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The electrification of the automotive industry is growing in popularity, considering the environmental impacts  
of the conventional diesel-powered automobile. However, from the electromagnetic compatibility (EMC) 
viewpoint, it is observed that the use of variable-frequency drives (VFD) and relatively high-power cables to 
propel electrical motors has led to a considerable rise in electromagnetic interference (EMI) within and outside 

the machine. EMI could come from the fast switching of the inverter, electromagnetic radiation from the high-  
power cables, common mode and differential mode currents as well as parasitic coupling of some of the 
components in the machine. The signals transmitted by near-by communication cables can be distorted as a 
result or, in the worst case, interference with the controller area network (CAN) bus of the machine.  

This thesis work aims investigate different ways of mitigating EMI in battery-electric mine trucks used for 

underground mining. Having a three-phase system with power cables consisting of three conductors per phase 
per traction motor connecting the variable frequency drives (VFD) to the motors, the electromagnetic 
emission is significantly high because of the current level transmitted by the cables. This is in addition to the 
fast switching frequency of the inverter as the load/torque varies. Cable models are made using a finite  
element method (FEM) simulation tool, Ansys electronics desktop. The models are used to study how the 

cable shielding and material, arrangements and phase orientation can impact the radiated EMI within the 
machine. Experimental measurements are made in order to validate the models. Parasitic coupling between 
cables and components such as shield and protective earth conductors is considered to estimate the emitted 
magnetic fields.  

Results from one of the simulations show that a hybrid shield consisting of 50% Mu metal and 50% copper will 

give shield effectiveness up to 65% with reference to when an only copper shield is used. Mu-metal is the next 
most recommended shield because of the system low fundamental frequency. Steel shield gives as high as 
20% better shielding than copper.  

Further simulations present the trefoil placement of the cable bundles, with the center bundle positioned 

upside-down compared to the two outer bundles, as a better option compared to when the cables within 
bundles are placed in a linear configuration, although the difference in the induces EMI is only approximately  
5%.  

The major conditions for the above stated preferred arrangements include that bundles of cables within each 
bundle are tightly held together and the phase orientation is such that a cable is placed farthest away from 

the cable with the corresponding phase in the neighbouring bundle. Study on the effect of the connection of 
cable shield shows that common mode current is increased with the shield connected to ground through the 
body of the machine. This will give a considerable rise to both conducted and radiated EMI, but could help to 
reduce the risk of current flowing in uncontrolled parts of the machine. 
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1 Introduction  

The gradual shift towards emission-free mining and transportation technologies have introduced a 

number of challenges within the electrical system of the machines utilized for these purposes.  

Evidently, the utilization of high-power electric drivetrain components, such as batteries, variable 

frequency drives (VFDs), electric motors and power cables imposes high demands on electrical system 

design. Proper management of electromagnetic interference (EMI) is a critical matter to ensure that 

the electric drivetrain does not interfere with other critical machine functions, such as control systems. 

The high-power cables connected between a VFD and a motor are a considerable source of EMI. The 

cable design, length, shielding, and arrangement are some aspects that affect the electromagnetic 

dynamics of the cable. With the advent of these battery-electric vehicles, more studies addressed the 

optimization of the performance of these technologies. The use of adjustable frequency drives results 

in high voltage derivative (dv/dt) and subsequently, high-frequency harmonics in the cables. In effect, 

the electromagnetic compatibility (EMC) of the system could be compromised. An interesting line of 

study for analysing the EMI emission and EMC in electric automobile is the use of finite element 

simulation tools. This method, though sometimes computationally expensive, helps to visualize the 

induced field intensity at different operating conditions such as frequency range, for example. The use 

of FEM simulators to investigate this phenomenon is, therefore, rapidly gaining popularity. 

Epiroc AB is a Swedish industrial company that makes mining and infrastructure equipment. In the 

quest to provide more sustainable mining experience, the organization has delved into the 

manufacture of battery-electric underground mining machines. The traction motors are fed from 

battery-fed variable frequency drives through high power cables. The unusual presence of high voltage 

derivative signals and high power cables in these machines poses a threat of increased electromagnetic 

interference with communication cables within the machine. Having multiple cables per phase makes 

the case unique as the electric and magnetic dynamics of the system of cables changes significantly.  

Several ways of mitigating EMI have been proposed for different applications. Some of which include: 

the use of EMI filters, installation of common-mode transformers within the machine, cable twisting 

or transposition, cable arrangement, shielding, etc. This project will aim to bring attention to the 

impact of the phase orientation of a multi-phase, multi-conductor cabling system. Other important 

factors such as parasitic coupling between the conductors, choice of the shielding material and cable 

arrangements are also investigated for the specific application. The FEM simulation tool Ansys 

(Maxwell and 2D extractor) is used for this exploratory study.  

      

1.1 Literature Review and previous work in the study of EMI 

A good number of studies have been devoted to finding ways to mitigate EMI and improving EMC 
between different parts of the electrical circuits in electric drive systems. These studies have ranged 
through different aspects such as proposing both analytical, numerical and experimental approaches 
to solving conducted and radiated emissions from different parts of the electrical circuits. The effect 
of the components material types has also been investigated in order to envisage their individual 
contribution to the EMC of the system. In a Ph.D. thesis presented in [1], the author proposed the 
circuit models of all the active components of a traction drive system. Using a 2D FEM simulator 
(FEMM), parameters of the winding on a Ferro-magnetic core of an electric machine, within a specified 
frequency band were investigated. The results from the FEMM simulation was then used as input to a 
SPICE simulation software model to estimate the inductive and capacitive coupling of the winding 
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turns. The project in [1] specifically targets limiting conducted emission at high frequencies above 30 
kHz. 
      
Another analysis presented in [2] categorizes the major components of an electric drive system into 
either a source or a path of EMI. In the aforementioned literature, the authors proposed simulation 
models that can be used to predict and mitigate EMI. The proposed model is validated by a crosstalk 
measurement between low voltage signal cables and the high voltage power cables from the electric 
drive system. The study also includes the shielding effectiveness which was intended for the 
investigation of the possibility of substitution of the cable shields with EMI filter. On that note, an 
adequate inference can only be drawn for specific applications with emphasis place on factors such as 
cost, size, and weight of the machine. Furthermore, with reference to predefined EMC standards, the 
current limit in the high voltage cables giving rise to the maximum acceptable interference on the 
signal cables is also studied for both the shielded and unshielded high voltage cables. The experiments 
were aimed at investigating the acceptable noise levels on the high voltage cables.  
Similar to the study presented in [2], several other studies have been carried out to provide acceptable 
models for EMI in electrified vehicles. The study presented in [3] emphasizes, also, on the conducted 
EMI in electric vehicle traction drives. Based on the specific application investigated, the DC power 
cables connecting the battery to the inverter is the longest and, hence, considered the highest source 
of EMI. As a result, the DC bus is given more attention. The model created is, in addition, used to 
predict the noise spectrum of the conducted EMI on the DC bus of the traction drive. The authors used 
the common and differential mode voltage sources derived from an equivalent circuit of estimate the 
spectrum. The theoretical model shows to be accurate, as validated by tests, up to 10MHz.  
      
