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Abstract 

MVDC can assist in resolving issues with the transition to renewable energy by expanding transmission capacity. Due to the 
use of converters, MVDC systems may be affected by harmonic currents and voltages. However, harmonics are not currently 
considered harmful in MVDC systems. Nevertheless, harmonics may have an impact on the electric field distribution and 
temperature in cable systems. Therefore, multiphysics FEM simulations are carried out to examine the general impact of 
harmonics in MVDC cables. The MVDC cable system experiences an electric field enhancement because of the influence of 
harmonics. The field enhancement shows the highest impact closest to the conductor. Furthermore, the average relative field 
enhancement is equal to the relative amplitudes of the harmonics. To investigate the field enhancement for different insulation 
material properties, different types of XLPE material (AC and DC) are investigated. Findings show that the influence of 
harmonic voltages rises with the non-linear conductivity of the insulation material. To examine the impact of harmonic currents 
on the ampacity of MVDC cable systems, FEM simulations are presented. The dielectric losses of MVDC cables compared to 
conductor losses are smaller than 0.01% and therefore negligible. Harmonic currents cause a very slight reduction in ampacity.  

1 Introduction 

The use of renewable energy sources has increased 
significantly to prevent future growth of carbon footprints. 
Consequently, long distance transmission and distribution 
lines are required, as most eco-friendly power plants are 
located far from consumer centres. In this regard, medium 
voltage (MV) direct current (DC) systems are becoming ever 
more important [1, 2]. Since MVDC is more effective for 
transmitting and distributing power over long distances than 
MV alternating current (AC), a better understanding of MVDC 
system operating conditions is necessary [3].  
 
Nowadays, there is a growing interest in using MVAC 
equipment in DC operation. For this reason, a qualification 
procedure was introduced for the use of new or existing 
MVAC cable systems under DC stress [4]. In addition, an 
MVDC test procedure based on IEC 62895 and 
CIGRE TB 852, which were developed for HVDC cable 
systems, was proposed [5, 6]. Despite this, a special standard 
for MVDC systems is necessary to evaluate the system, as AC 
and DC, for example do not have the same breakdown 
mechanisms [7, 8]. Furthermore, the electric conductivity of 
the insulation under DC stress shows a strong non-linear 
behaviour dependent on temperature and electric stress [9].  
 
As an emerging field, MVDC systems have not yet been 
explored in depth. However, there are already pilot projects 
like the prominent MVDC project ANGLE DC in Wales, 
United Kingdom and the MVDC demonstration E.ON Project 
“Preparation of a Medium-Voltage DC Grid Demonstration 
Project” in Germany. When compared to current MVAC 

systems, these projects show better distribution capacities 
[10, 11]. Although harmonics have not been extensively 
investigated yet, they are not considered harmful in DC 
systems. However, harmonics from power electronic 
converters as well as from other sources are present in DC 
systems and require investigation [12]. 
 
The severity of harmonics in the ALBAHA power network, 
for example, was analysed when the MVDC link was intro-
duced to the distribution system [13]. Voltage distortions were 
measured at various voltage levels and compared to the SERA 
standard limits [14]. The results indicate that the total 
harmonic distortions on the AC voltage are within standard 
limits. However, no study is available about the impact of 
harmonics on the electric field or ampacity in MVDC cables.  
 
This contribution aims to investigate the electric field and 
ampacity of MVDC cable systems by considering harmonics 
(see Fig. 1). Multiphysics finite element method (FEM) 
simulations are carried out to investigate the electric field 
enhancement (FE) in the cable insulation. Thereby, different 
types of XLPE (AC and DC) are considered for comparison. 
Furthermore, the ampacity of different MVDC cable 
configurations and cross-sections is examined.  
 

 

Fig. 1 Harmonics in MVDC cable system 
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2 Harmonics in DC Cable Systems 

Since the early 1890s, transmission and distribution network 
voltage and current waveforms have been impacted by 
harmonic content [15]. Harmonics are important to consider in 
the power system because they have an impact on both the 
functionality of the equipment that utilises electricity and the 
quality of the electricity that is provided to consumers. 
 
