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The direct observation of space charge injection, transport, accumulation, and recombination
in solid dielectrics, as well as their spatial evolution over time, is of considerable importance
in the investigation of design stress and the aging mechanism of engineering dielectrics under
a high electric field. In a high-voltage direct current (HVDC) power cable with an expected
temperature gradient at operating temperature and electric field, the spatial variation of the
ratio of two electromagnetic constitutive parameters of the cable dielectric, the permittivity
vs conductivity, acquires the presence of space charge across the insulation. Such a space
charge distribution depends strongly on the temperature and electric field coefficients of these
electromagnetic constitutive parameters. In addition, the injection of charges across the conductor/
insulation interface and the subsequent transport, trapping and detrapping of these charges over
various chemical and physical defects further enhance the electric field distortion and aging of
cable dielectrics. Numerous studies have been conducted under a parallel-plate configuration to
understand such a space charge effect. However, nearly all of them were conducted under uniform
isothermal conditions. The ability to perform a space charge profiling study under a thermal
gradient in the development phase of new extruded high-voltage direct current cable materials
brings in the most value upstream. In this study, through model-aided design, a parallel-plate,
pulsed-electroacoustic (PEA) space charge profiling technique is extended to include a thermal
gradient in flat dielectric samples. The space charge behavior and dynamics within flat dielectric
specimens in the presence of a thermal gradient have been studied extensively through a modified
PEA system to provide insights into the high-field aging mechanisms of new materials developed
for energy-efficient power devices and renewable integration.
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1. Introduction

High-voltage direct current (HVDC) and flexible AC have been adopted widely for long-
haul bulk grid interconnections, urban grid decongestions, island electrification, and renewable
integrations. In particular, HVDC provides efficient nonsynchronized bulk electric power
transmissions with the economic benefits of reduced power loss, no reactive power, easy
connection, and enhanced stability.1"? Free from reactive power loss, HVDC cables become
viable solutions for submarine power transmission, off-shore wind power integration, and harsh
environment electrification. While mass-impregnated (MI) or oil-filled (OF) cables have achieved
long proven service reliability, extruded HVDC cable insulation free from the environmental risk
of oil leakage is preferred owing to the ease of manufacturing, maintenance, field deployment, and
simplified accessory design and procurement.

Most of the extruded cable insulations today are based on cross-linked polyethylene (XLPE) and
ethylene-propylene rubber (EPR).®) Extruded HVDC cables today are based on modified XLPE.
The major challenge for HVDC cabling resides in the insulation. Space charge accumulation in
DC cable insulation will result in local electric field enhancement and reduction in DC electric
strength. This is especially significant during voltage polarity reversal (required for changing the
direction of power flow) in line-commutated converter (LCC) systems. With the introduction of
a voltage source converter (VSC)-based HVDC converter station where polarity reversal is not
required, the use of the extruded DC cable based on XLPE has been increased rapidly due to the
reduction in performance deterioration by space charge accumulation. With the growing demand
for HVDC rating in both power and voltage as well as a new system topology in such multiterminal
HVDC, further optimization of DC insulation is still greatly needed for enhanced performance and
reliability.

The charge injection, transport, accumulation, and recombination of space charge in extruded
cable insulation, such as XLPE or EPR, deteriorate the insulating performance under HVDC.*>)
Therefore, it is essential to clarify the formation mechanism and its dependence on the aging of
space charge.™® In general, the temperature dependence of the electrical properties of insulating
materials in HVDC power cables affects all aspects of the formation of space charges, which often
develop complicated charge patterns that evolve over time. When the load current flows through
the transmission cable, the thermal gradient is generated by Joule heating in the cable insulator.
Furthermore, the electrical conductivity of typical polymeric insulating materials depends strongly
on the temperature and hence the radius position across the transmission cable.”) Under cylindrical
coordinates, the radial spatial variation of the ratio of two electromagnetic constitutive parameters
of the cable dielectric, the permittivity vs conductivity, acquires the presence of the space charge p
across the insulation.!?)

p=i-v(%) M

Here, j is the current density and & and o are the two electromagnetic constitutive parameters
of the cable dielectric, namely, permittivity and conductivity, respectively. Such a space
charge distribution depends strongly on the temperature and electric field coefficients of these
electromagnetic constitutive parameters. In addition, the injection of charges across the conductor/
insulation interface and the subsequent transport, trapping, and detrapping of these charges over
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various chemical and physical defects further enhance the electric field distortion and aging of
cable dielectrics.