Similar to the study done in [3], analysis of the radiated EMI was done by creating a theoretical model. 
In this research [4], on the other hand, a step further was taken by also analysing the radiation from 
the AC power cables and creating a FEM-based model in a 2D simulation tool to study the fields. In 
order to predict the EMI radiation from the power cable, the authors devised a mechanism for 
analysing the common mode current in the cables. Results obtained from measurements were, then, 
used as input to theoretically calculate the electric field radiated from the AC and DC cable. The 
obtained theoretical results were validated using a FEM model in CST. The study shows, also, a means 
of suppressing EMI by introducing a so-called, common mode inductor between the inverter and 
power cable. The idea is to generate a magnetic field inside the coil and increasing the inductance of 
the coil when a common mode current flows through the inductor. This, in effect, gives the coil a 
stronger damping effect to attenuate the common mode current, which is seen as a major source of 
EMI radiated emission [4]. 
   
When it comes to choosing the best material for the cable shield, care must be taken to accommodate 
both the transient and normal operating conditions the cable is expected to be subject to. The material 
could be either conductive (E.g. Al, Cu) or magnetic (E.g. Mu-metal), depending on the anticipated 
signal frequency that will be transmitted through the cable. Magnetic shield materials are preferably 
used for static or low-frequency magnetic field (below 10 kHz) while conductive materials are reserved 
for higher frequencies [5], [6]. Magnetic field shielding for underground cables is analysed in [5] and 
four different angles of curvature of the shield around the cable as well as the choice of materials were 
analysed. The study shows that the highest shielding efficiency is obtained at a high bending angle of 
the shield. Also, conductive shield materials such as aluminium induce fewer losses when compared 
with magnetic material [5]. Though an interesting finding, the use of this approach for electrified 
automobile would entail highly customized cables and may not be cost effective at commercial levels. 
Additionally, parameters such as the soil temperature and moisture content play a significant role,  

Making FEM-based numerical models for studying EMI is sometimes time-consuming and 
computationally expensive. For this reason, more research has been geared towards developing 
theoretical analysis models to compute cables parameters as well as analyse both conducted and 
radiated electromagnetic interferences. The models are then validated by experiments. José and 
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Manuel in [8] proposed a model based on the use of harmonic expansion methods to theoretical 
determine the capacitance of an indoor triplex cable. For the study, the proximity of the conductors 
was also taken into account. The authors derived expressions for the capacitive matrix, even and odd-
mode capacitance of a three-conductor cable. However, the model does not address the finiteness of 
the insulating sheath which should be taken into consideration for better accuracy. Results from the 
study show that the model has good agreement with experimental results.  

In electrical systems simulations, considering the significance of the frequency-dependency of some 
cable parameters, it is essential to have a reliable method for validating the resistance and inductance 
of cables subjected to AC signals. In this case, the proximity and skin effect is paramount. This is always 
vital in the study of conducted emission. Abdullah et al [9] developed a model from a partial sub-
conductor method algorithm. The model which comprises of several PI (𝜋) section models and wave 
propagation model takes into account the variability of resistance and inductance of the conductors 
with frequency. The sub-conductor method also accounts for the skin effect at different frequencies 
and proximity of the shield insulating material and core. Thus, the study presents a yardstick for 
validating frequency-dependant cable parameters that are used in simulations, especially for transient 
phenomena.   

From the above-listed studies, it is can be inferred that in order to mitigate the power cable generated 
EMI, a number of different techniques can be employed and the most popular practices include: 

● The use of active or passive filters to block the frequency range posing the greater interference 
concerns. 

● Twisting the cables: This will inherently make some emitted radiations from the cables to 
cancel out  

● The relative position of the cables  
● Employing the use of metallic shields  

However, to the best of the author’s knowledge, EMI analysis has not been done for multi-phase, multi-
conductor electrical systems in battery-electric automobile. This project tries to put into consideration 
the collective contribution of the system of cables. The addition and/or cancellation of fields based on 
phase orientation is deemed an important case to study. 

Due to the privation in accessing some measurement points as well as reproducing the proposed 

models on the actual machine, experimental measurements are restricted to a test rig using a bench 

set-up that closely replicates the modelled system. 

The project includes the following tasks: 

● Literature survey  

● FEM-based simulations of electromagnetic dynamics of the system of cables to reduce 

electromagnetic interference 

● Practical experiments to validate simulation results 

 

1.2 Background 

Epiroc AB has recently commenced the use of battery-electric mine-trucks. This new technology 
introduces the need for inverters and high-power cables. These high-power cables become a source of 
radiated magnetic and electric fields which result in electromagnetic interference (EMI) which near-by 
devices and communication cables and cause malfunction of susceptible equipment in the machine. 
This give rise to the need to ensure electromagnetic compatibility (EMC) between the power cables 
and other device in the machine.  
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1.3 Aim and Scope  
This thesis work aims to explore the electromagnetic dynamics of high-power cables used in battery 
electric tractors in underground mining and propose ways to mitigate EMI originating from these high 
power AC cables in the machine. The scope will be to develop application-specific design strategies for 
the reduction of radiated EMI from a multi-cable per phase system using finite element method (FEM) 
simulation tools. 

 1.4  Methods 

The task of deciding the relative cable positions that will offer the least electromagnetic inference of 

the radiation from the cables on the other parts of the electrical system is done using finite element 

method. Numerical approach (by ANSYS Maxwell and 2Dextractor) is used. 2D models are created 

using FEM simulation tool to compare the extent of emitted field cancellation with respect to cable 

arrangements, phase orientation, shield materials, and shield connection. The validation of the 

simulated models is achieved through practical experiments. 
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2 Theory 

2.1 Brief introduction to the concept of EMI and EMC 

The ability of a receptor or source of electric and/or magnetic fields to function properly in its 
electromagnetic environment without imposing intolerable disturbance to other devices in that 
electromagnetic environment is referred to as electromagnetic compatibility (EMC) [10]. The concept 
of EMC and EMI is common, particularly wherever signals are transmitted/received. It is mostly 
concerned with the generation, transmission, and reception of electromagnetic (EM) energy. For an 
EMI to occur, therefore, there must be an EM source, a coupling path, and a susceptible receptor. This 
interference can be radiated or conducted depending on the nature of the coupling path. The emitted 
(or conducted) EM energy must cause a significant unwanted signal to appear in the receptor for 
electromagnetic interference to be said to have occurred.  

The keys to preventing EMI as suggested in [11] can be categorized as: 

● Subduing the emission at the source: Generally, fast (i.e. short) rise/fall time of digital signals 
inherently result in a high-frequency component in the transmitted signal and, hence, makes 
the coupling path more effective. As long as the desired output is not compromised, it is 
beneficial to increase (i.e. make longer) the rise/fall time. An example is the switching 
frequency of an inverter. 

● Reducing the efficiency of the coupling path: The use of shields is an example of this technique.  
● Reducing the susceptibility of the receptor towards the interfering signal: This can be achieved 

with the use of filters or error-correcting codes in the receptor [11].  
● Additionally, reduction of the common-mode current can be considered a viable approach in 

mitigating the production of EMI since this is one of the major causes of electric field emission 
especially in wires and lands on printed circuit boards (PCB). This can be achieved using a 
common-mode transformer as described in [12].  

This thesis work falls within the category of decreasing the efficiency of the coupling path as a way 
of protecting susceptible components. 