The schematic diagram of an exemplary DC link is shown in 
Fig. 2. At the sending end, an AC voltage output from any 
power source, such as wind, solar or conventional power plant 
is rectified to DC voltage (Point A). The DC voltage is inverted 
to an AC voltage at the receiving end (Point B), which matches 
the AC grid frequency. The power electronic converters enable 
AC/DC voltage conversion and vice versa [16].  
 

 
Fig. 2 Schematic diagram of an exemplary DC link [16] 

 
Non-linear loads and power electronic converters are mainly 
responsible for generating harmonics in the DC power system. 
Loads depend on the consumer side, while the converters used 
in MVDC systems are mainly voltage source converters (VSC) 
(2-level, 3-level), which are executed, for example as modular 
multilevel converters (MMC) or neutral point-clamped (NPC) 
converters. The foundation of a modern MVDC system is 
comprised primarily of VSC [17]. However, MMC were 
employed in China's first multi-terminal MVDC project to 
show and provide dependable, high-quality power to the 
distribution networks [18]. Furthermore, the ANGLE DC 
project transforms 33 kV AC to ±27 kV DC using a unique 
type of converter known as cascaded 3L-NPC VSCs with a 
switching frequency of 1 kHz [19, 20]. The converter's 
switching frequency determines the harmonic voltages' 
frequency content, which is a multiple of approx. six times the 
switching frequency (6 kHz) [20]. Therefore, an MVDC 
system's converter could cause disturbances that are 
superimposed on the DC output voltage, for example, 
harmonics on 6-pulse (Fig. 3(a)) and 12-pulse bridge 
converters (Fig. 3(b)) [21]. The resulting non-sinusoidal 
interference could be categorised as AC harmonic voltages.  
 

 
Fig. 3 Voltage over phase angle by using a (a) six-pulse and 

(b) twelve-pulse converter 

A few studies have explored the development of various 
insulation degradation mechanisms such as partial discharges, 
water and electrical treeing which are influenced by harmonic 
distortions in DC cables [22]. Furthermore, electrical tree 
initiation and growth under DC superimposed AC have been 
studied, which demonstrates that an AC ripple can also be 
responsible for tree growth in insulation [23]. However, 
literature on how harmonic distortion affects the long-term 
performance and useful life of DC cables is scarce.  
 
The lifetime of HVDC cable insulation and the insulation in 
cable accessories will be shortened by the combination of a DC 
voltage and an AC harmonic voltage, which will strain the 
insulation [16]. Nevertheless, for reliable operation and a 
knowledge of the effects of potential insulation degradation 
within the system, it is crucial to investigate the electric and 
thermal stress on DC cables due to harmonics. 
 
3 Methodology 

To investigate the impact of harmonic voltages on the electric 
field distribution in MVAC cables used for MVDC, multi-
physics FEM simulations are carried out. The software 
"COMSOL" and the *Net-programmes from Mentor are used. 
Some of the results described in the paper were compared, and 
the deviation was smaller than 1%. The cable dimensions used 
in the multiphysics simulations are taken from the datasheet of 
a NA2XS(F)2Y 12/20 kV XLPE single core cable.  
 
The thermal-electric simulations are performed with a defined 
temperature gradient across the insulation. The temperatures 
of the conductor (ϑC) and sheath (ϑS) were assumed to be fixed. 
The accumulation of space charges is not considered during 
the thermal-electric simulations.  
 
