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Abstract 

Monitoring of partial discharge (PD) in air-insulated medium voltage (MV) switchgear can reveal potential insulation failure. 

There is still clarification needed to understand the most effective placement of RF probes, especially along extended MV 

switchgear line-ups. In this work a simulation study was performed to investigate the differences between the PD propagation 

characteristics of electromagnetic (EM) waves in one single busbar and a triple line-up of bus bar compartments.. A finite 

element method (FEM) bus bar compartment model is created and simulations are performed in Comsol Multiphysics. By 

applying PD sources at specific locations on particular phases, RF signals are recorded along the compartment surfaces. Based 

on created signal energy interpolation maps, the potential best sensor position placement areas of RF sensors is revealed for 

each PD case for the different compartment structures. The study reveals that for the sake of PD signal propagation studies PD 

within a single compartment model may produce similar PD sensor positions to PD within a central busbar chamber within a 

triple compartment. 

1 Introduction 

1.1 Partial Discharge Detection 

Partial discharge (PD) monitoring in medium voltage (MV) 

and high voltage (HV) equipment can reveal potential 

insulation degradation [1]. Generally, a specific level of PD 

may exit even if there is no insulation failure due to 

environmental conditions such as increased humidity or dust. 

Two main methods for PD detection exist. These are 

differentiated between conventional and non-conventional 

approaches. The conventional approach is mainly applied for 

system tests at the end of the manufacturing process or for 

commissioning purposes on site. The particular test is 

described by the IEC EN 60270:2001 Standard. The non-

conventional approach is described in IEC technical 

specification PD IEC/TS 62478:2016. These methods 

recommend the need for a continuous monitoring technique 

implementation within systems. The technical standard covers 

different monitoring techniques, among which the RF 

detection method is described [2]. 

1.2 Partial Discharge Monitoring in MV Switchgear 

Since there is a future need for improved condition-based 

monitoring of power systems, the application of RF methods 

has come more into research focus [3]. In terms of MV 

switchgear, PD experiments were conducted as in [4] by 

applying sensors at different locations of switchgear line-ups, 

where the influence of different switchgear compartments on 

the electromagnetic (EM) wave propagation was studied. 

Nevertheless, the work also suggests further investigation and 

understanding of EM wave propagation of RF signals within 

switchgear chambers. 

In [5] a simulation study was conducted for a single switchgear 

where EM wave propagation was investigated. UHF probes 

were applied at different positions to investigate the influence 

of different PD locations. Throughout the work it was shown 

that captured probe signals differ when different PD locations 

are applied 

Based in previous published research, there is still need for the 

estimation of the optimum positions for PD sensor location for 

different internal switchgear structures. Further, literature 

investigations are usually split into two different paths, 

experimental and simulation studies. The objective of the 

current work is to support the investigations of RF signal 

propagation based on simulation studies. 

1.2 Research Outlook 

In addition to the above, the bus bar compartment of a medium 

voltage switchgear seems to be sensitive to PD failures [6]. 

Usually, internal parts are not easily accessible and their 

monitoring difficult. As a contribution to this research area, 

EM wave signal propagation characteristics will be studied in 

in a single compartment and a three compartment switchgear 

line-up. A comparison will be conducted  in order to determine 

also if simulation modelling requires the entire line-up system 
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for EM wave propagation studies or if it would be sufficient to 

perform studies on a simplified single compartment. 

 

In the following section, the methodology of the conducted 

work will be presented. PD simulation results will then be 

shown and in the last section conclusions will be drawn. 

 

2. Methodology 

A three-dimensional (3-D) finite element method (FEM) is 

adopted to create a single and a triple (line-up) MV bus bar 

compartment model. PD sources are implemented in the form 

of a current pulse based on the Gaussian pulse function on 

three different phase positions in the bus bar compartments. In 

the simulations, RFI probes are placed along the compartment 

inner wall surfaces and EM fields are recorded in the time 

domain. Based on this data, interpolation maps of the potential 

high signal energy regions along the surfaces are created and 

compared. From the interpolation maps the best or optimum 

signal energy sensor placement position are estimated along 

the bus bar compartment. 

2.1 Switchgear Compartment Model 

The bus bar compartment modelling is based on an arbitrary 

switchgear, as shown in Fig. 1. It comprises side walls, made 

of steel, bus bar conductors made of copper and bus bar 

supports made of epoxy resin. 

 

Fig. 1 Arbitrary switchgear model and bus bar compartment 

 

2.2 PD Source 

The PD source is implemented based on the Gaussian pulse 

function, as described by Eq. (1), according to [7]. An example 

plot of a current pulse is given in Fig. 2.  