The studies of temperature dependence on space charge have been conducted by the following
researchers. Fukuma et al. reported space charge measurements at a uniform temperature of
up to 90 °C.'D" Choo et al. investigated thermal gradient effects using actual cables.'? Chen
et al. controlled the temperatures of upper and lower electrodes using oil and water, and used
their improved equipment in which a temperature gradient can be formed.'¥ Kadowaki et al.
indicated that there was a remarkable polarity effect in the long-time range breakdown under a
temperature gradient.! Most of these studies were conducted under isothermal conditions or
require the construction of a prototyping cable for thermal gradient generation under a cylindrical
configuration. However, the ability to perform a space charge profiling study under a thermal
gradient in the development phase of new extruded HVDC cable materials brings in the most value
upstream. This necessitates the space charge study for flat coupons as in the early development
phases, and only lab-scale quantities of experimental new formulations are available for DC
performance characterizations.

In this study, through model-aided design, a parallel-plate, pulsed-electroacoustic (PEA) space
charge profiling technique is extended to thermal gradient generation across flat dielectric samples.
The space charge behavior and dynamics within flat dielectric specimens in the presence of a
thermal gradient have been studied extensively by using this modified PEA for two model XLPE
and EPR specimens.

2. Materials and Methods
2.1 Sample preparation

In this study, model XLPE and EPR based on DC insulation were hot-pressed into plaques of
4 x 4 ¢m? size and 200-330 pum thickness. All specimens were metallized with 80/20 wt% gold/
palladium electrodes of 1 cm diameter on both sides. Due to the impedance mismatch on the side
of high-voltage electrode, the charge injection and charge amount may be suppressed slightly by
metallized gold/palladium. For sample loading in a PEA cell, a torque of 15 N-m was applied to all
samples to ensure good contacts and uniform application of pressure.

2.2 Experimental procedure

Figure 1 shows schematically the modified PEA system based on a Techimp PEA flat coupon
module by incorporating electric heaters for thermal gradient generation. The design represents
a minimal and simple modification of the existing PEA system while a uniform thermal gradient
across a flat sample could be achieved. In detail, thin-film electric heaters were designed and
incorporated to heat up the bottom aluminum electrode with sufficient power to generate an
adequate thermal gradient across the sample. A feedback loop was provided for proportional—
integral—derivative (PID) temperature control by deploying resistance-temperature detectors (RTDs)
for temperature monitoring for both the upper and lower surfaces of the specimen. The ambient
temperature was maintained at room temperature (RT). If needed, the whole PEA cell can be
enclosed in an environmental chamber for different ambient temperatures.
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Fig. 1. (Color online) Modified PEA system with electric heaters.

The acoustic signal generation was accomplished through the application of high-voltage
impulses with a rise time of ~1 ns, a peak voltage of 350 V, and a repetition rate of 150 Hz to
flat samples under HV biasing and thermal gradient. The acoustic waves were detected by a
polyvinylidene fluoride (PVDF) film sensor of 9 um thickness.

In an actual polymeric HVDC transmission cable, the electric field is designed to be 10-30 kV/
mm. Therefore, film samples were mostly studied under a DC field of 20 kV/mm. Moreover, in
this study, a higher electric field of 100 kV/mm for XLPE and EPR was also employed to facilitate
the mechanism study of space charge injection, transport, accumulation, and recombination
phenomena under extreme conditions. The measurement time of the space charge was 10800 s (3 h).
In the case of 100 kV/mm application, the measurement time was 1000 s.