To figure out the impact of harmonic voltages in relation to 
non-linear conductivity, three types of XLPE are investigated. 
One type is an AC-XLPE material and two types are DC-
XLPE materials. Eq. (1) shows the parameters of the investi-
gated AC-XLPE (σAC), while Eq. (2) and Eq. (3) describe the 
parameters of the investigated DC-XLPE. DC-XLPE 1 (σDC1) 
has a smaller temperature dependency in comparison to the 
AC-XLPE. DC-XLPE 2 (σDC2) shows a lower electric conduc-
tivity but a similar non-linear temperature dependency in 
comparison to the investigated AC-XLPE. However, DC-
XLPE 2 has a smaller non-linear dependency on the electric 
stress. The apparent non-linear DC conductivity of the XLPE 
was determined during long-term measurements applying DC 
voltage without harmonics [24 – 26]. 
 

𝜎େሺ𝐸, 𝜗ሻ ൌ 0.0425𝑒
ି

.଼ଶ
୩ాణ 𝑒

.ହସଵ
ణ √ா (1) 

𝜎ୈେଵሺ𝐸, 𝜗ሻ ൌ 10ିଶଽ.ଵଶ𝑒.ଵణ𝐸ଵ.ଽହ (2) 

𝜎ୈେଶሺ𝐸, 𝜗ሻ ൌ 3.28𝐸ିଵ𝑒
ି

.ହ୯
ణ ୩ా ∙ sinhሺ2.7710ି∙𝐸ሻ (3) 

In (1) – (3) σ is the electric conductivity in S/m, kB the 
Boltzmann constant in eV/K, ϑ the temperature in K, E the 
electric stress in V/m, and q the elementary charge in C.  
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To simulate the electric stress from DC voltage combined with 
harmonics, firstly, current flow simulations are carried out to 
determine the electric field distribution under DC stress. 
Secondly, the electric field distribution caused by harmonics is 
simulated using time harmonic solutions. To determine the 
combined electric field stress, the superposition principle is 
used. The electric field distribution might show slight 
deviations in reality because the electric conductivity was not 
determined by applying DC voltage with harmonics.  
 
To investigate the impact of harmonic currents on the ampacity 
of MVDC cable systems, thermal-magnetic simulations are 
performed. Fig. 4 shows the investigated models. They 
represent a bipolar cable system with two (M1) and six cables 
(M2). The simulations are performed for conductor cross-
sections of A = 240 mm² and A = 1000 mm². The cables are 
presumed buried 1 m beneath the ground. The separation 
between the cables of model M2 is chosen with d = 15 mm. 
 

 

Fig. 4 Investigated MVDC cable models in thermal-magnetic 
FEM simulations 
 
The most important material parameters for the FEM 
simulations are listed in Table 1. The remaining parameters are 
listed in [4, 27]. The cable conductor is aluminium, the shield 
copper and the sheath polyethylene. The cable insulation is 
made out of XLPE. The soil was simulated as "dry" within a 
radius of half a meter around the cable to account for soil 
drying in the FEM simulations. The remaining soil is 
considered "moist". The leakage current through the insulation 
was not considered in the cable heating calculations. This is 
permitted due to the negligible dielectric losses in MVDC 
cables, which are described in section 5. 
 
Table 1 Material parameters used in multiphysics FEM 
simulations [27 – 30] 
 

Material Parameter Value Unit 

XLPE 

εr 2.3 1 
λ20 °C 0.28 W/(mꞏK) 
cp 2000 J/(kgꞏK) 
ρG 952 kg/m3 
σ (E, T ) Eq. (1 – 3) S/m 

Soil 

λ20 °C, moist 1 W/(mꞏK) 
λ20 °C, dry 0.4 W/(mꞏK) 
cp 1200 J/(kgꞏK) 
ρG 1300 kg/m3 

 
Table 2 presents an overview of the simulations. The nominal 
DC voltage is chosen as UDC = ±55 kV. The amplitude and 

frequency of the harmonic voltages correspond to the available 
data of a six-pulse converter [21]. The simulations are carried 
out for various conductor temperatures and temperature 
differences across the insulation. 
 
