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Abstract 
 

  A model of the electrified railway propulsion system working in a wide 

frequency range is studied in this thesis. The high frequency modeling is the first 

stage to study and predict the Electromagnetic compatibility (EMC) problems in 

the electrified railway propulsion system, which are safety and reliability issues of 

high concern. Modeling methods and models for the line converter, motor power 

supply module, and the traction motor are developed. These models can work 

individually or be combined together to simulate the main part of the electrified 

railway propulsion system.  

  A two level pulse width modulation (PWM) controlled rectifier used in 

propulsion system is built in Simulink. It provides different values of DC voltage 

for DC-link according to design requirements. Time domain line current as well as 

frequency domain spectra is studied. Harmonic value based on variation in time is 

given to better understand the behavior of the rectifier. High value of harmonics is 

found during starting time. The steady-state harmonics are also demonstrated. 

  For the motor power supply module modeling, multitransmission line theory is 

used to model the cable used to connect the inverter and motor. A decoupling 

method to solve N multiconductor transmission lines into N single transmission 

lines in PSpice is developed and verified. Through simulation, the oscillation and 

overvoltage in the cable according to different layouts and length of cable are 

studied. The electromagnetic (EM) noise is dependent on the length of cables. A 

fourth grounded cable with optimized layout is introduced to reduce the oscillation 

on the line. By using this method, for the cable layout considered, the magnitude 

of the oscillation is reduced significantly from 19.48 V at 5.245 MHz to 2.1 V at 

4.609 MHz for the 14 meter cable configuration.  

  In order to improve accuracy of the modeling of propulsion system, a method to 

represent a traction motor with high accuracy in a wide frequency range in PSpice 

is presented. This model is based on vector fitting and synthesis of rational 

function in PSpice by equivalent circuits. It provides a new concept to model the 

traction motor for EM investigation compared with conventional circuit models. 

The simulated data can approach the measured data with extremely small error 



 
 

when high order of circuit is used. Verification of this method was done on a 200 

kW induction motor. The relative simplicity of this method makes it a good 

candidate for analysis of industrialized traction motors. 

  Fast transients induced by reverse-recovery of diodes in pre-charger or short 

circuit in power supplies are also studied, and it is possible to include them in the 

proposed model for propulsion system to study their impacts on the system from 

the EMC point of view. The fast transients with high magnitude are hazardous to 

the safe operation of the train. A test setup is proposed to study the fast transients 

caused by output diodes in the pre-charger. In the test setup, one efficient method 

to eliminate the contact bounce in the IGBT control circuit is also proposed. The 

voltage responses of the diode may be two or more times higher than the reverse 

bias voltage when nonlinear behavior of diode happens. A snubber, which has 

much bigger capacitor than conventional ones, is applied to solve the problem. 

The effect and robust operation of this snubber is experimentally verified. The 

overshoot voltage with snubber is reduced to less than 1.2 kV, which is about 60% 

of that without snubber, when the reverse bias is 1 kV. 

  Short circuit may also lead to fast transient in the traction system. As there are 

numerous DC-DC converters in the propulsion system, especially in the auxiliary 

system, the importance of equipping short circuit protection circuit in power 

supplies is obvious. A test setup is proposed to study the fast transient induced by 

short circuit. An effective circuit, which has been experimentally verified, is 

proposed to reduce the transient current when short circuit occurs. As shown in the 

example converter, the peak value of the transient current resulting from short 

circuit is reduced to one fifth of that without protection circuit. 

Index terms: Electromagnetic compatibility, railway, propulsion system, 

multitransmission line, ac motor modeling, vector fitting, fast transient 
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Chapter 1 Introduction 

1.1 Electrified trains 

  The development of railway has been substantial since the beginning of 20
th
 

century. Railway transportation is playing a significant role not only in peoples’ 

daily life but also in global economic growth. In 1897, Siemens displayed the first 

electrically powered locomotive at the Berlin Commerce Fair [1]. Since then, 

electrified railways have been improved dramatically due to the rapid development 

of power electronics, electric motors, and manufacturing techniques. At present, 

the highest wheel-rail speed, which is recorded by TGV (French: Train à Grande 

Vitesse, meaning high-speed train), is 574.8 km/h [2], and the transportation 

capability of a single locomotive has been increased to thousands of tons. 