3. Results
3.1 Finite element simulation of thermal gradient in sample using COMSOL

The thermal gradient in actual power cables is typically ~1 K/mm. For a flat sample of <1
mm thickness, precise and uniform temperature gradient control has to be carefully realized.
Figure 2 shows the finite element (FEM) simulation of a thermal gradient in a sample for this
specific design at RT using COMSOL (2D axial symmetrical). Although the thermal gradient was
AT =2.2 K in this simulation, the actual observed results are based on the study performed with a
thermal gradient of AT = 1.2 K across thin-film samples with an ambient temperature of RT.

Figure 3 depicts the concept of temperature drop across a series of thermal resistances,
according to Fourier’s law represented by Egs. (2) and (3). Here, ¢ is the thermal flux.

T, -Ts

__nh-Ts 2
9= Ri+Rp+3R. @

AT = gRy 3
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Fig. 2. (Color online) FEM simulation of thermal gradient in sample for this specific design at RT using
COMSOL (2D axial symmetrical).
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Fig. 3. (Color online) Concept of temperature drop governed by Fourier’s law.

The temperatures of the two electrodes are 7 and Ts, respectively. The area of the contact
surface is 4. The thicknesses of the sample and semiconductive layer are Axy = 200 um and
Axp =1 mm, respectively. The thermal conductivities of the sample and semiconductive layer
are k4 and kp, the thermal resistances are R4 = Axy/k4A and Rp = AxplkpA, respectively, and the
contact thermal resistance is R. = 1/h.A, h. being the contact thermal conductance. With the
above parameters, the simulated temperature drop across the sample is AT = 1.3 K.U3!> Here,
the temperature drop at the Al electrode is ignored because of its high thermal conductivity. The
thermal conductivities of XLPE, EPR, and the semiconductive layer are the same at 0.3 W/m-K.
Moreover, the contact thermal resistance is estimated as 0.2 m*K/W. The resulting thermal
gradient of AT = 1.3 K is almost the same as the actual thermal gradient of AT = 1.2 K measured
using RTD sensors. In addition, as revealed by FEM simulation, the planar temperature
distribution within the sample is highly uniform.
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3.2 Comparison of space charge behavior at 20 kV/mm in XLPE without and with thermal
gradient

Figures 4 and 5 show the space charge distributions and corresponding electric fields in XLPE
at RT under a DC stress of 20 kV/mm without and with a thermal gradient, respectively. Without
a thermal gradient, the charge accumulation was not observed within the first 1000 s. After 1000
s, heterocharge accumulation and field distortion were observed during the extended application of
DC stress to 10800 s, as shown in Figs. 4(a) and 5(a).

On the other hand, with a thermal gradient, although the charge accumulation was not evident
up to 1000 s, more heterocharges were observed to accumulate. Positive charges accumulating in
the vicinity of 100 um and negative charges accumulating in the vicinity of 200 pm can be seen in
Fig. 4(b). The field distortion due to the space charge accumulation can also be seen in Fig. 5(b).
Moreover, a slight peak shift in charge distribution has occurred with a thermal gradient, as shown
in Fig. 4(b).(1®
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Fig. 4. (Color online) Space charge distributions in XLPE at RT under DC stress of 20 kV/mm without and with
thermal gradient (1000 and 10800 s). (a) AT=0and (b) AT=1.2 K.
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Fig. 5. (Color online) Electric fields in XLPE at RT under DC stress of 20 kV/mm without and with thermal
gradient (1000 and 10800 s). (a) AT=0 and (b) AT=1.2 K.

3.3 Comparison of space charge behavior at 20 kV/mm in EPR without and with thermal
gradient

Figures 6 and 7 show the space charge distributions and electric fields in EPR under a DC stress
of 20 kV/mm without and with a thermal gradient, respectively. The charge density in the vicinity
of both electrodes was slightly higher than that in XLPE, as shown in Fig. 6. Without a thermal
gradient, heterocharges were observed even within 1000 s, as shown in Fig. 6(a). In particular,
the electric field in the vicinity of both electrodes was enhanced slightly, as shown in Fig. 7(a).
Moreover, it can be seen that the heterocharge accumulation increased over time.

