U(t) is applied to the conductor, and the outer sheath is grounded. As
shown in Figure 3, the relevant voltage stages are summarized as follows:

u
Stage 1 i Stagell Stage Ll

<

A
Y

(B0 —

A 4

t(s)

S P S— :

K
»

36,0005 | Periodll | 360005

Figure 3. DC external voltage application procedure.

Stage I: The applied voltage U(t) is raised to Uy (320 kV). The reached final value U
then maintains a stable operation for 36,000 s. Stage II: during the VPR, the voltage polarity
is reversed from Uy (320 kV) to —Ujp (—320 kV). Stage III: after the VPR, the reached final
value —Uj (=320 kV) also maintains a stable operation for 36,000 s. U(t) then decreased
to 0.
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2.3.2. Heat Transfer

The TG across the insulation formed by the load current originates from the heat
transfer equations of time dependence along the radial direction:

oo % (16)

where p denotes the insulating material density, C,, represents the constant pressure heat
capacity, A is the thermal conductivity, Q denotes the heat source originating from the Joule
loss generated by the load current in the conductor, N is the cross section of the conductor,
and W, denotes the conductor loss per unit length, given by:

We = I1*Rpc (17)

Rpc = Ro + Roaz (T —20) (18)

where [, is the load current, Rpc represents the DC resistance per unit length of the
conductor, Ry denotes the DC resistance per unit length of the conductor at 20 °C (R = 3.44
x 1075 Q/m), ay is the temperature coefficient for the DC resistance of the conductor at
20 °C (agp = 3.93 x 1073), and T is the operation temperature (T. = 90 °C). Moreover, the
convective heat flux gy is set to the boundary condition at the outer sheath, expressed as:

go = h(Text — T(1,t)) (19)

where h is the convective heat transfer coefficient and Tex is the ambient temperature.

In the geometric model, the insulation thickness is set to 16 mm, while the cross section
of the conductor is set to 500 mm?. According to [29], the calculated maximum load current
during the cable operation is equal to 1090 A. In order to obtain different TGs across the
insulation, the load currents Iy, are respectively set to 800 A and 1000 A. The time-varying
temperatures in the conductor, inner insulation layer and outer insulation layer are shown
in Figure 4. The figure shows that the temperatures at the previously mentioned layers
reach a steady-state distribution after approximately 28,000 s.

335 4
330 4

325

Temperature (K
W = Wl
i S |
= w =
P

[53

=1

at
L

w
n
s

Temperature (K)
P
a
\

310 4
305
Conductor 300 { Conductor
Inmer insulation layer | Inner insulation layer
95 ]
Quter insulation layer 295+ Quter insulation layer|
T T T T T T T T T T T T T T T T
0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 0 10,000 20,000 30,000 40,000 50,000 60,000 70,000
Time (s) Time (s)

(a) (b)

Figure 4. Time-varying temperatures in the conductor, inner insulation layer and outer insulation
layer, with applied load currents: (a) 800 A; (b) 1000 A.

It can be seen from Figure 4a that the steady-state temperatures of the conductor, the
inner insulation layer and the outer insulation layer are approximately 335.5 K, 332.8 K
and 314.7 K, respectively, thereby forming the TG of about 1.1 K/mm across the insulation.
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Thickness (mm)

20
-30
-40
-50

It can be observed in Figure 4b that the steady temperatures of the conductor, the inner
insulation layer and the outer insulation layer are, respectively, 322.1 K, 320.3 K and 308.7 K,
thereby forming the TG of about 0.7 K/mm across the polymeric insulation. The steady-
state temperature distributions in the HVDC extruded cable are illustrated in Figure 5 with
load currents of 800 A and 1000 A.

50f
335 335
40}
330 30 330
9 ’é\ 20- g
35 g = 10| 35 £
- 3 ®
z 0 Z
320 & 3 320 €
S = =10 z
& = =
315 20 315
=30+
310 -40¢ 310
50 40 30 20 <100 0 10 20 30 40 50 50 -40 <30 20 <10 0 10 20 30 40 50
Thickness (mm) Thickness (mm)
(a) (b)

Figure 5. Steady-state temperature distribution in the HVDC extruded cable, with applied load
currents: (a) 800 A; (b) 1000 A.