In figure 1, the basic schematic of the major components required for an EMI to occur is shown.  

 

      

      

      

Figure 1: Basic schematic of the major components required for an electromagnetic interference  

2.2 EMC Units  

The units for measuring EMC are volts (V) and ampere (A) for conducted electric and magnetic fields 
respectively. For radiated electric and magnetic fields, the units of volts/meter (V/m) and 
amperes/meter (A/m) are used respectively. Decibel (dB) is also frequently used to quantify EMC. It is 
preferred because it makes it easy to compress data and express a range of EMC quantities in less 
order of magnitude [11]. 

(1) – (3) shows the standard conversion between the units: volts, ampere, watts, and decibel 
respectively. A detailed derivation of these formulas can be found in [11].  

𝑑𝐵µ
𝑉

𝑚
= 20 log10  (

𝑉/𝑚

1µ𝑉/𝑚
)     (1) 

 EM Source  EM receptor Coupling path 
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𝑑𝐵µ𝐴/𝑚 = 20 𝑙𝑜𝑔10( 𝐴/𝑚

1µ𝐴/𝑚
)    (2) 

𝑑𝐵µ𝑊/𝑚 = 10 𝑙𝑜𝑔10 (
𝑊/𝑚

1µ𝑊/𝑚
)    (3) 

The units are written in per meter for convenience since the radiated electric and magnetic fields are 
measured in 𝑉/𝑚 and 𝐴/𝑚 respectively. 

2.3 Highlight of the EMC standards for electric drive systems 

CISPR 25 and EN 55025 are the electromagnetic interference standards developed by CISPR and IEC 
and adopted by the European Union countries for equipment on vehicles and boats.   
The aim of these standards includes but not limited to [13]: 
      

●  To creates a test technique for measuring the EM emissions from the electrical system in 
vehicles; 

●  To specify the acceptable limits for the EM emissions from the electrical system of a vehicle;  
●  To recommend test methods for testing on-board components  independent from the vehicle; 
●  To establish limits for EM emissions from components to prevent unacceptable  disturbance 

to on-board receivers; 
References are made to these standards as specified in reference [13] to predict the electromagnetic 
compatibility of the system. 
      

2.4 Conducted and radiated emissions 

The emissions that bring about interference in electrical and electronic systems can be categorized as 
either conducted or radiated emissions. This depends on the nature of the coupling path between the 
EM source and receptor. For conducted emission, the coupling path can be any conducting part of the 
device/equipment such as cables, metallic parts in machines or lands in PCBs. For radiated emission, 
on the other hand, the coupling path between the EM source and receptor is air (i.e. air is the medium 
for propagation). Since these types of emission are not mutually exclusive, it is possible to have a net 
interference which as a product of both conducted and radiated emissions. It becomes tricky, at times, 
to decompose EMI into radiated and conducted emission-based interference since conducted emission 
very often results in radiated emission [11]. Typically, all time-varying current-carrying components 
have the potential to radiate electromagnetic fields.   
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Figure 2:              Radiated emission 

                             Conducted emission 

      

2.4.1 Conducted and radiated emission measurements 

There are standard techniques set aside for the measurement of conducted and radiated emission to 
ensure that a device or system complies with the international standards for electromagnetic 
compatibility.   

To measure the conducted emission from a device is to measure the reflected signal from the device 
toward the source. This can be done by connecting the device in parallel with the EMC measurement 
equipment/analyser as shown in figure 3. But, the voltage as seen in the analyser varies with the 
impedance of the power supply and this impedance varies significantly between frequency ranges as 
well as places. So in order to ensure that the measurement experiment is viable and repeatable, the 
line impedance is required to be made to appear constant as seen from the equipment under test. This 
can be achieved with the help of a linear impedance stabilization network (LISN), having a constant 
impedance of 50 ohms, connected between the power supply and the equipment under test. LISN also 
helps to ensure that the noise from the supply doesn’t interfere with the signal processed by the EMC 
analyser.  

   

Figure 3: Set up for conducted emission measurement [14]. 

 

 

 

EM 

Source 
EM 

Receptor 
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For the measurement of radiated emission, the equipment under test (EUT) and a biconical antenna is 
placed in an anechoic room to avoid interference from other devices and reflection of EM wave from 
the walls. The electric field emission from the device is picked up by the antenna and transmitted to 
the EMC analyser for processing.  

A simplified approach used when the radiated electric and magnetic near fields in a two-wire system 
is of interest is called the crosstalk measurement technique. This entails placement of a so-called 
“victim” cable at a predefined distance from the emission-generating cable, exciting the generating-
cable with signals at varying frequencies and measuring the current (and/or voltage) induced on the 
victim as a result if the emitted fields. The excitation signals can be generated from one channel of a 
network analyser and the crosstalk measured from another channel on the analyser. Alternatively, the 
emission-generating cable can be excited from a variable frequency drive to power a load, and the 
induced current on the victim is then measured using a current probe. Figure 4 shows the schematic 
diagram of the measurement setup. These experiments are ideally carried out within a metallic 
enclosure to prevent external fields from interfering.  

 

Figure 4: Schematic for crosstalk measurement set up 

      

2.5 Common and differential mode voltage and current 

It is inadequate to explore the topic of EMC in general, and radiated emission in electrified machines 
specifically, with a significant amount of signal and power cables, without taking into account the 
influence of differential and common-mode voltages and currents. For any system of cables, one of 
the factors that affect the radiated emission the most are the currents within the cables. This current 
can be decomposed into common-mode and differential-mode.  

Taking two parallel current-carrying conductors (life and neutral) as a case study, currents in each 
conductor 𝐼+ , 𝐼− can be decomposed into the differential and common-mode currents 𝐼𝑑, 𝐼𝑐. The 
differential-mode current components in 𝐼+ and 𝐼− are equal in magnitude and opposite in direction 
while the common-mode current components are equal in magnitude and are in the same direction.  

While the differential-mode current is the most discussed (in most circuit theory books) and 
considered the desired (“normal”) current through the cable, the common-mode current, which is 
often smaller in magnitude, is also always present in practice. Although in magnitude the common-
mode current appears small (compared to the differential-mode current) and inconsequential, it 
contributes more to radiated emission [11] and is, hence, highly considered within the topic of 
electromagnetic compatibility. 
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2.5.1 Source of common-mode current in electrified automobile 

In electrified automobile, such as the one under study, the system consists of inverters connected to 
electric motors through power cables. The inverter is considered a major source of common-mode 
voltage. The inverter produces a pulse width modulated (PWM) three-phase power supply, and unlike 
the three-phase power supply which under normal operating conditions is symmetrical with all the 
three phases balanced with approximately zero volts at the neutral point, the PWM signals have only 
two possible output, therefore the neutral point voltage is not equal to zero. This non-zero neutral 
point voltage, with a frequency equal to the switching frequency of the inverter, is the common-mode 
voltage [12]. The last plot in figure 5 shows the voltage pulse measured from the star-point to ground 
of an electric motor powered a DC/AC converter [12].   

 

Figure 5: Voltage output from a PWM three-phase power supply and common mode voltage measured 
from the star-point. 