 

Figure 1.1 Example of an EMU train (Source: [3]) 

  Generally, there are two kinds of propulsion strategies, locomotive and electrical 

multiple units (EMU). EMU, as shown in figure 1.1, is mostly used for passenger 

trains due to the fast acceleration and pollution-free applications. Another merit of 

EMU is that it’s quieter than the locomotive hauled train, so that it can operate 

without disturbing residents living nearby the railway tracks. The term EMU is 

referred to a self-driving train unit capable of coupling with other similar units and 

can be controlled from one cabin. The max service speed of an EMU can reach 

300 km/h and the design of a new EMU with speed 500 km/h is carried out also in 

China. Figure 1.2 shows an example of an EMU train which consist of eight 

coaches where eight or ten axles are driven [4]. 
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T1c T2cM2 M1 T2 T1 M2 M1

Train Base Unit Train Base Unit

T: Trailer coach
M: Motor coach
c: cabin

Figure 1.2 Example of an EMU train 

  The EMU shown in figure 1.2 has two base units which consist of two motor 

coaches and two trailer coaches with the sequence: T1+M2+M1+T2. The two 

parts with four cars are identical with respect to the high voltage, propulsion and 

auxiliary power supply systems. This means that each train base unit has 

independent propulsion system and can be operated individually. Both ends of the 

train are equipped with a driver’s cab so that driver easily can control the train in 

the front cab.  

1.2 Electrified railway propulsion system 

Figure 1.3 shows an overview of the propulsion system. It starts with the Line 

power supplied to the trains via the overhead line and pantograph (or a third rail 

and shoe). The next step is to convert the line power to the chosen DC-link voltage. 

The DC-link feeds the motor inverter which in turn feeds the motor. The motor 

then gives the motive force that makes the train move. 

Line 

converter
DC-link

Motor 

inverter
M

Motive 

force

Line 

power

 

Figure 1.3 Overview of the propulsion system 

1.2.1 Line power 

  The first electrified railways used DC supply. It was the choice since the 

relatively ease to control the speed of DC motor with switches and resistors. 

  However, due to the economical electrical distribution, the distribution voltage 

shall be as high as possible. The DC has a limitation that it is very difficult to 

break fault currents in a high voltage circuit; this has limited DC supplies to 

approximately 3 kV. So when the first AC motor was available the railways 

started to use AC to supply the railway vehicles. 



3 
 

  The first AC motor (which was essentially the same as the ‘universal’ motors 

used in electric drills, etc.) could be operated from an AC supply in approximately 

the same way as the DC motors, since the field flux and armature current reversing 

together. However, they had a limitation in the AC frequency, a lower frequency 

was needed. This is the reason why early AC electrified railways was supplied 

with 15 kV/16.67 Hz, the frequency being one-third of 50 Hz. 

  The 15 kV/16.67 Hz has been replaced with 25kV/50Hz today, which has 

become something of a world standard for mainline and suburban railways. 

However for tramways and metros where electrical safety requirements set limits 

on the maximum voltage to be used; DC supply is used. DC supplies may also be 

found occasionally on suburban railways. 

  Today’s technology makes it equally feasible to use either DC or AC as supply 

for the propulsion system, at different frequencies. This has lead to that today the 

most common supply for mainlines is 25 kV/50 Hz, but still 15 kV/16.67 Hz is 

used in countries where it was firstly used: Sweden, Norway, Germany, Austria 

and Switzerland [1]. 

  Historically a lot of different electric supplies have been used for railway 

propulsion systems, and there are many different supplies still in use today. 

1.2.2 Line power conversion 

  Depending on the power that is supplied to the train (AC or DC) the line power 

conversion is different. 

  When the train is supplied with DC there is often no need for any conversion; the 

DC-link can be supplied directly from the line. However, sometimes there is a 

need to convert the voltage up or down to comply with the chosen DC-link voltage. 