2.3.3. Space Charge Injection and Extraction

The threshold field value for charge injection in polyethylene is approximately 10
kV/mm [31,32]. Thus, the boundary conditions for the charge injection at both electrodes
are defined by (1), when the field exceeding the threshold value is applied. On the basis of
the low-field conduction mechanism [1], an Ohmic conduction exists at low field. Hence,
during the applied field below the threshold value, we assume that the boundary conditions
for the charge generation at both electrodes originate from the Ohmic conduction, defined
by a first-order linear equation. Furthermore, the boundary conditions for charge extraction
are defined by (7). The direction of the extraction current is chosen opposite to that of
the applied field. The detailed conduction mechanism at the anode during the applied
DC voltage in Figure 3 is illustrated in Figure 6, where it can be seen that the conduction
mechanism transition from low field (Ohmic conduction) to high field (Schottky injection)
is achieved at the threshold value (10 kV/mm). Figure 6a illustrates the conduction
mechanism at the anode during Stage I, while Figure 6b presents the conduction mechanism
during Stage II, and under the applied stable voltage —Uj in Stage III.

7 (Almm) 4 Jj (Afmm) 4
Schottky injection Schottky injection
Ohmic conduction ——— Ohmic conduction
Extraction Extraction
; il
» »
r (kV«"mm)' -10 10 E (kVimmi)
ekl
(a) (b)

Figure 6. Conduction mechanism during the applied DC voltage shown in Figure 3 at the anode:
(a) Stage I; (b) Stage II and the application of stable external voltage —U in Stage III.
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3. Simulation Result
3.1. Influence of the Polarity Reversal Period on the Space Charge Accumulation and the Electric
Field Distribution

As mentioned in Section 1, the PRP in the model is set to 6 s, 30 s and 120 s, while
the load current is set to 1000 A. Figure 7 presents the evolution of space charge in the
cable insulation at a load current of 1000 A, under the applied DC voltage in Figure 3
with a PRP of 6 s, 30 s and 120 s. This depicts the charge evolution from a steady-state
distribution before the VPR to a transient process during the PR, and then a new steady-
state distribution after the VPR. In Figure 7, the horizontal axis represents the radial position
of the insulation layer, the left vertical axis is the polarization time, and the right vertical
axis denotes the charge density. The time scale ranges from 36,000 s to 70,000 s.

It can be seen from Figure 7a that, after reaching a steady-state charge distribution
before the PR, the amount of injected charge at the interface between the conductor shield
and the insulation is higher than that at the interface between the insulation and the
insulation shield. A positive homocharge appears near the interface between the conductor
shield and the insulation, while a positive heterocharge accumulates near the interface
between the insulation and the insulation shield. This can reproduce the feature of the
heterocharge accumulation experimentally observed in a 160 kV DC polymeric cable under
TG [33]. Moreover, a few positive charges accumulate in the bulk insulation, which is
mainly located in the middle part of the cable insulation.

During the VPR (ramping down of the applied positive voltage in Stage II), the amount
of injected charge at both electrodes decreases. However, the positive homocharge still
gradually accumulates in the vicinity of the interface between the conductor shield and the
insulation. The amount of positive heterocharge in the vicinity of the interface between
the insulation and the insulation shield slightly decreases, and there are still accumulated
positive charges in the bulk insulation (cf. Figure 7a).

As illustrated in Figure 7a, just after the VPR is finished, the polarities of space charge
do not rapidly change with the VPR, while the amount of injected charge from both
electrodes decreases. During the initial period of Stage III, the amount of the residual
positive heterocharge near the inner semicon—insulation interface and positive charge in
the bulk insulation before the VPR are first decreased. The polarity of partial charges
in the bulk insulation is then reversed. More precisely, it can be clearly seen that the
successive positive and negative peaks appear in the bulk insulation. With the increase in
the poling time after the VPR, the negative homocharge gradually appears near the inner
semicon-insulation interface, while negative charges also extend into the bulk insulation.
Moreover, the negative heterocharge gradually accumulates near the insulation—outer
semicon interface. The region of heterocharge accumulation is almost the same as that of
the positive heterocharge before the VPR. The steady-state charge distribution before and
after the VPR presents almost symmetrical profiles, which is consistent with the description
of the “mirror image effect” phenomenon [12].