The peak current is represented by 𝐼0 set to 1A amplitude. The 

parameter t1 determines the time in the simulation the PD 

current pulse occurs. The term 𝜏 represents the pulse width 

parameter, which is set to 0.42 ns in order to achieve a 1ns PD 

pulse width as shown in Fig. 2. 

𝑖𝑃𝐷(𝑡) =  𝐼0 ∗ 𝑒
−[

(𝑡−𝑡1)2

2∗𝜏2 ]
               (1) 

 

 

Fig. 2 Example PD pulse function for a 1ns pulse width 

 

Using the parameters above, different PD pulse shapes can be 

established and thus different PD types initiated. For the 

particular simulations below, the PD pulse according to Eq. (1) 

and shown Fig. 2 is applied. 

2.3 Sensor and PD Positions 

For simulation of PD detection, 27 probe positions are 

distributed along the surface wall of the bus bar compartment 

as indicated by black arrows in Fig. 3. The density of sensor 

positions is chosen so as to be able to create effective signal 

energy interpolation maps. 

For each simulation a PD source is separately applied in each 

bus bar compartment. The positions of the PD sources within 

the model are represented by so-called lumped ports with a 

dimension of 10x10mm at each bus bar support. The lumped 

port represents particular electrodes along which the PD 

current density pulse is driven based on the Gaussian function. 

 

Fig. 3 Bus bar compartment model with indicated probe 

positions along compartment surface and PD positions at bus 

bar supports 

2.3 Simulation Set-Up 

Simulations are carried out in the time-domain using the so-

called transient electromagnetic wave (temw) feature in 

Comsol Multiphysics. The Pardiso solver with Generalized-

alpha time stepping is applied to solve the equations – this is a 

common solver for such studies [8]. The simulation time step 

is set to 1 ps whereas the output time for the results is set to be 

every 0.1 ns. The duration of the simulation is set to 400 ns so 

as sufficient signal energy can be evaluated over time.. 
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2.3 Generation of Interpolation Maps 

The data gathered from the simulation process is stored into 

csv-files. The data is then read into Matlab and the scattered 

interpolant technique is applied using the linear interpolation 

method to create the signal energy maps. The signal energy is 

calculated according to Eq. (2). 

𝐸𝑠𝑖𝑔𝑛𝑎𝑙 =  ∑ ׀𝑥[∆𝑇𝑛]׀
2𝑛

1   (2) 

In the first step, the signal energy is calculated based on the 

stored data. In the second step, the interpolation maps are 

generated using the signal energy information and the 

interpolation algorithm. 

3 Simulation Results 

3.1 Single Compartment 

In the following figures the results are shown for PD on three 

different bus bar supports. The region with the highest signal 

energy can be recognised by the overlayed interpolation map 

on the bus bar compartment. In addition, the position where 

the highest signal energy occurs is identified by a small red 

star. 

 

In Fig. 4, the signal energy interpolation map is shown for the 

case of PD on phase L1. It can be seen that the highest signal 

energy occurs at the probe position P14. The position is on the 

rear wall of the compartment, which may be expected due to 

the close vicinity to the PD source. 

 

In Fig. 5, the signal energy interpolation map is shown for PD 

on L2. At first sight, compared to the previous case, it can be 

noticed that the highest signal energy spot is nearly at the same 

position in the middle of the compartment. The highest spot 

occurs again at probe position P14. It can be also seen that in 

this particular case the signal energy profile has a concentric 

shape at the rear wall around the probe position. In addition, 

there is also a higher sensitivity area at the top wall of the 

compartment. Due to the proximity of the bus bar support L2 

to probe P14 within the compartment, the highest signal 

energy intensity thus appears near the same location as in the  

case of L1. 

 

In Fig. 6, the signal energy interpolation map is shown for PD 

on phase L3. The highest signal energy appears at probe 

position P8. 

 

 
Fig. 4 Rear wall view of bus bar compartment, interpolation 

map for PD on L1, of single compartment (P14) 

 
Fig. 5 Rear wall view, interpolation map for PD on L2, of 

single closed single compartment (P14) 

 

Due to the position of the bus bar support to the right-hand side 

of the compartment, again, the highest energy area appears in 

the proximity of the PD source. Interestingly, in this particular 

case there is also a higher signal sensitivity band occurring in 

the middle of the compartment wall, which seems to be at the 

same height as the bus bar conductors within the compartment. 