This conversion can be performed by step-up or step-down choppers. 

  When the train is supplied with AC, a conversion of the line power is needed. 

This conversion is achieved in two steps: 

1. Transformation of the voltage, in the main transformer 

2. Rectifying of the AC to feed the DC-link done by the line converter. 
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1.2.3 The DC-link 

  The function of the DC-link is to smooth the incoming power. It also may 

include some filtering, especially when it is supplied by a 4-Quadrant chopper. 

  There is, however, a difference in the ‘grounding’ of the DC-link if the vehicle is 

supplied by DC or AC. When the vehicle is supplied with AC the DC-link is 

initially free floating and hence middle-point grounding is possible. On the other 

hand, if the vehicle is supplied by DC the DC-link minus is normally directly 

connected to the railway ground (i.e. the running rails). 

1.2.4 Motor inverter and propulsion motors 

  Today’s technology and power electronics make it equally feasible to use DC or 

AC supply and to drive AC or DC motors. Some of the options available today are 

shown in Table 1.1. 

 Motor 

Line supply 
DC motor AC motor 

DC supply 
Switched resistance or 

chopper control 

(Chopper input and) 3-

phase inverter 

AC supply 
Transformer and phase-

angle controlled rectifier 

Transformer and PWM 

input and inverter 
Table 1.1 Conversion options for electric drives 

  The mostly used motor today is probably the 3-phase induction motor because of 

its low maintenance needs and sealed-for-life feature.   

1.3 AC fed electrified railway propulsion system 

  The AC fed propulsion system studied is mainly composed of the pantograph, 

main transformers, rectifiers, DC-link, inverters, AC motors, gear boxes, and 

wheels. AC electrical power is fed through pantograph and then transformed in the 

listed stages; finally mechanical output force of wheels propels the train. The 

block diagram of an AC fed railway propulsion system is shown in figure 1.4. 
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Rail