Table 2 Overview of performed simulations 
 

Simulation Variables 

DC + harmonic voltages with different 
conductor temperatures and temperature 
gradients  

ϑi, ϑo, ∆ϑ 
σ (E, T ) 

Transient thermal-magnetic simulations 
DC + harmonic currents 

Model, A, I 

 
4 Change of the Electric Field Distribution in 
MVDC Cables due to Harmonics 

4.1 Electric field enhancement resulting from harmonics 

The electric field distribution in MVDC cables at DC voltages 
combined with harmonics (UH) is investigated. Table 3 shows 
harmonics produced for example by six-pulse converters, and 
considered in the thermal-electric FEM simulations [21]. 
 
Table 3 Harmonics produced by six-pulse converters 
 

Harmonic 
order 

Harmonic 
frequency 

Relative amplitude 
UH /UDC 

UH (UDC = 
±55 kV) 

6th 300 Hz 0.0404 2222.0 V 
12th 600 Hz 0.0099 544.5 V 
18th 900 Hz 0.0044 242.0 V 
24th 1200 Hz 0.0025 137.5 V 

 
Fig. 5 shows the results for UDC = ±55 kV with (EH) and 
without (EDC) the harmonic voltages for the AC-XLPE. The 
conductor temperature is chosen with ϑC = 55 °C. The cross-
section of the cable is chosen with 240 mm². The non-linear 
electric conductivity causes a field inversion for a temperature 
gradient of ∆ϑ = 20 K. In addition, the impact of the harmonic 
voltages results in an FE in the DC cable system (Eq. (4)). 
 

𝐹𝐸 ൌ ൬
𝐸ୌ

𝐸ୈେ
െ  1൰ ∙ 100% (4) 

 
As shown in Fig. 5, FE rises near the conductor when a field 
inversion occurs. In this context, it is noteworthy that FE 
shows the highest values near the conductor (r = 0 mm), where 
the electric stress is reduced due to the occurring field 
inversion resulting from the temperature gradient and the non-
linear temperature dependency of the conductivity. FE lies 
between 4.9 – 6.8% without a temperature gradient and 
4.0 – 8.6% with a temperature gradient of Δϑ = 20 K for the 
investigated AC insulation material. Furthermore, the impact 
of the harmonics on the electric field has an average value 
equal to the sum of the relative amplitudes of the occurring 
harmonics. This leads to an average FE of 5.72% when 
applying the harmonic voltages described in Table 3. 
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Fig. 5 Electric stress and FE with and without harmonics for 
UDC = ±55 kV, A = 240 mm², a conductor temperature of 
ϑC = 55 °C and at different temperature gradients 
 
Fig. 6 shows the FE for UDC = ±55 kV including the harmonic 
voltages listed in Table 3. The conductor temperature is set to 
ϑC = 90 °C and the temperature gradient is varied. By 
comparison of FE in Fig. 5 and Fig. 6 (Δϑ = 0 K and 20 K) it 
can be seen that FE does not depend on the conductor 
temperature. However, it can be seen that FE increases with a 
higher temperature difference near the conductor and 
decreases near the shield, which relates to an even more 
pronounced field inversion. This is related to the electric field 
distribution according to the harmonics. The field distribution 
of harmonics shows the highest values near the conductor and 
the smallest near the shield. The FE for the investigated 
AC-XLPE is in between 3.9 – 8.9% for a temperature gradient 
up to ∆ϑ = 25 K. 
 

 

Fig. 6 FE for various temperature gradients at ϑC = 90 °C for 
UDC = ±55 kV and A = 240 mm² 

4.2 Field enhancement caused by different XLPE materials 

The electric field distribution in MVDC cables with different 
types of XLPE at DC voltages combined with harmonics (UH) 
is investigated. These XLPE materials have a different beha-
viour in the DC conductivity. Fig. 7 shows the electric field 
distribution for a nominal DC voltage of UDC = ±55 kV with 
harmonics and temperature differences of ∆ϑ = 0 K and 25 K 
for a conductor temperature of ϑC = 90 °C. In comparison to 
the electric field distribution in AC-XLPE, the field inversion 
is not strongly pronounced for DC-XLPE 1. However, due to 
harmonics, FE lies between 4.7 – 7.0%. Nevertheless, in the 

case of DC-XLPE 2, the harmonics result in an increase of FE 
between 4.0 – 8.6%, which is similar to the AC-XLPE. 
Therefore, the impact of harmonics rises with the non-linear 
conductivity and not with the value of the electric conductivity 
of the insulation material.  
 