 

In Fig. 7, the maximum probe signals are shown for the three 

previous presented scenarios on the same plot. The signals 

represent the captured electric fields for the different PD 

activities on the particular phases. As it can be seen the signals 

are in the same amplitude range. The signal signal frequencies 

lie around 0.3 GHz which corresponds to the UHF range. 

 

In Fig. 8 the captured signals are represented over a ttime 

period of  10 ns. With reference to 5 ns, when the PD pulse 

occurs on each phase, all of the three first signal peaks are 

slightly shifted in the time axis. 

 

 
Fig. 6 Front wall view, interpolation map in case of PD on 

L3, of closed single compartment (P8) 

 

 
Fig. 7 Graphs of the probe positions where highest signal 

energy is detected in case of PD on L1, L2 and L3 separately. 
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Fig. 8 Extracted graphs for a detail view of the probe 

positions where highest signal energy is detected in case of 

PD on L1, L2 and L3 separately. 

 

Taking the signal shift for example of the PD signal L1 into 

account, which is of around 0.7 ns and the wave propagation 

time of 0.3 m/ns, the distance can be calculated from the PD 

source to the compartment wall where the RF probe is placed. 

For the above parameter stated, the distance between PD on 

L1 and the probe that captured the signal is around 0.21 m 

which corresponds to the structure dimensions. The same can 

be calculated for the other two PD sources, PD on L2 and PD 

on L3, which verifies the particular model. 

 

3.1 Triple Line Up Compartment 

In Fig. 9 the interpolation map is shown for PD on L1 for the 

middle compartment in the triple line up arrangement. It can 

be seen, the highest energy area appears to occur at the same 

probe position, P14, as determined from the single 

compartment model in Fig. 4. In addition, a higher signal 

energy region band appears in the middle of the compartment. 

Comparing Fig. 4 of a single compartment structure and Fig. 

9, it seems that there is minimal influence of the structure 

position where the highest signal energy appears. The 

difference is in the signal intensity, where the signal energy 

seems to be around an order of magnitude smaller compared 

to the single compartment. 

 

In Fig. 10 the signal electric fields of the PD in the single 

compartment and the PD in a triple line up are displayed for 

the same bus bar support L1. In both cases it can be seen that 

the first signal peaks appear at the same time, which means 

that the distance from the particular probe to the PD source is 

the same for both signals. In contrast, the signal from the triple 

compartment seems to be lower. It appears that the study could 

be conducted on a single compartment and the main sensor 

position results transferred to the line-up structure. This 

potentially would save modelling time for the scenarios 

depicted. This of coursem ay not be true for PD locations not 

on the positions considered in this study. 

 

In Fig. 11 the interpolation map is presented for the triple line-

up chamber for PD on phase L2 in the middle compartment. It 

can be seen that the highest signal energy spot occurs at probe 

position P14, which is close to the PD source. The signal 

energy intensity is of an order of magnitude lower compared 

to the single compartment case in Fig. 5. In addition, it can be 

also seen in Fig. 11 that there is a smaller concentric signal 

energy area around the particular probe, compared to the single 

compartment case. In addition a thin high signal energy band 

can be also recognised in the middle of the compartment going 

through the centre of the circular profile. It seems that the 

position of the particular high energy band is at the same height 

as the bus bar conductors within the compartment. This might 

be due to the concentration of EM wave propagation along the 

copper conductors. On the other hand, there is also a slightly 

higher signal energy spreading around the entire rear wall 

structure and going vertically from the top compartment to the 

middle compartment. A similar shape appears also in case of 

the single compartment when PD L2 is active, seen in Fig. 5. 

 

The particular electric field graphs in case of PD on phase L2 

in the single and triple line-up are shown in Fig. 12. It can be 

seen that the first signal peaks are around the same amplitudes 

whereas the overall signal in the single bus bar compartment 

remains with a higher amplitude over the simulation time. 

Generally, it can be seen that in case of the triple compartment 

the signal decay is higher whereas in the case of the single 

compartment the signal is relatively constant up to 150 ns, 

decaying gradually after that period. This could be due to the 

smaller space provided in the single compartment and the same 

energy applied for both PD. Nevertheless, it seems that for a 

PD source on L2, either in a single compartment or triple line-

up, there is minimal influence of the outcome of the signal 

energy map and hence the potential best placement of the 

sensors. Therefore, as before for L1 instead of modelling an 

entire line-up structure, the studies could potentially have been 

conducted on a single compartment model. 