With a thermal gradient, heterocharges also accumulated even within the first 1000 s, as shown
in Fig. 6(b), and they further accumulated over time. Moreover, it appears that, over time, more
homocharges were injected from the anode. A slight peak shift was also observed in the charge
distribution in the presence of a thermal gradient, as in the case of XLPE.!® When homocharges
were injected, the location of field distortion shifted to the inside of the bulk, as shown in Fig. 7(b).
Note that the space charge accumulation and field distortion for both the XLPE and EPR under
study are in similarly low magnitudes.
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4. Discussion
4.1 Heterocharge accumulation in the bulk and positive homocharge injection from anode

Heterocharge accumulation in the bulk was observed in both XLPE and EPR samples, as shown
in Figs. 4-7. Moreover, positive homocharge injection from the anode was also observed in EPR,
as shown in Figs. 6 and 7. Therefore, it is essential to consider the heterocharge accumulation
in the bulk and positive homocharge injection from the anode. Heterocharges are formed when
charge generation in the bulk dominates. When electron—hole pairs are generated in the bulk,
positive charges move to the cathode side and negative charges move to the anode side, resulting in
heterocharge formation.

If the thermal gradient is as large as AT = 20, 40, and 60 K,(13) the electric field on the side
of the electrode warmed by a heater may decrease. However, there were no notable increase in
electric conductivity and decrease in electric field on the warmed electrode side at AT = 1.2 K
in this experiment. For the same reason as above, there is almost no change in acoustic velocity.
Therefore, the influence on the results is very small.

In general, various stabilizers such as antioxidants or metal oxides and fillers such as carbon
black or silica gel are mixed in the manufacturing of XLPE and EPR. These may have promoted
and accelerated the heterocharge accumulation in the bulk. It has been reported that heterocharges
are formed if cable insulation contains sulfur-based antioxidants.'”) Moreover, it is considered that
excited electrons from impurities such as the residue of cross-linking agents are involved in the
generation of electron—hole pairs in the bulk.("”

It was reported that the electrical conduction of an amorphous polymer such as EPR is higher
than that of a semicrystalline polymer such as XLPE because of the formation of localized energy
levels.'® Therefore, it is important to consider energy levels to understand the space charge
behavior.

4.2 Consideration of energy levels using quantum chemical calculation

To capture the energy levels of XLPE or EPR as a simplified model, we considered the
oligomers of PE (n = 12) and EPR (n = 6, m = 6), as shown in Fig. 8. In this study, we used
Gaussian09 for quantum chemical calculation. The energy levels of the lowest unoccupied
molecular orbital (LUMO), highest occupied molecular orbital (HOMO), bandgap (£,), and Fermi
energy (Er) are shown in Table 1. Here, we used b3lyp as a functional and 6—31g as a basis set.

Actually, since XLPE and EPR are macromolecules, their E, values depend on the degree
of polymerization. It was reported that the £, of PE obtained by spectroscopic measurement
was 7.4 eV.1%20  Therefore, it is considered that E, decreases with the increase in the degree
of polymerization. However, it is essential to consider also the energy levels of low molecular
segments such as oligomers.

Figure 9 shows a schematic diagram of the energy levels in both electrodes and oligomers before
contact.?" In fact, although we used the electrode of the semiconductive layer (the work function
of the semiconductive layer is inferred to be 4 to 5 eV from graphene?? and the Fermi level of the
semiconductive layer is obtained by subtracting the work function from the vacuum level) in the
anode, the electrode was standardized to aluminum (Al). Since the work function of metal (¢as)
is about 4.2 eV in Al, the difference in Fermi energy (AEF) between the sample (Ers) and the metal
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Table 1
Energy levels obtained by quantum chemical calculation.
. Energy levels (eV)

Material LUMO HOMO E, Er
PE (n=12) 2.3889 —7.6037 9.9926 —2.6074
EPR (n=6,m=0) 2.2904 —7.4559 9.7463 —2.5828

(EFyy) 1s about 1.6 eV. Therefore, the injection barrier of electrons (¢3p,) is higher than that of holes (¢z).
Here, E4 and E; stand for the electron affinity and ionization energy, respectively.