A comparison between Figure 7a—c is performed, demonstrating that some specific
features for the charge evolution during a PRP of 6 s and 30 s are similar to these during a
PRP of 120 s. However, there are some differences reflected in the following description.
(i) The variation of the charge evolution is not obvious during the VRP with a PRP of 6 s,
while there is almost no change in the density of injected charges from both electrodes.
(ii) During the initial period of Stage IlI, the longer the PRP, the more residual positive
heterocharge accumulates adjacent to the interface between the conductor shield and the
insulation, but the fewer the negative charges that extend into the bulk insulation.
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Figure 7. Space charge evolution in the HVDC extruded cable at load current of 1000 A, under the
applied DC voltage shown in Figure 3 with different PRPs: (a) 120 s; (b) 30's; (c) 6 s.

Figure 8a—c presents the electric field distribution in the cable insulation at a load
current of 1000 A under the applied DC voltage in Figure 3, with a PRP of 120 s, 30 s and
6 s, respectively. In this figure, the horizontal axis is the radial position of the insulation
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layer, the left vertical axis is the polarization time, and the right vertical axis is the field
strength. The time scale ranges from 36,000 s to 70,000 s.
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Figure 8. Space charge evolution in the HVDC extruded cable at a load current of 1000 A, under the
applied DC voltage shown in Figure 3 with different PRPs: (a) 120 s; (b) 30's; (c) 6 s.
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It can be observed from Figure 8 that the variation trends for the maximum field
location during the polarization under different PRPs are basically the same. The location
of the maximum steady-state field appears near the interface between the insulation and
the insulation shield just before the VPR, which is consistent with the location in the field
inversion phenomenon experimentally observed in [34]. During the initial period of Stage
I11, the location of the maximum transient field switches from the vicinity of the insulation—
outer semicon interface to the vicinity of the inner semicon—insulation interface. After
reaching a steady-state field distribution in Stage III, the location of the maximum field
reverses again and returns to the location near the interface between the insulation and the
insulation shield. Therefore, an almost symmetrical field distribution is formed compared
with that before the VPR. In addition, the decrease in the PRP shortens the time required to
reach the maximum transient field.

Moreover, the absolute values of the maximum transient fields and the corresponding
field distortion rates under a PRP of 6 s, 30 s, and 120 s are evaluated on the basis of (20) [8],
and they are illustrated in Figure 9. Furthermore, the line graph in Figure 9 illustrates the
variations of the maximum transient fields under the corresponding PRPs.

p = [Emax] = [Favel 1400, (20)
’Eave|

where F is the field distortion rate and Eave is the applied field average value.
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Figure 9. Absolute values of maximum transient fields and the corresponding field distortion, under
aPRP of 120s,30s and 6 s.

It can be seen from Figure 9 that during the initial period of Stage III, the longer
the PRP the higher the maximum transient field strength near the interface between the
conductor shield and the insulation, and the more serious the field distortion.

3.2. Influence of the Temperature Gradient on the Space Charge Accumulation and the Electric
Field Distribution

Figure 10 illustrates the evolution of space charge in the cable insulation at a load
current of 800 A, under the applied DC voltage in Figure 3 with a PRP of 120 s.
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Figure 10. Space charge evolution in the HVDC extruded cable at a load current of 800 A, under the
applied DC voltage shown in Figure 3 with a PRP of 120 s.