 

Fig. 7 Electric field distribution with harmonics from different 
XLPE materials used in MVDC cable systems 
 
5 Ampacity in MVDC Cables considering 
Harmonics 

To investigate the impact of harmonics on the ampacity of 
MVDC cables, FEM simulations are carried out. In reality, 
harmonic currents in DC systems strongly depend on the 
existing load. As no data is available for harmonic currents, 
the relative amplitudes are chosen according to the harmonic 
voltages in Table 3. This example demonstrates the impact of 
harmonic currents on the ampacity of a MVDC cable system. 
Table 4 shows the relative amplitudes of harmonic currents 
which are chosen to present the impact of harmonics on the 
ampacity. If is the content of harmonic currents for different 
frequencies. IDC,H is the ampacity considering harmonics.  
 
Table 5 shows the simulation results of the two MVDC models 
for a conductor temperature of ϑC = 90 °C. By including an 
overall 5.72% harmonic currents, the DC current IDC,H is 
reduced in comparison to the DC current without harmonics 
(IDC) for both investigated models with different cross-sections 
by less than 0.2%. Therefore, the losses from the harmonics 
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seem to be negligible in this example. This is related to the 
losses in the conductor, which depend on I 2ꞏR(f ), where R(f ) 
is the frequency dependent resistance of the conductor. 
 
Table 4 Example harmonic currents in MVDC cables  
 

Harmonic 
order 

Harmonic 
frequency 

Relative amplitude 
If /IDC,H 

6th 300 Hz 0.0404 
12th 600 Hz 0.0099 
18th 900 Hz 0.0044 
24th 1200 Hz 0.0025 

 
By calculating the ratio of the frequency dependent resistance 
(R(f )) and the DC resistance (RDC) of the conductor, the ratio 
Rf = 1200 Hz/RDC results in approximately 2 for a cross-section of 
A = 240 mm² and in approximately 6 for a cross-section of 
A = 1000 mm². The ratio decreases with lower frequencies of 
the harmonic currents. Due to this and the effective value of 
the harmonic currents, the total losses are nearly the sum of the 
individual losses from the occurring currents for the given 
example. When the sum of the conductor losses with and 
without harmonics reaches the same value, the same conductor 
temperature is reached, e.g. ϑC = 90 °C.  
 
Table 5 Comparison of the ampacity of selected MVDC cable 
models with and without harmonics for ϑC = 90 °C 
 

Model M1 M2 
A 240 mm² 1000 mm² 240 mm² 1000 mm² 

IDC 460.0 A 1028.0 A 438.0 A 687.0 A 
IDC,H 459.2 A 1025.3 A 437.0 A 685.5 A 

If = 300 Hz 18.6 A 58.6 A 25.0 A 27.7 A 
If = 600 Hz 4.5 A 14.4 A 6.1 A 6.8 A 
If = 900 Hz 2.0 A 6.4 A 2.7 A 3.0 A 

If = 1200 Hz  1.1 A 3.6 A 1.6 A 1.7 A 
 
When investigating the temperature in MVDC cable systems 
according to harmonics, the dielectric losses have to be 
included in the consideration (Eq. 5).  
 

𝑃ஔ
ᇱ  ൌ  𝑈ୌ

ଶ ∙ 𝜔 ∙ 𝐶ᇱ ∙ tan 𝛿 (5) 

 
where 𝑃ఋ

ᇱ are the dielectric losses per meter, UH is the harmonic 
voltage, 𝜔 is the angular frequency of the harmonic, C´ is the 
capacitance per meter (C´ = 2.8ꞏ10-10 F/m) and tan δ is the loss 
factor (tan δ = 2ꞏ10-4).  
 