Transformer

AC Motor

Contact wire AC

~

=

Rectifier

=

DC Link Inverter
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Wheel

Pantograph

~~~

M

Wheel

 

Figure 1.4 Block diagram of the propulsion system 

  The pantograph is connected to the main transformer distributing the electricity 

to several secondary windings. After regulated to a certain voltage level by the 

transformer, the AC is rectified to DC by the pulse width modulation (PWM) 

controlled rectifier. A DC-link filter, which is composed of DC-link capacitor, 

second-harmonic filter, and midpoint grounding unit, is added between the 

rectifier and inverter [5]. This filter is able to smooth the DC-link voltage and keep 

the system voltage at a certain level with reference to the ground. The DC filter is 

composed of resistances, capacitors and inductors. After passing the filter, the DC 

power is inverted to the 3-phase power by the inverter. In this conversion stage, 

the PWM control strategy is also applied but generated by a separate set of 

auxiliary control circuits which are different from that in the rectifier. 

Contact Wire Pantograph Transformer Rectifier DC-Link Inverter AC Motor Gear Wheel

E–E~ E ~~~E~ E~ E– M M

Brake 

Resistors

E~

E–

E ~~~

M

Single-phase AC Three-phase AC

DC Mechanical power

Figure 1.5 Energy flowchart of the propulsion system 

  When the train is operating the electric power is converted to mechanical power 

and the energy flow is illustrated by the solid arrows in figure 1.5. When the train 

is braking, there are two ways to conduct the reversal energy away: 

 The old way is to burn the reversal energy in so-called brake resistors. 

 There is a rather new concept, “energy saving”, where the reversal energy 

is fed back to the contact wire, and can be used by other trains on the same 

supply section or in some cases can be stored in the substation and even be 

fed back to the high voltage supply line, depending on the design of the 

infrastructure. 
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  Due to the energy saving consideration, the most recent train propulsion system 

is designed as a bidirectional system so that when train is braking the mechanical 

energy will be transmitted back to the substation. In the reverse conversion the AC 

motor works in generator mode, propulsion inverter works in rectifier mode, and 

the rectifier works as a single phase inverter. Finally the mechanical to electric 

conversion is implemented and therefore the energy can be stored in the substation.  

  In this thesis, the models for the rectifier, the DC-link, the inverter, and the motor 

are developed. They can work together to represent the main part of the electrified 

railway propulsion system. 

1.4 Other power sources on trains 

  Electricity is not only used for the propulsion of the trains but also a need for 

lighting, air conditioning, etc. Therefore, there are also other power sources 

provided on the train. The ones that are closely related to the propulsion system 

are: 

 The auxiliary power, and 

 The battery power 

  They are connected with the propulsion system through using the same DC-link 

or in some other manner. Figure 1.6 shows a block diagram of the Auxiliary 

converter module (ACM), battery charger, and also a pre-charger. 

  

=

≈~

~≈

=

ACM Charger

DC+

DC-

Battery

=
=

+

-

Pre-charger

 
Figure 1.6 ACM and pre-charger 

  1.4.1 Auxiliary power 

  The auxiliary power, normally a three-phase 230/400V 50Hz supply, provides 

auxiliary power for the train including lighting, air-conditioning, charging batteries, 

etc. It converts DC from the propulsion DC-link to a three-phase and neutral 
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network. Each phase of the output can be used as an individual single phase 230 V 

source.  

1.4.2 Battery power 

  The battery power is a battery back-upped power supply. Mainly it is used for the 

train electronics, which have to be powered all the time. It can also be used for 

emergency lighting and other vital functions onboard the train. 

1.4.3 Battery charger 

  The battery charger consists of several parts. Normally it is fed by the train’s 

three-phase, auxiliary power network. It has to adopt the voltage and also rectify 

the incoming AC. This can be achieved by firstly rectifying the AC and then 

adjusting the output voltage via a DC/DC converter (a step-down chopper). 

  The reason to supply the battery charger from the train’s auxiliary power network 

is that when the train is in the depot, and not energized from the line power (e.g. 

the pantograph is down). The auxiliary power network can be supplied from the 

low power network, and consequently the batteries can be fully charged when the 

train is started. 

1.4.4 Pre-charger 

  The pre-charger is a DC-DC converter. It is designated to charge the DC-link to a 

reduced DC voltage to lower the inrush current and magnetize the electric motor 

when the train is starting. Except in the starting period, the pre-charger is still 

functioning during towing mode (no line supply connected) to provide auxiliary 

power for brake. The pre-charger feeds the DC-link to about 400 V for a few 

seconds. This allows the motor inverter to magnetize the traction motors. Then the 

traction motor works as a generator and feeds the DC-link with normal level 

voltage.  

1.5 Electromagnetic compatibility challenges in EMU  

  As mentioned earlier, between the line supply and electric motor there are several 

stages for power collection and conversion. Unwanted electromagnetic disturbance 

can be generated at any of these stages and distributes in the cables as well as 

radiates through different loop circuits formed by the complex cable systems. The 

conducted emission limits from 0.15-30 MHz are specified in EN 50121-3-2, any 

disturbance beyond that limits in the frequency of interest makes rail cars fail 

passing emission requirements. In order to help the EMU pass the EMC test, better 
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understanding of the generation mechanism of EM noise from propulsion systems 

is required by designers to mitigate the EM noise at the beginning of design stage. 

  

~

~~~

M

Car body

Rail

Clc

Clg

Iinput

Ilm

Ilg

Ilc Ilc

Inverter

Ic: Inverter to Car body 
Ig: Inverter to Rail 

Im: Inverter to Motor 
 

Figure 1.7 CM current flow paths in the propulsion system  

  Common mode (CM) current is one source of emission. The use of PWM 

essentially produces CM voltage as the sum of the three phase voltages are no 

longer zero. And this phenomenon cause CM current in the motor cables between 

the inverter and the motor [6]. The spreading of CM current through different 

paths may lead to many EM problems such as bearing current (especially high 

frequency CM current), and track circuit interference. Figure 1.7 illustrates some 