Common-mode current originates from the inverter and flows through the external circuit. Due to the 
capacitive coupling between the machine components and ground, common-mode currents easily 
finds its way back to the inverter through the motor frame, cable shield, protective earth cables or 
other parts of low impedance. At higher frequencies, such as that from the inverters, even relatively 
low capacitance offers relatively low impedance. Because the common-mode current flows in the 
same direction in all three phases, the resultant emitted radiation is in the same direction and adds 
up. The consequence is an increased tendency of having higher EMI in close-by devices/equipment.  
This makes common-mode current a topic of interest when aiming for EMI mitigation within this field 
of study. Figure 6 shows a simplified schematic diagram of the active parts of an electric automobile 
with a concentration on the common-mode circuit.  
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Figure 6: Common mode circuit of an electric vehicle [12] 

2.6 Cable shield: Analytical approach to calculating of cable shield 
effectiveness 

The use of shields in cables is one of the most efficient means of mitigating electromagnetic 
interference. Most cable shields are of the foil or braid types and made of conducting materials. 
Electromagnetic energy from within or outside the signal carrying conductor is blocked to some degree 
(through either reflection or conduction) by the shield from leaving or entering, thus also preventing 
the signal cable from being susceptible. The conductivity and permeability of the shield are the most 
considered properties for shield material.  

 

Figure 7: Basic properties of a cable shield [16] 

One way to define shield effectiveness is through the surface transfer impedance: 

Shield effectiveness(𝑑𝐵)  = 36 − 20𝑙𝑛 (𝑍𝑡)   (4) 

where 𝑍𝑡 is the surface transfer impedance and is defined as the relationship between the current on 
a surface of a shield, 𝐼𝑠ℎ𝑖𝑒𝑙𝑑, and the longitudinal voltage drop per unit length, 𝑉𝑠ℎ𝑖𝑒𝑙𝑑, across the ends 
of a shield generated by this current on the opposite surface of that shield. This is mathematically 
written as [17]: 

𝑍𝑡 =
𝑉𝑠ℎ𝑖𝑒𝑙𝑑

𝐼𝑠ℎ𝑖𝑒𝑙𝑑
      (5) 
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The surface transfer impedance can be used to directly compute the effectiveness of a shield. 
However, the shield material properties, thickness, geometry also contribute to the performance of 
the shield for every given application [16].  

Shielding of high-frequency signals above 10 kHz can be achieved by the use of materials with high 
conductivity like copper, for example. This is because alternating magnetic field from the cable core 
induces eddy current on the shield. This induced current, in turn, give rise to fields in the opposite 
direction from the one causing it and hence reduces the net field by cancelling out: Faraday’s law.  

At lower frequencies up to 1 kHz, on the other hand, the effectiveness of conductive shields reduces 
as the coupling between the core and shield decreases [18]. At this point, it becomes more beneficial 
to use materials of high permeability as a shield. This is because having high magnetic conductivity 
makes it easier for the shield to form a magnetic shunt for the field emanating from the core. With 
increased frequency, most magnetic materials tend to saturate.  

The material type for magnetic shielding should, therefore, depend on the frequencies of interest. In 
[18] Cheung proposed a way to estimate the effectiveness of shields as a function of the re-reflection 
correction factor, absorption and reflection losses for electric and magnetic fields. The three 
parameters are defined in (6) – (8) 

 A re-reflection correction factor is defined as: 

𝐶𝑚  = 20 𝑙𝑜𝑔 𝑙𝑜𝑔 [1 −  𝜏(𝑐𝑜𝑠0.23𝐴 −  𝑗𝑠𝑖𝑛(0.23𝐴))]    (6a) 

where  𝜏 =  4
(1 − 𝑚2 )− 2𝑚2  +𝑗2√2𝑚(1 − 𝑚)2

(1 + √2𝑚)
2

+ 1)^2
    (6b) 

      

and  𝑚 =  
4.7∗10−2

𝑟
√

𝜇𝑟

𝜎𝑟
     (6c) 

      

Absorption loss is defined as: 

𝐴 = 𝐾𝐿√𝑓𝜇𝜎  [dB]     (7) 

where K = 131.4, L is the shield thickness in meters, f is the frequency in hertz, 𝜇 is the permeability 
and 𝜎 is the conductivity of the shield material. 

      

The reflection loss is defined as: 

𝑅 = 20 𝑙𝑜𝑔 𝑙𝑜𝑔 [
𝐶1

𝑟√
𝑓𝜎

𝜇

+ 𝐶2𝑟√
𝑓𝜎

𝜇
+ 0.354]  [dB]   (8) 

𝐶1 = 0.0117, 𝐶2 =5.35 and r is the thickness of the insulator.  

These parameters can be used to estimate the shield effectiveness at different frequencies with 
respect of the shield properties such as conductivity and permeability.  

2.7 Parasitic capacitive and inductive coupling  

Capacitive coupling occurs any time there are two or more conductors at different electric potential 
separated by a dielectric within a predefined space. A certain degree of charge is stored by each 
conductor, having opposite polarities when electric field potential is applied. Poisson’s equation is used 
to show the relationship between an electric potential, the charges, and dielectric constant 휀.  

𝛻2𝑉 =
𝑞

      (9) 
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The capacitive coupling can be desired, as in the case of regular capacitors, or otherwise, as can be 
seen between lands in printed circuit boards (PCB) for example. The unintended capacitive coupling is 
often referred to as parasitic coupling. Parasitic coupling is present anywhere there are parallel 
charged conductors separated by a dielectric. In the case of electrified automobile, such as one under 
study, VFD-fed long high-power cables that run parallel to each other and to the machine chassis tend 
to be parasitically coupled along their length. Because capacitors basically form high pass filters, it is 
expected that at high frequencies, unintended currents have a tendency to flow across the parasitically 
coupled conductors.  

There could also be inductive parasitic coupling between current carrying conductors in close proximity 
when their magnetic fields intersect.  

With respect to EMC, parasitic coupling results in bigger concerns especially using high switching 
frequency converters. Common mode current originating from the inverter, at high frequency, can 
easily flow to ground through capacitive coupling between the conductor and ground. The higher the 
coupling, the lower the resistance of the path to ground and the higher the common mode current, 
which is a major source of EMI. Capacitive coupling cannot be completely eliminated, because it is 
inherent in every electrical system, but it can be minimized. From (10), it can be inferred that to reduce 
the capacitance, one needs to either change the dielectric, decrease the conductor area or increase 
the distance between the charged conductors. The most easily applicable is the third option; changing 
the distance between the conductors.  

Unfortunately, capacitive coupling is not restricted to cables and lands in PCBs. Any charged conductor 
is susceptible to this phenomenon, this includes even the chassis of the machine which could lead to 
damages as a result of currents flowing in the motor bearings [12], for example. Using high conduction 
shields and terminating the shields to the solidly grounded body of the machine is one way of 
preventing the common mode current from flowing through uncontrolled paths. The use of a common 
mode transformer is another option.   