 

 
Fig. 9 Interpolation map in case of PD on L1, of open middle 

compartment in a triple arrangement (P14) 

 

 
Fig. 10 Signal graphs of probe positions of highest signal 

energy detected for PD on phase L1 in single and triple 

compartment 
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Fig. 11 Interpolation map in case of PD on L2, of open 

middle compartment in a triple arrangement (P14) 

 

 
Fig. 12 Signal graphs of probe positions of highest signal 

energy detected for PD on phase L2 in single and triple 

compartment 

 

In Fig. 13. the triple line-up bus bar compartment is shown 

for PD on phase L3. It can be seen the highest energy 

intensity appears at probe position P8. Interestingly, 

comparing this with the case of the single compartment, in 

Fig. 6, the highest energy sensitivity occurs at nearly the 

same position. In addition to that, it seems that the higher 

signal energy region follows the bus bar conductor since 

there is a particular higher energy band reflected at the 

middle part of the interpolation surface, as in the cases of PD 

on phase L1 and L2. Therefore, similar to previous cases the 

outcome result does not change comparing the simulation 

with the single compartment model. What changes is the 

signal energy captured and the shape of the interpolation 

map, but the probe position with the highest energy detected 

remains the same. 

 

In Fig. 14 the electric fields plots are displayed when PD 

occurs in the single and the middle compartment in the triple 

line-up structure. Generally, it can be seen that the signal in 

the single compartment possesses a higher amplitude 

comparted to the one of the triple line-up compartments. This 

is due to the same energy of the PD source in both cases 

applied and the fact that in case of a triple compartment there 

is a wider space for the signal to dissipate with less close 

refections. Again, it can be noticed that the signal peaks at the 

beginning of the capturing are overlayed which  

 

 
Fig. 13 Interpolation map in case of PD on L3, of open 

middle compartment in a triple arrangement (P8) 

 

 
Fig. 14 Signal graphs of probe positions of highest signal 

energy detected for PD on phase L3 in single and triple 

compartment 

 

suggests the probes are at the same distance from the PD 

source. The RF plot for PD on L3 in the single compartment 

tends to have higher amplitudes at the beginning of the signal 

recording. This is quite reasonable since the signal energy 

captured on the particular probe position for the PD source in 

the single compartment is higher, as can be seen when 

comparing Fig. 13 with Fig. 3. 

 

Another interesting point for note is that when simulations are 

run over smaller simulation time windows, for example 100 

ns, the interpolation maps are very similar. Thus, even when 

reducing the simulation times, the probe positions of the 

detected high energy regions remain similar for all PD cases 

and compartments. As an example, the signal energy 

interpolation map is shown in Fig. 15 for the case of the  PD 

source on L1 and simulation time of 100 ns. Comparing with 

Fig. 9, where the simulation time is 400ns  there is little 

difference. The highest signal energy is at the same position of 

P14. What changes is the signal energy, which is around 75% 

less for case of the 100ns window.. The same was found for 

the cases where PD occurs on L2 and L3. 
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Fig. 15 Interpolation map in case of PD on L1, of open 

middle compartment in a triple arrangement for simulation 

time of 100 ns, as an example (P14) 

 

4 Conclusions 

From the simulation studies for the case of PD in a particular 

compartment, the highest signal energy remains along the 

surfaces of the specific compartment. It seems there is little 

difference when focusing on a single compartment or on the 

middle compartment in a triple line-up structure. For both 

compartment model the signal propagation characteristics 

provide similar optimum sensor location positions. 

Based on the investigations undertaken of potential higher 

signal sensitivity areas for RF signals it appears foir the cases 

in question, sufficient to run the simulations based on a single 

compartment. This enables to efficient simulation potentially 

saving simulation time and calculation memory. In addition it 

was also shown that the results remains similar by reducing the 

simulation time window to a lower value. 

The results also indicate little change in the outcome of the 

interpolation maps of optimum probe position. For example, 

results for PD sources on phase L1 and phase L2 indicate, the 

highest signal energy is detected at the same place on the rear 

wall surface of the compartment at probe position P14 

regardless if it is single or a triple line up structure. Similarly 

for the PD source on L3, the highest signal sensitivity appears 

on the opposite site, at the front wall of the compartment at the 

position P8.  

Rom the investigated potential PD sensor interpolation maps 

it can be seen the higher sensitivity regions are mainly 

concentrated on the surface walls at the same height as the bus 

bar conductors within the compartment. Knowing that and the 

fact that most failures caused by PD are concentrated around 

the bus bar supports and conductors due to the so-called triple 

junction point, the application and positioning of such sensors 

at these locations for monitoring purposes in the field maty 

produce the optimised signal detection energies.. 
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