By comparing Figure 7a with Figure 10, it can be concluded that the overall charac-
teristic features of space charge evolution shown in Figure 7a are reproduced in Figure 10.
However, some differences remain, as expressed in the following. (i) When the distribution
of space charge has reached a steady state before the VPR, the higher the load current
(1000 A), the more positive homocharge remains near the interface between the conductor
shield and the insulation, and the deeper the range of positive charge penetrates into the
bulk insulation. Moreover, a higher TG leads to more positive heterocharge accumulating
near the interface between the insulation and the insulation shield. (ii) During the initial
period of Stage III, under the action of higher load current, more charges are injected from
both electrodes, and more positive previously accumulated heterocharge remain near the
interface between the conductor shield and the insulation. (iii) After the VPR in Stage
111, the influence of the higher TG on the steady-state charge distribution is almost the
same as that before the PR described in Section 1, in spite of the opposite polarity for the
corresponding charges.

Figure 11 shows the electric field distribution in the cable insulation at a load current
of 800 A, under the applied voltage in Figure 3 with a PRP of 120 s. It can be observed that
the maximum field appears in the bulk insulation just before the VPR, which is located on
the right side of the middle part of the bulk insulation. By comparison with Figure 8a, it can
be deduced that the TG enhancement promotes the location of the maximum field to move
towards the insulation—outer semicon interface. During the initial period of Stage III, the
location of the maximum transient field shifts from the bulk insulation to the location near
the interface between the conductor shield and the insulation, which is almost the same as
that obtained with a load current of 1000 A (cf. Figure 8a). After reaching the steady-state
field distribution in Stage III, the maximum field location shifts from the vicinity of the
inner semicon—insulation interface to the right side of the middle part of the bulk insulation,
forming an almost symmetrical field distribution compared with that before the VPR.

Furthermore, according to Equation (20), the absolute values of the maximum transient
fields and their distortion rates at a load current of 800 A with a PRP of 120 s under steady
and transient states are shown in Figure 12. The corresponding field distortion rates at a
load current of 1000 A are also presented in Figure 12 for a clear visual comparison. It is
demonstrated in Figure 12 that the higher TG intensifies the maximum fields under steady
and transient states, leading to more serious field distortion.
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Figure 11. Electric field distribution in the HVDC extruded cable at a load current of 800 A, under
the applied DC voltage shown in Figure 3 with a PRP of 120 s.
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Figure 12. Absolute values of maximum transient fields and the corresponding field distortion with
a PRP of 120 s, under steady and transient states: (a) Maximum field; (b) Maximum field distortion.

4. Discusion
4.1. Mechanism of Space Charge Dynamics under Different Polarity Reversal Periods

As previously seen in Figure 7, on the basis of the improved charge transport model,
the homocharge region mainly originates from the trapping of the injected carriers at
each electrode, which is considered as the extension of the injected carriers into the bulk
insulation. The heterocharge is generated by the ionization of impurities and the blocked
extraction of injected carriers. The mechanism models of space charge generation and
transport in HVDC extruded cable under VPR are illustrated schematically in Figure 13.
The relevant mechanisms showing the influence of the PRP on the charge dynamics and
the field distortion are elucidated in the following.

It has been reported in [8,35] that the mobility of holes is lower than that of electrons
in polymeric insulation. During the VPR (ramping down of the applied voltage in Stage
II), with the increase in the PRP, as the distance between the heterocharge region and the
cathode is short, more positive heterocharge is extracted and neutralized by the injected
electrodes from the cathode. This results in a smaller amount of positive heterocharge
remaining in the vicinity of the interface between the insulation and the insulation shield.
On the other hand, more electrons from the cathode move towards the bulk insulation
owing to higher mobility of electrons. The longer the PRP, the more the electron-hole
recombination, the more the negative ions—positive ions recombination, and the fewer
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Injection

positive charges accumulated in the bulk insulation. Moreover, during the period, the
longer PRP contributes to more injected holes trapped near the interface between the
conductor shield and the insulation, the longer PRP provides more ionic carriers generated
by impurity dissociation. However, due to the relatively short PRP and the thick polymeric
insulation for HVDC extruded cable, the negative ions and the electrons from the counter
electrode are not easily moved to the anode. This leads to a weak neutralization on the
homocharge accumulation. Hence, during the period, the longer the PRP, the more positive
homocharge accumulates near the interface between the conductor shield and insulation
(see Figure 7).

Extraction (O Extraction

Injection

(b)

Figure 13. Mechanism model of space charge generation and transport in the HVDC extruded cable
under VPR: (a) Before the VPR; (b) After the VPR.