      

 

Figure 8: Inductive and capacitive coupling between cables and ground 

 

Poisson’s equation is used to generate Maxwell’s capacitance matrix. The capacitance matrix is made 
up of self-capacitances (capacitance between a conductor and a reference ground) and mutual-
capacitance (capacitance between two conductors, none of which is the reference ground). The 
elements of the matrix are derived from (11). The capacitance 𝐶𝑖𝑗 is defined as the ratio of the 
charge 𝑞 on conductor 𝑖 when an electric potential 𝑉 is applied between conductor 𝑗 and the ground 
reference. The Maxwell’s capacitive matrix is relevant to quantify capacitive coupling between 
different components of a device.  
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𝐶 =
𝐴

𝑑
      (10) 

𝐶𝑖𝑗 =
𝑞𝑖

𝑉𝑗
      (11) 

The matrix is in the form: 

𝐶 =  [𝐶11  𝐶12 𝐶21  𝐶22 ]     (12) 

The diagonal elements represent the self-capacitances while the off-diagonal elements represent the 
mutual-capacitances. The capacitive matrix can be solved numerically using a FEM simulation tool. The 
Poisson equation is solved to obtain the charge stored by each conductor when an electric potential 
of 1V is applied across it. Then (11) is used to determine the capacitance of the capacitor formed by a 
pair of conductors. 

2.8 Mathematical model of the electromagnetic field 

Mathematical models are used to represent physical systems for better understanding and prediction 
of the system behaviour. A system of equations known as the Maxwell equations is used to 
characterize electromagnetic fields within conducting devices [19]. These first-order partial differential 
equations associates the quantities H, B, D, E, 𝜌 and J to the magnetic and electric field's behaviour of 
a physical systems [20]. Maxwell equations are written in differential form as: 

𝛻 𝑋 𝐸 =  −
𝜕𝐵

𝜕𝑡
      (13) 

𝜕𝐷

𝜕𝑡
+ 𝐽 =  𝛻 𝑋 𝐻     (14) 

𝛻 ∙  𝐷 =  𝜌      (15) 

𝛻 ∙ 𝐵 = 0       (16) 

where H is the magnetic field and measured in Ampere per meter (A/m), B is the magnetic field density 
and measured in Tesla (T), E is the electric field intensity, measured in Volts per meter (V/m), D is the 
electric field density in Coulomb per meter square (C/m2), J is the electric current density in Amperes 
per meter square (A/m2) and 𝜌 is the electric charge density in Coulomb per meter cube (C/m3).  
      
Equation (13) states that at any point within a specified medium, the curl of the electric field intensity 
is equal to the time rate of reduction of the magnetic field density. According to equation (14), the curl 
of the magnetic field intensity is equal to the sum of the electric current density due to flow of charges 
and the displacement current density (time derivative of the displacement flux density), whereas (15) 
indicates that the divergence of the displacement flux density is equal to the volume electric charge 
density and equation (16) is used to express the divergence of the magnetic field density as being equal 
to zero [20].  
The relationship between these physical quantities are in (17) – (20), are commonly referred to as the 
constitutive laws [19]. The solution of the fields can be solved with the help of the constitutive 
relations.  
      
𝐵 =  𝜇 0𝐻      (17) 
𝐷 =   𝜖0𝐸      (18) 
𝐸 =   𝜌(𝐽)𝐽      (19) 
𝐽 =  𝜎𝐸       (20) 
      
𝜇 0 is the permeability of the material measured in 𝐻/𝑚, 𝜖0 is the permittivity of the material measured 
in 𝐹/𝑚 and 𝜎 is the conductivity of the material measured in 𝑆/𝑚.  
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2.9 Analytical approach to coaxial cable modelling 

      
In the design of cables, the parameters that are of the most interest are the resistance (R), inductance 
(L), capacitance (C), and shunt conductance (G).  From these, other cable properties such the 
propagation constant and power losses can be determined. These parameters are directly derived 
from the solution of the electromagnetic field from Maxwell’s equations under the conditions that  the 
electric fields, in the direction of propagation, will oscillate and attenuate along the length of the wire.  
      

 

      

      

Insulator 

𝑎1                                       𝑎2 

      

      

   Conductors 

      

      

      

      
Figure 9: Cross section of coaxial cable 
      
 
For coaxial cables, the solution to the electric and magnetic fields in cylindrical coordinate is written 
as: 

𝐸 =
𝑉0 𝑟

𝑟𝑙𝑛(
𝑎2
𝑎1

)
𝑒−𝛾𝑧      (21) 

      

𝐻 =
𝐼0 𝜑

2𝜋𝑟
𝑒𝛾𝑧      (22) 

      
From (24) and (25), cable parameters, RLCG, are derived as stated in (26)-(29): 
      

𝐿 =
𝜇0𝜇𝑟

2𝜋
𝑙𝑛 𝑙𝑛 (

𝑎2

𝑎1
)  +

𝜇0 𝜇𝑟 𝛿

4𝜋

(𝑎2 +𝑎1 )

𝑎2 𝑎1
    (23) 

      

𝐶 =
2𝜋𝜖0𝜖𝑟

𝑙𝑛 (
𝑎2
𝑎1

)
      (24) 

      

𝑅 =
1

2𝜋𝛿𝜎

𝑎2+𝑎1

𝑎2 𝑎1
     (25) 

      

𝐺 =
2𝜋𝜔𝜖0𝜖𝑟

𝑙𝑛𝑙𝑛 (
𝑎2
𝑎1

) 
      (26) 

The validity of the capacitance (C) and conductance (G) at all frequency can be observed from (24) and 
(26), since, unlike inductance (L) and resistance (R), they do not depend on the skin depth. Skin depth 
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is mathematically approximated to (27) and is defined as distance into a solid conductor were a 
relatively high density of the current flows (up to 63% of the total value).  

𝛿 = √
2

𝜔𝜎𝜇0𝜇𝑟
      (27) 

𝜔 is the angular frequency, defined as 2𝜋𝑓 (where 𝑓 is the frequency in Hertz) 
𝜎 is the conductivity of the conductor in 𝑆/𝑚 
𝜇 𝑟 is the relative permeability of the conductor in 𝐻/𝑚 and is equal to 1 in most metals 
𝜇 0 is the permeability of free space and is equal to 4𝜋 ∗ 10−7  𝐻/𝑚 
      
      

 
      
Figure 10: Image of a coaxial cable showing the different layers 
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3 Numerical methods 
Various numerical methods are available for modelling and making numerical analysis, providing 
solutions to numerical problems. Some examples of this method include the finite element method, 
finite volume method, and integral method [19]. There are some similarities and differences between 
these methods. However, common among the methods is the approximation of the exact solution 
made by discretization of the model geometry into meshes. Each of these methods has some 
limitations associated with them. For the purpose of this thesis work, only the finite element method 
is used and discussed in more details.  
      

3.1 Finite element methods 

This method is one of the most popular numerical methods used in modelling and simulating 
engineering systems. The finite element method consists in solving the weighted residual of the 
formulation (often in the form of a partial differential equation, PDE) that describes the problem, 
through a discretization over a meshed domain [19]. The system of governing equations is solved over 
each element of the mesh. Generally, iterative or direct solvers are used depending on the type of 
problem. The fineness of the meshed defines the numerical error, memory requirement, simulation 
speed and time. Boundary and initial conditions are used to define the scope within which the model 
is required to be solved, which determines the global solutions of the PDEs.  
  

3.1.1 Describe Ansys solver Q3D, HFF, Maxwell. The physics behind their 

computation 

Ansys is an example of a finite element analysis tool. Ansys Maxwell is a low-frequency electromagnetic 
simulation tool. Using this tool, it is important to vividly under the governing equations being solved 
by the solver and the conditions applicable, assumptions and simplifications made. This will ensure 
that the results generated are as intended.  