CM current paths in the railway propulsion system. The CM current flows through 

feeding cables, the motor winding, the stray capacitance of the motor, and the 

motor frame. In some practical installation, there is a return cable connecting the 

inverter and motor frame which provides a significant return path for most CM 

current. However due to the long distance between the inverter and motor frame a 

large loop circuit is formed acting as a big loop antenna [7]. Small part of the CM 

current returns through the car bodies and rails. We should notice that the CM 

current that propagates along the rails can return to other car bodies and even to 

substations thereby causing serious EMC problems.  
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   The way to study the train propulsion system is to consider it as an adjustable 

speed drive (ASD) system. The subsystems, including semiconductors, the cable, 

and motor, affect the generation of the EM noise [7-9]. Different types of 

switching semiconductors cause different slew rate of the modulation voltage 

which varies the transients in the system. The existent overvoltage problem in 

ASD and the corresponding prediction methods are exploited in previous works 

[10-13]. For modeling the cable, both transmission line and distributed circuit can 

be utilized. Circuit model is easier to construct in Spice-like simulation software, 

but the transmission line is more flexible especially if the cable length is long. 

However the variation of coupling between cables with respect to different cable 

layout has not been addressed a lot. But the space for the propulsion system is 

changing in different coaches of a train so that the length and layout of cables are 

modified correspondingly. Therefore a cable modeling method considering its 

layout is significant for railway propulsion system. What is more, the common 

method to mitigate this EM noise is to introduce a passive filter at the inverter 

output [14, 15]. However conventional filter is not always a practical way to 

reduce the EM noise because of cost, weight, and space restrictions on railway 

vehicles. So EM noise mitigation method by changing the layout of the cables is 

proposed in this thesis. The cable modeling is based on multiconductor 

transmission line (MTL) theory, and the impacts of cable layout on EM noise are 

studied (Paper II). 

  Regarding the motor modeling, experimental identification is a good way to 

construct the circuit model for the motor. The cross-section and perspective view 

of an AC motor are shown in figure 1.8. Lumped RLC circuit modeling of a motor 

in the frequency range under 1 MHz provides acceptable accuracy. The parameters 

in the models include the phase leakage inductance, winding-to-frame capacitance 

(CWF), winding-to-rotor capacitance (CWR), and rotor-to-frame capacitance (CRF) 

[16, 17]. In [18], authors propose an universal induction motor model to simulate 

the response characteristics in a wide frequency range. Compared with 

conventional models, the motor model in [18] includes extra components to 

simulate leakage inductance and capacitance in the first turns of the windings. This 

improves the accuracy at high frequency, especially at the antiresonance frequency 

where an amplified voltage will occur internally between the turns of the windings 

[19]. However, when modeling high power rating motors at frequencies above 1 

MHz, where the winding impedance has multiple resonance, lumped circuit 

models are no longer suitable. As the noise frequency of interest in the railway 
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propulsion system is up to tens of MHz, a motor model which can work well in 

such frequency range is required. 

 

Rotor

Frame

Winding

CWF

CWR

CRF

  

Rotor

Stator

Ball bearing

 

                       (a)                                                               (b) 

Figure 1.8 Cross-section (a) and perspective view (b) of an AC motor 

  A method based on vector fitting (VF) [20] to model a motor with high accuracy 

at high frequencies, using measured impedance data, is introduced in this thesis. 

VF is widely applied in many engineering applications, but little research has been 

dedicated to use it for modeling an AC traction motor. The method proposed in 

this thesis uses the measured impedance data to approximate a rational function, 

and then this rational function is synthesized by circuits in PSpice (Paper III). 

  Some Electromagnetic interference (EMI) transients caused by irregular 

operation of electric equipments in vehicle electrical system may occur sometimes. 

They may cause disturbances to other devices in the train. Those transients can 

couple to surrounding structures through conducted and radiated ways.   

  Overshoot in pre-charger may happen due to the reverse bias at the output. 