During the VPR (ramping up of the applied negative voltage in Stage II), due to the
relatively short PRP and the thick polymeric insulation for the HVDC extruded cable, the
injected carriers with reversed polarity have a weaker neutralization effect on the remaining
charges in the corresponding locations before the VPR (e.g., positive homocharge). There-
fore, the charge polarity cannot keep up with the change of voltage polarity at the moment
when the VPR has just been completed, as shown in Figure 7. During the initial period of
Stage III, when the charge polarity at each electrode has been reversed, the residual ho-
mocharge before the VPR acts as the heterocharge adjacent to the inner semicon—insulation
interface. On the other hand, the heterocharge accumulated before the VPR acts as the
homocharge adjacent to the insulation-outer semicon interface. This intensifies the field
strength adjacent to the inner semicon—insulation interface, and alleviates the field strength
adjacent to the insulation—outer semicon interface. Therefore, the location of the maximum
field shifts from the vicinity of the insulation-outer semicon interface to the vicinity of the
inner semicon-insulation interface (see Figure 8). During the period, the shorter PRP accel-
erates the charge injection under the action of —Uj; therefore, more positive homocharge
accumulated before the VPR is extracted and neutralized by the injected carriers. Hence,
during the initial period of Stage III, the longer the PRP, the more positive heterocharge
remains in the vicinity of the inner semicon-insulation interface, resulting in a higher
maximum transient field and more serious field distortion (cf. Figures 7 and 9).
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As previously mentioned, after the VPR in Stage III, more injected electrons due to the
shorter PRP contribute to the accumulation of negative homocharge adjacent to the inner
semicon-insulation interface and negative charges in the bulk insulation, and this is done
more quickly. In addition, because the injection of electrons is stronger than that of the
holes under TG, and the mobility of holes is slower than that of electrons, more electrons
are transported towards the counter electrode. In addition, the imbalance of electrons and
holes can weaken the recombination effect, resulting in more electrons dominating the
bulk insulation. The dominant electrons are extracted from the low-temperature electrode,
and the rate of charge extraction at a low-temperature electrode is lower than that at
high-temperature electrode under the TG, which causes the accumulation of a part of
electrons in the vicinity of the insulation-outer semicon interface, owing to the blocked
extraction. Moreover, more negative ions generated by the impurity dissociation in the bulk
insulation move to the interface between the insulation and the insulation shield. Hence,
after reaching a steady-state charge distribution, a large amount of negative heterocharge
accumulates in the vicinity of the insulation—outer semicon interface, owing to the blocked
extraction of electrons and the accumulation of negative ions. This results in intensifying
the field distortion adjacent to the insulation—outer semicon interface; therefore, the location
of the maximum field reverses again and returns to the vicinity of the insulation—outer
semicon interface (cf. Figures 8 and 9).

4.2. Mechanism of Space Charge Dynamics under Different Temperature Gradients

On the basis of the mechanism model shown in Figure 13, the relevant mechanisms of
the TG effect on the charge dynamics and the field distortion are clarified as follows.

By comparing Figure 7a with Figure 10, it can be deduced that before the VPR, the
higher TG formed by the load current of 1000 A diminishes the injection barriers and
intensifies the injected carriers at each electrode. The trapping of more injected holes forms
a deeper range of homocharge region adjacent to the inner semicon—-insulation interface.
The de-trapping of trapped carriers is also enhanced, and the mobile carriers of a higher
mobility then extend into the bulk insulation. On the other hand, the higher TG aggravates
the concentration imbalance between holes and electrons, resulting in more positive charges
dominating the bulk insulation. In addition, the higher the TG, the more heterocharge
accumulates in the vicinity of the insulation-outer semicon interface. As described in
Section 4.1, the ionization of impurities and the blocked extraction of injected carriers
in the improved model contribute to the heterocharge accumulation. Hence, the higher
levels of heterocharge accumulation adjacent to the insulation—outer semicon interface
under the higher TG may originate for the following reasons. (i) The higher TG intensifies
the impurities dissociation, leading to the generation of more ionic carriers, and more
positive ions with a faster mobility move towards the low-temperature electrode. This
results in greater heterocharge remaining in the vicinity of the insulation—outer semicon
interface. (ii) The dominant holes are extracted from the cathode. Due to the lower rate of
charge extraction at the low-temperature electrode, not all the mobile holes are completely
extracted. The higher the TG, the greater the gap between the injection rate and the
extraction rate, and the extraction pressure of the holes from the cathode is intensified. Thus,
more heterocharge accumulates in the vicinity of the insulation-outer semicon interface.
Moreover, owing to the accumulation of more heterocharge adjacent to the insulation-outer
semicon interface, the higher the TG, the more serious the maximum steady-state field
distortion at the end of Stage I (cf. Figures 7a, 10 and 12).