      

 

Figure 11: The processes required to model and simulate using Ansys FEM analyser.  

      

3.2 Numerical approach to coaxial cable modelling 

      
The same principles as in the analytical approach are implemented for the numerical analysis. 2D or 
3D can be used, depending on the symmetry of the objects under study. The numerical modelling of a 
cable, for example, can be done in 2D if the geometry of the cable is constant along its length, 
otherwise, the cable should be modelled in 3D. With 2D models, the computational time is less. Using 
the Ansys 2D extractor, from the RLCG parameters, other results such as characteristic impedance 
(𝑍0), propagation speed, delay, attenuation, effective permittivity, mixed-mode parameters, and near- 
and far-end crosstalk coefficients can be solved for analysis. 
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4 Numerical Modelling 

Numerical analysis using FEM simulator (in 2D) and practical experiments are used to explore how to 
mitigate EMI contribution from power cables. Models of power cables connecting the variable 
frequency drive to the three-phase traction motor (feed by three cables per phase) are made using 
Ansys Maxwell. Time (transient solver) and frequency (eddy current solver) domain simulations are 
made for the time and frequency dependent analysis respectively. 2D extractor solver of the Ansys 
Q3D is also used to study the cable parameters and parasitic coupling.  

The models are made to correspond to what is presently used in the actual machine. Different cable 
arrangements with respect to relative cable and bundles positions are used to investigate how much 
the EMC of the machine could be affected by these factors. A different model is made for each 
arrangement but the geometry and materials of the cables are kept constant in all cases. To verify the 
model procedures, a different model is made with geometry and materials the same as the cables used 
in the practical experiments. The specifications are found in the cable manual provided in the cable 
manufacturers’ website [21].  

4.1 Geometry and material type 

The core conductor, insulation, shield, and sheath are modelled as concentric circles and defined by 
geometry and material properties of the actual cables. Since the simulation is done in 2D, only a cross 
section of the cables are analysed. It is assumed that the cable cross-section is uniform throughout its 
entire length and the analysis is done for 1 meter long cables.  

The core conductors are stranded and made of copper. The shield is also made of copper, mu-metal, 
steel or a combination of two materials depending on the analysis being carried out. It is vital to note 
at this point that Mu-metal is a trade-name for an alloy containing 75-80% nickel. Other alloys of nickel 
exit that do not bear the name Mu metal, but exhibits the same properties.  The inner insulator and 
outer sheath are made of polyethylene and PVC respectively. The cables are modelled to be 
surrounded by vacuum region using a 150mm by 150mm square boundary defined by a vector 
potential at zero weber.  

The shields are either made to be connected at its terminals or floating depending on the specific 
analysis being carried out. This is achieved by the type of excitation assigned to the shield. When it is 
required to be floating (not connected at either terminal), the shields are excited using the winding 
type excitation and a current of 0 Amps assigned. If the shield is required to be connected, it is left 
completely unexcited. Ansys Maxwell, by default, connects all unexcited conductors together and to 
the ground reference. This solves the issue of connecting the terminals of the shield to the body of the 
motor and inverter at both ends respectively. 

Victim cables are placed at various points, equal distance from the power cable bundles and the 
current induced in them as a result of magnetic fields from the power cables is noted. Point of highest 
field is of interest and is used for analysis. The victim cable is unshielded and with a cross-sectional 
area equal to the core of the power cables and is made of copper.  

4.2 Excitation and Analysis 

The excitation of the cable models is based on measured data. Using the transient solver (for time 
domain analysis), the cables are excited using current excitation with fundamental frequency and 
amplitude of the current signal plus the harmonic contents as in (28).  

𝐼𝑇 = �̂�1𝑠𝑖𝑛(2𝜋𝐹1𝑡 + 𝜗) + �̂�3 𝑠𝑖𝑛(3 ∗ 2𝜋𝐹3𝑡 + 𝜗) + �̂�5𝑠𝑖𝑛(5 ∗ 2𝜋𝐹5𝑡 + 𝜗) + �̂�7𝑠𝑖𝑛(7 ∗ 2𝜋𝐹7𝑡 + 𝜗)           (28) 

�̂�1, �̂�3, �̂�5 are current amplitudes of the fundamental, 3rd and 5th of the current through the cables. This 
gives a close enough approximation of the practical excitation signal with the exception of some 
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harmonic contents that have relatively very low amplitudes.  𝐹1 , 𝐹3 , 𝐹5  are the corresponding 
frequencies (in hertz). 𝜗 is in degrees and takes the values of 0, 120 or 240 depending on the exciting 
phase. The sequence of the harmonic component is also accounted for. It is assumed that amplitudes 
and frequencies of current in all the conductors are equal. This simplifying assumption is not so in 
practice considering imperfections in conductors and terminations, making each cable impedance to 
differ from the next.  

While using the Eddy current solver to study EMI-dependency on frequency in the studied system, the 
excitation and analysis set-up defer from the time domain analysis but the geometries, material 
properties, and boundary conditions remain the same.  The aim of the frequency domain analysis is to 
understand how the shield properties could impact EMC in the operational frequencies of the machine. 
The fast switching of the inverter is a source of high-frequency harmonic contents in the current signal. 
For the solution set-up, in this case, a frequency sweep is done using the fundamental current 
amplitude to create a pure sinusoidal signal. This approach does not exactly depict the excitation on 
the actual equipment but is a fair approximation to study the frequency response models.  

Following, the solution set-up for the required analysis is done. Here, the time frame for the simulation 
and step size are specified. The effect of higher frequency harmonics become more prominent with 
smaller step size, but this will mean the simulation time increases if the stop-time remains the same.  

4.3 Mesh operation 

For the model set-up to be complete, mesh operation must be applied. The mesh divides the 
geometries into small (triangular) elements across the entire length. This operation is used to show 
the software the local boundaries within which the governing equation(s) has to be solved. Finer 
meshing yields more accurate solutions but has a trade-off on the simulation time and required 
memory. The meshes are made fine in the core conductors and shields, and coarse in the surrounding 
air and insulations. “Minimum element length” set up used to ensure that then smallest element 
length is smaller than the thinnest geometry with the structure. And the “Maximum additional 
element” helps to ensure that the mesh element doesn’t too much. Otherwise, the computation time 
and required memory space could escalate. 

 

Figure 12: An example of adaptive meshing 
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4.4 Post-Processing 

As a post-simulation process, the currents induced in the victim cables are computed using the field 
calculator. The field calculated creates an avenue to derive quantities from basic electromagnetic field 
solutions. Current in the victims is then obtained by either integrating the current density over the 
surface area in the direction of the flow or by the magnetic flux cutting across the victim cables.  
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5 Simulation results 

5.1 Positioning of the victim cable 

With the aim to estimate the position around the cables where electromagnetic interference on 

devices placed such positions is highest, a model of low impedance cables, called the victim cables, 

are used. Current induced in the victim cables is used to calculate the level of EMI.  