The conductor losses to reach a conductor temperature of 
ϑC = 90 °C are determined by using FEM simulations. For 
example, the conductor losses for model M2 (A = 240 mm²) 
are PC’ = 23.4 W/m. The overall dielectric losses in 
comparison to the conductor losses in MVDC cables are 
Pδ’ / PC’ = 2.65ꞏ10-

 

5 (Model M2). These losses are calculated 
from the occurring harmonic voltages at different frequencies 
with a frequency independent loss factor and capacitor of the 

cable insulation. Due to the fact that the impact is less than 
0.01%, these losses are negligible in MVDC systems. 
 
6 Discussion 

Nowadays, the proportion of acceptable harmonics in DC 
systems is agreed upon between the utilities and the 
manufacturers. However, this should be standardised in future 
because of their potential detrimental impact on the insulation 
material of cables. As described in section 4, the harmonic 
voltages in MVDC cables result in an FE. The FE depends on 
the amplitude of the harmonic voltages and the non-linear 
conductivity of the used insulation materials in this study. The 
FE may introduce partial discharges at the weakest points of 
the cable such as voids, and may lead to a breakdown in the 
insulation. The FE can be up to 9% by using the investigated 
XLPE materials. Also, higher values for FE might be reached 
when the insulation material has a stronger non-linear 
conductivity than the ones investigated. The FE results in a 
higher electric stress in the cable insulation, which can 
accelerate aging. The electric conductivity under a DC voltage 
with harmonics might also have a further impact on the electric 
field distribution. Additionally, the influence of space charge 
accumulation must be considered in future investigations. 
 
By looking at the ampacity of MVDC cables, it can be seen 
that harmonic currents only increase the temperature to a small 
extent. Therefore, the considered harmonic currents do not 
have a strong impact on the ampacity. Nevertheless, the limits 
of harmonic currents will be of interest considering the 
heating. For academic completeness, the reduction of the 
current by applying twice of the harmonic currents mentioned 
in Table 4 was investigated. By taking 2ꞏIf /IDC,H, which results 
in an overall of 11.4% harmonics in the DC current, the 
ampacity has to be reduced by approximately 0.4% to keep the 
conductor temperature at ϑC = 90 °C. This is related to the 
dependency of the losses on I 

2ꞏR(f ). Due to the ratio of 
R(f )/RDC the losses depend mainly on the effective value of the 
currents for the mentioned frequencies and harmonic currents. 
The impact of the harmonic currents on the heating shows that 
harmonic currents are negligible in this example.  
 
7 Conclusion 

The behaviour of DC cables under various stresses is critical 
to ensure reliable operation. In addition to DC stress, DC 
cables are subjected to harmonics, which are produced by, e.g. 
power electronic converters. Harmonics in MVDC cables can 
cause, e.g. partial discharges in the cable system. Therefore, 
this contribution presents a methodology to investigate MVDC 
cables influenced by harmonic voltages and currents.  
 
The thermal-electric simulations show that the electric field 
increases with a rise in harmonic voltages. Harmonics have the 
greatest influence on the electric field near the conductor. 
Furthermore, findings provide evidence that the FE caused by 
harmonics increases with the non-linear temperature 
dependency of the insulation material. To evaluate results in 
future studies more precisely, the electric conductivity 
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resulting from applying DC voltages with harmonics should be 
determined and space charges considered. 
 
The influence of harmonic currents was investigated using 
thermal-magnetic simulations. It is shown that the thermal 
impact of dielectric losses according to harmonic voltages are 
negligible for MVDC cable systems. Furthermore, harmonic 
currents only show a small impact on the ampacity of MVDC 
systems. Given a sum of approximately 5.7% harmonic 
currents, the ampacity of a DC cable is reduced by less than 
0.2% to reach an equal conductor temperature of ϑC = 90 °C in 
the MVDC cable system. 
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