During the initial period of Stage III, under the higher TG, the electron injection
at the cathode and the de-trapping of trapped electrons are intensified. More positive
heterocharge at the high-temperature electrode is extracted and neutralized by the injected
electrons. However, due to the accumulation of more positive homocharge before the
VPR under the higher TG, more positive heterocharge remains in the vicinity of the inner
semicon-insulation interface. This leads to the higher maximum transient field and the
more serious field distortion (see Figure 12).
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During the polarization in Stage III, the higher levels of injected electrons due to
the higher TG contribute to faster accumulation of negative homocharge near the inner
semicon-insulation interface and negative charges in the bulk insulation. Except for the
opposite polarity for the corresponding carriers, the discussion of the TG’s influences on
the charge dynamics after the VPR also applies for that before the VPR, detailed in this
section. The higher TG enhances the impurity dissociation and the blocked extraction
of electrons. This leads to the accumulation of more negative heterocharge adjacent to
the insulation—outer semicon interface, and the more serious maximum steady-state field
distortion (cf. Figures 8a, 11 and 12).

5. Conclusions

In this paper, a BCT model developed for cylindrical geometry is improved by intro-
ducing ionic carriers from impurity dissociation for the simulation of space charge and
electric field in a 160 kV DC polymeric cable under VPR. The influence of PRP and TG on
space charge evolution and electric field distribution is analyzed. The mechanisms of the
charge dynamics and the field distortion affected by the PRP and the TG are elucidated.
The conclusions can be summarized as follows:

(1) The improved model can be employed to simulate the space charge evolution and
the electric field distribution in an HVDC extruded cable with thick polymeric insulation
under complex operating conditions of electro-thermal (DC field, PR field, and TG) multi-
field coupling. The improved model can effectively predict the heterocharge accumulation
in the HVDC extruded cable, and assist in evaluating the ability of the insulating material
to resist PR field. The research provides theoretical support for the precise regulation of
space charge accumulation, the development of new insulating materials, and optimum
design for HVDC extruded cable.

(2) In an HVDC extruded cable with thick polymeric insulation, the maximum tran-
sient field appears near the interface between the conductor shield and the insulation in the
early stage of complete VPR. This demonstrates that the polymeric insulation breakdown
for HVDC extruded cable may easily occur in the early stage of complete VPR. The reason
for the distortion of the maximum transient field is the heterocharge accumulation in the
vicinity of the interface between the conductor shield and the insulation. Hence, more
attention should be paid to the semi-conductive shield layers in the HVDC extruded cable.
In future work, the semi-conductive shield layers can be improved in the modification of
semi-conductive materials (e.g., nanoparticle doping), the semicon—insulation interface
matching, and the manufacturing technology, in order to evaluate the suppression of space
charge injection and accumulation.

(3) Under the action of a load current flowing through the conductor, the longer the
PRP, the higher the maximum transient field near the interface between the conductor shield
and the insulation, and the more serious the maximum transient field distortion. Moreover,
the decrease in PRP shortens the time required to reach the maximum transient field.

(4) The higher TG formed by a higher load current intensifies the maximum transient
field near the interface between the conductor shield and the insulation. Consequently, a
more serious distortion of the maximum transient field occurs. In addition, the higher TG
also causes more serious distortion of the maximum steady-state field, before and after
the VPR.
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