The position of the victims are chosen for the highest interference. Three victim cables are placed at  

1. The midpoint between two bundles 
2. To the side of an outer bundle 
3. The midpoint of the center bundle 

The trefoil arrangement used for this purpose is as shown in figure 13. The model geometries, materials 
and phase orientation used are as in the studied equipment presently. In figure 13, the conductor in 
the far left is named “victim 1”. The victim placed in the top between two bundles is called “victim 3”. 
And the one positioned below and in the middle is the victim 2. Emitted field reaching victim 1 appears 
to be predominantly from the left bundle, based on proximity. The victim 2 is more centrally placed 
and gets some emission contribution from most of the conductors. The interference on the victim 
increases by up to 37% when moved from position 1 to position 2 as can be seen from figure 14.  

The result shows that the victim in position 2 has the highest induced current. Position 2 is, hence, 
used as the preferred point for subsequent analysis.  

 

Figure 13: Cable model showing the most susceptible victim  
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 Figure 14: Induced interference in victim cables 

5.2 EMI reduction based on shield connection  

Using the 2D extractor, capacitive coupling is calculated for different shield connections. In the first 
case study, the shield is excited as a floating conductor which implies that the shield is neither 
connected to the ground nor any other conductor. Simulation results, presented in table 2, show a 
comparably low coupling between the conductors and ground. It shows zero couplings between the 
shields and ground, as well as shields and conductors. The low coupling appears to be a result of the 
distance of separation between the conductor and ground. However, the low coupling appears to be 
the result of the perfect grounding. 

Next, the shield is completely removed from the model while keeping the distance between the 
conductor and ground constant. A small increase in the conductor to ground capacitive coupling is 
observed, with respect to having a floating shield.  

 Connection of the shield at both ends gives rise to an exponential increase in the capacitive coupling 
between the conductor and shield. Proximity and material of the dielectric are possible contributions 
to this result.  

It is also observed from table 2 that the coupling intensity differs significantly with the relative position 
of the cable. It is, therefore, recommendable to keep that in mind when positioning the conductors in 
a trefoil form. 

Table 1: Capacitive coupling between conductors, shields and ground with respect to shield 
connections
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5.3 EMI reduction based on phase orientation 

For a three-phase system with multi-conductor per phase, the dynamics of the fields around the cables 
varies significantly with the cable orientation. There are many possible phase orientations and eight 
are selected and presented in this project. Although the objective of the phase orientation is to 
truncate the EMI effects, the easiest connection from the mechanical design viewpoint is also 
considered. The mechanical design team was asked to provide the phase orientation that will be 
easiest to fit into the systems’ mechanical structure. Factors such as space and cables’ 
stiffness/bending radius were considered. The cables per bundle are placed closely together and the 
two outer bundles are equidistance from the middle bundle. The current induced in a victim cable 
identified as the most susceptible is used to quantify the field cancellation effect for the different phase 
orientations. 

The trefoil and linear arrangements are simulated. Table 3 shows the studied phase orientations 
where the different colours represent the different phases.  
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Table 2: Varied phase orientation and cable arrangements 

A 
Each trefoil bundle contains cables of single 
phase 

                                                     
      
      
      
      

B 
The cable is kept farther away from the cable of 
the corresponding phase in the next bundle 

 

C 
Only one cable per bundle is kept close to the 
corresponding phase in the next bundle 
 
 

 

D 
Two cables per bundle is kept close to the 
corresponding phase in the next bundle 
 
 

 

E 
C is replicated, the trefoil having the same 
orientation 
 
 

 
      
      

F 
The are arranged in a linear form with 
alternating phase positions 
 

 

G 
The linear arrangement is repeated with one-
phase-per-bundle orientation  
 
      

 

H 
B orientation is repeated with the cables within 
each bundles separated by 5 cm from each other 
 
 

 

 

The model is made with data measured from the machine under study. The cable material and 
geometries are as in the machine. The cables are excited using current excitation with transient solver 
in ANSYS Maxwell. The most significant harmonic contents present in the measured data are also 
included in the excitation signal to better replicate the actual system. Signals in the phases are 120 
degrees phase-shifted as in a regular three-phase system, and the phase shift in the harmonics is 
accounted for. 

Results presented in figure 15 show that the least efficient phase orientation is lumping all phases in 
one bundle each, and arranging them in a linear fashion. Separating cables of the same phase gives 
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the most preferred field cancellation for both the trefoil and linear arrangements and only about 5% 
difference exists between these two highly recommended arrangements.   

 

Figure 15: Emi in victim cables Versus Phase orientation 

 

5.4 EMI reduction based on shield material type 

 Next, the cable models are simulated in the frequency domain. The influence of the shield material 
type in EMI blocking is investigated. Four simulations are made for this analysis:  

1. With a highly conductive shield 
2. With 2 different High permeability material shield 
3. Hybrid shield containing equal thickness of high conducting and high permeability shield 

materials such the net thickness of the shield is equal to the one used in other analysis   
The analysis was done for both low and very high frequencies.  

Figures 16 and 17 show the cable models in their trefoil pattern arrangement. Copper is used as the 
high conducting shield material. This is the same as in the studied machine. The default copper 
properties in Ansys is used for the simulation and closely replicate the actual cable used in the 
machines. Stranded conductors are used to obtain negligible eddy current effects. The cables are 
modelled using the eddy current solver in Maxwell, for the frequency–based analysis. The core 
conductors are excited with current equal the average current drawing by the machine’s traction 
motor at maximum torque. Frequency sweep is done for 1Hz, 10 Hz, 100 Hz, 1 kHz, 10 kHz, and 1 MHz 
to study the dependency of the shield performance on the signal frequency. Fine meshing is chosen 
for the core and shields. The main properties as in Ansys are stated in table 2.  

It should be noted that: 

1. The figures 16 and 17 shows the B-fields at a time when current the U-phase (the top 
right cable) is at its peak. 

2. The shields are connected at both ends 
3. The phase orientation is the B- configuration described above 
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Table 3: Shield material properties 

Material/Properties Relative permittivity Relative permeability  Bulk conductivity 

C opper 1  0 ,999991 58000000seimens/m 

Mu metal 1  300,000-400,000 1610000seimens/m 

Steel1056 1   1,000-3,000 200000seimens/m 

      

 

Shield 
material 

B-field at Frequency = 1 Hz 10 Hz 100 Hz 

Copper 
shield 

    
Steel 
shield 

   
 
 
  

Mu-
metal 
shield 

   



30 
 

Hybrid 
shield 
(Cu+Mu.
m) 

   
 

Figure 16: B-field at frequencies 1 Hz, 10 Hz and 100 Hz for different field configurations 

 

Results from the simulations using the copper shield shows relatively low shield effectiveness at lower 
frequencies. From 1 Hz to 100 Hz the emanating fields appear too high and almost constant. As the 
frequency is increased to the order of kilohertz, a noticeable reduction in the fields becomes 
noticeable. For a system that operates predominantly at frequencies as low as 150 Hz, the copper 
shield doesn’t appear ideal, especially in the presence of many EMI susceptible components. 

A high-permeability material, with a relatively low conductivity compared to copper, is studied for its 
shielding characteristics. Steel, an alloy of iron, and Mu metal, an alloy of nickel, are known to be good 
magnetic shielding materials. So, their effectiveness in this specific application is compared. Copper is 
replaced by each of the high-permeability materials, and all other parameters kept constant. Steel is 
comparable to mu-metal in terms of their relative permeability and saturation points as presented in 
table 3. It is expected that at high magnetic field intensity, steel will be a better shield material because 
of its high saturation point, while mu-metal will conduct magnetic flux better for lower field strength.  