Figure 10 shows a schematic diagram of the energy levels in both electrodes and oligomers
after contact. The electrons of the HOMO level can move to the electrode. Therefore, the surface
of the oligomer is positively charged and hole levels are formed in the forbidden band. Therefore,
positive charges are already injected before electric field application with only the contact.

Figure 11 shows a schematic diagram of the energy levels in both electrodes and oligomers
under electric field application. The inclination in each band and Fermi energy becomes steep with
increasing electric field just as in wide-gap semiconductors, and charge transport is accelerated
by electric field application. Since the HOMO level is close to the Fermi energy of the anode and
¢pn at the anode becomes lower than that after contact, positive homocharge (hole) injection is
increasingly promoted.

Figure 12 shows the space charge distributions in XLPE and EPR at RT under a DC stress of
100 kV/mm without and with a thermal gradient. These results are considered to correspond to
a situation that the inclination is steep in Fig. 11. In XLPE without a thermal gradient, positive
homocharges from the anode were injected immediately after DC stress application. In particular,
homocharge injection was frequent after DC stress application to 500 s. This is considered to be
due to the oversupply of charges from the anode. Moreover, packetlike charges were observed and
moved from the anode to the cathode in the bulk. Moreover, with a thermal gradient, homocharge
injection was also frequent after DC stress application to 200 s, and the packetlike charge transport
was more active and faster than that without a thermal gradient.
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In EPR without a thermal gradient, a large number of positive homocharges were injected from
the anode and a wide band of positive charges (heterocharges) appeared immediately from after
DC stress application in the vicinity of the cathode. Packetlike charges were not formed in EPR.
On the other hand, for one EPR sample with a thermal gradient, a breakdown took place at around
50 s, which is considered to be caused by the oversupply of charges from the anode.

Space charge accumulations are the results of electron or hole trapping in the trap center.
Therefore, it is important to evaluate physical or chemical defects and impurities. Moreover, it is
considered that the energy levels of the trap center are reduced by the thermal gradient.
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5. Conclusions

A parallel-plate PEA system was enhanced to facilitate space charge profiling on flat samples
under a thermal gradient. Such capability makes it possible to characterize new extruded HVDC
cable materials in the early development phase under most relevant testing conditions to HVDC
cabling where thermal gradient-driven spatial variations of electromagnetic constitutive parameters
of the cable dielectric could be reproduced at a lab scale for the generation and study of space
charge. Furthermore, this new system provides the direct observation of space charge injection,
transport, accumulation, and recombination in solid dielectrics, as well as their spatial evolution
over time for the understanding of the design stress and the aging mechanism for HVDC. The
space charge behavior in model XLPE- and EPR-based HVDC samples with and without a thermal
gradient has been investigated using a modified PEA system for fields at 20 and 100 kV/mm.
Some of the findings are as follows.

Heterocharges accumulated under a DC stress of 20 kV/mm without and with a thermal
gradient in both XLPE and EPR. As a result, the field distortion was observed for both XLPE and
EPR. Such charge accumulation and field distortion were enhanced by the thermal gradient.

Note that for both the model XLPE- and EPR-based HVDC samples under study, such charge
accumulation and field distortion are similar in magnitude and both are actually low; in relative
comparison, small quantities of heterocharges were observed at a DC stress of 20 kV/mm even
within 1000 s in EPR, although they were not seen in XLPE.

Under a DC field of 100 kV/mm, the energetic mode of packetlike charge transport from
the anode to the cathode was observed in XLPE. Such an energetic mode of packetlike charge
transport was further enhanced in the presence of a thermal gradient; in comparison, charge
injection in EPR under the same field did not render in such packetlike charge transport, although
a breakdown took place in the presence of a thermal gradient. Such breakdown took place
occasionally for both XLPE and EPR, but mostly with the application of the thermal gradient.
Initial quantum chemical calculation was conducted to understand the formation and nature of
trapping in relation to space charge formation and transport.
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