Table 4: Comparison between steel and mu-metal shield 

Material 
Relative Permeability 

[low frequency] 
Saturation Point (gauss) 

Steel 1 ,000–3,000 22,000 

MuMetal 300,000-400,000 8 ,000 

      

However, the results from comparing the magnetic shield materials at low frequencies show that 
effectiveness of mu-metal at 100 Hz preferred to that of steel. For dc and lower frequencies, 
conversely, they performance is approximately the same. 

Results from simulating a hybrid shield consisting of equal thickness of copper and mu-metal appear 
interesting. The results show that at low frequencies up to 10 Hz magnetic field from emanating from 
the power cables remains poorly blocked and spreads outwardly. As the frequency increases up to 100 
Hz, the magnetic shield appears to provide magnetic shunt for the flux.  
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Shield 
material 

B-field at Frequency = 1 kHz 10 kHz 1 MHz 

Copper 
shield 

    
Steel 
shield 

   
 
 
  

Mu-metal 
shield 
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Hybrid 
shield  

   
 

Figure 17: B-field at frequencies 1 kHz, 10 kHz and 1 MHz for different field configurations 

 

At 1 kHz, as can be observed from figure 17, copper offers better shielding than either of the two 
single-material shields. Overall, the hybrid shield demonstrates to have best shield effectiveness in the 
frequency range that has been explored. 

      

5.5 Analytical approach to quantify shield effectiveness  

In order to quantify the effectiveness of the shield materials presented above, (6) to (8) are solved 
analytically in MATLAB and the results are presented in figure 18 

 

      

Figure 18: Shield effectiveness of copper, mu-metal, steel and hybid (Cu+Mu-m), for frequency up to 
1 MHz 
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6 Practical experiments 
 

Experimental measurements are carried out to verify the simulated cable models and create some 
other scenarios that could not be easily achieved in 2D simulation, such as connection of the shield at 
only one end. 2 meters long, 2.5𝑚𝑚2 copper-shielded cables are used for the experiment. The 
simulated cable arrangements are replicated. The cables are used to feed a three-phase asynchronous 
motor connected to a water pump from a variable frequency drive.  

In order to estimate the level of EMI at a position as in the simulated model, a magnetic field sensor, 
DRV425EVM, is used. It is positioned to sense the highest field intensity at the chosen point. The 
DRV425EVM magnetic field sensor is chosen because of its availability and some specific features. Its 
maximum measured field intensity is in the range ± 2𝑚𝑇 and able to measure AC field up to 47𝑘𝐻𝑧, 
which serves well for the experiment. The magnetic field density, B, is calculated from the measured 
voltage at each location using the formula in (29) provided by the manufacturers in [23]. The inference 
level is analytically calculated from the magnetic field density, B.   

𝐵 =
𝑉𝑜𝑢𝑡

𝐺∗𝐺𝑓𝑔∗𝑅1
 [T]     

                           (29) 

 𝐺, 𝐺𝑓𝑔,𝑅1 are some of the product features described in [21,22] and having values of 4, 12.2 and 100 
ohms respectively, by default. The sensor schematic, layout, voltage versus magnetic field 
characteristics and error versus magnetic field strength properties can be found in Appendix A,  

ABB Argus CC/4P is used as the signal analyser. The Argus signal analyser is connected to the current 
clamps, voltmeters, and field sensor through an internal signal adapter (active pod). Argus CC/4P has 
a 12bits resolution and a sampling speed of 5𝜇𝑠 per channel. More information about the analyser can 
found in [25].  

Model of the experimental set-up is made in the simulation software. The geometry and material type 
used in the simulation are the same as in the experiment. The power in the cables is used as excitation 
current for the model.  

The experiment is done for difference shield connections. EMI values are recorded for when the shield 
is connected at both ends, one end (which in this case is the motor side) and when it is completely 
disconnected. Different phase orientation and bundle arrangements as described in section 5.3 are 
also replicated in the experiments. 

6.1 Experimental results 

The effect of the EMI level for different shield connections is shown in figure 19. The results shows that 
a completely disconnected shield does not offer as much shielding as when the shield is connected at 
one end and at both ends. Connection of the shield at both ends tends to give a shielding effect up to 
12.5 times better than having the shield connected at one end. 
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Figure 19: Comparison of EMI levels for different shield connections 

6.2 Model validation through experiments 

The measured phase current shows good resemblance to the simulated result. Figure 20 shows the 
phase current on one of the phases for the measured and simulated excitation current.  

 

Figure 20: Measured and simulated phase currents 
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7 Discussion and conclusion 
      

The project targets reduction of EMI in battery-electric mining trucks. The simulation results highlights 
some efficient ways of mitigating EMI by investigating phase orientations, cable arrangements, shield 
connection and shield material types.  

Ansys Maxwell was used and it offers a good avenue for computing field solution to Maxwell’s 
equation. However it has some drawbacks such low computational speed.  

The connection of the shield at both ends offers the best shielding effect when compared to having 
the shield connected at only one end or completely disconnected. However, connection of the shield 
at both ends will enhance the conduction of the common mode current through a more controlled 
path, but it also it has a trade-off of increasing the capacitive coupling which gives rise to lower 
impedance to the common mode current path.  

From the simulation result, steel appears to give a better shielding effect than copper within the 
frequency range of interest. A mix of conductive and magnetic shielding materials (copper and mu-
metal) proves to offer better effectiveness. This is because at lower frequencies, the high permeability 
shield offers low impedance to magnetic flux path, while the high conducting shield offers a low 
resistance path for the induced current to ground at higher frequencies. The choice of a shielding 
material should depends on the expected operational frequency of the system. 

The most recommended cable arrangement for field cancellation in the studied system is the trefoil 
arrangement. The center bundle is placed upside down and the conductors are held closely together. 
The phase orientation of choice is the configuration that allows the individual conductors to be placed 
farthest from the conductor of a corresponding phase in the next bundle. This offers the highest field 
cancellation 

7.1 Future work 

This thesis work has addressed radiated emission. The conducted emissions could also be investigated 
to obtain better electromagnetic compatibility of the different parts of the system.  

For more susceptible devices, EMI filters can be designed and installed close to these device for better 
protection from near-by EMI sources.  
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Appendix A 
 

 

Figure A: Cable arrangement with single phase per bundle 

 

 

 

Figure B: Close trefoil cable arrangement with multi-phase per bundle 

 

 

 

Figure C: Separated trefoil cable arrangement with multiphase per bundle 
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Figure D: Linear cable arrangement with single phase/bundle 

 

 

Figure E: Experimental set-up for separated-trefoil cable arrangement 
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Figure F: Experimental set-up for close-trefoil cable arrangement showing the magnetic field sensor 
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Appendix B 
 

 

Figure G: DRV425EVM Top side layout [23] 

 

 

Figure H: DRV425EVM Schematic [23] 

      

 

 

Figure I: DRV425EVM Laboratory Measurement Results: Shows measured test results for linearity and 
error [23] 



47 
 

 

      

Figure J: Signal analyser: ABB Argus CC/4P  

      

      

 

 

Figure K: Internal signal adapter: Argus CC334-D 

      

 

 

 

 