Output diodes are needed for protection reasons because the normal working 

voltage of the DC-link, which is usually from 800 V to 1500 V according to 

different types of the train, is higher than the pre-charger output voltage. Three 

diodes are connected in series at the output of the pre-charger. However, 

sometimes the reverse-recovery of the diode leads to overshoot problems. 

Occasionally, the exceeding overshoot voltage breaks or melts the diode as shown 
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in figure 1.9. The overshoot problem happened in the pre-charger should be 

studied in order to understand its mechanism and protection method should be 

proposed. In order to include the impact of specific application environment, a test 

setup is developed to investigate the overshoot problem in pre-charger, as further 

development on previous studies about overshoot problems in diodes [21, 22], 

where normally single diode was tested. The corresponding solution to this 

problem is proposed and experimentally verified (Paper IV). 

  Another type of EMI transient is caused by short circuit at output of power 

supplies [23]. There are many power supplies in the train, malfunction of those 

power supplies may occur because of short circuit. This undesired fault is 

dangerous for safe operation of trains. The unwanted fault current creates 

interference and excessive power dissipation in the power device. If this 

dissipation is big enough, the device heating will eventually destroy the device. 

The short circuit behaviors of power devices are discussed in [24]. A short circuit 

protection is essential for eliminating the fast transient and safe operation of those 

power converters. A cost-efficient method against short circuit is developed and 

experimentally verified (Paper V). This method provides a relative cheap and 

simple way to deal with this problem in spite of conventional solutions [25, 26], 

which use more complicated circuits or IC solutions with higher construction cost.   

 

Figure 1.9 Blown diodes  

   Within the EMC group, several Ph.D. theses have addressed different aspects of 

the electromagnetic interference in electrified railway systems [27-29]. N. 

Theethayi studied the direct and indirect lightning strikes to the conductor systems 

of railways based on experiments and calculations. S. Midya studied the 
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electromagnetic interference caused by pantograph arcing. Interference from DC 

to hundred MHz was investigated. Z. Mazloom provided a method for including 

responses of lumped devices in railway multi-conductor systems. The voltage 

induced by lightning was studied based on simulations. This thesis is the latest in 

that series, focusing on high frequency modeling of propulsion system for EMC 

analysis. 

1.6 Outline of the thesis 

  This thesis is organized as follows. 

  Chapter two gives the details of simulating a propulsion line converter in 

Simulink and corresponding waveform at input port as well as the harmonics in 

the frequency domain are studied. 

  Chapter three presents the method of modeling a motor power supply module in 

PSpice with the consideration about optimal cable arrangements for reducing 

conducted EM noise. The cable model is implemented in different software and 

results are compared. 

  Chapter four deals with the modeling of an AC motor in PSpice. The details of 

modeling an AC motor based on vector fitting are elaborated here. Some 

applications of the modeling are also given in this chapter. 

  Chapter five shows the reasons why the output diode failure occurs in the pre-

charger. An experimental method is proposed to investigate the voltage overshoot 

of diode when high inverse voltage is applied at the output port. A snubber circuit 

is introduced to protect the output diodes from generating high magnitude of 

overshoot. The experimental results show the effect of the snubber circuit. 

  Chapter six demonstrates the overcurrent at the output of the power supplies 

when the short circuit occurs. A simple but effective method is proposed to reduce 

the peak value of the current transients caused by short circuit. Experiments are 

conducted to test the effectiveness of the proposed circuit. 

  Lastly, Chapter seven gives the conclusion and directions for the future research. 
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Chapter 2 Line converter modeling 

  The line converter is a conversion stage including the secondary winding of the 

main transformer for converting the 15 kV 16.67Hz or 25 kV 50 Hz AC to 1500 V 

AC (or other suitable voltage) and the rectifier. At this conversion stage the 1500 

V AC was rectified by the diode bridge to DC in the old railway technology. The 

diode rectifier has some advantage e.g. very simple structure, high reliability, 

cheap. However since diodes are a single directional device, the power can only 

conduct through the rectifier from supply to load. Thus the braking energy fails to 

be reused. Due to the invention of the IGBT and the emergence of PWM control 

strategy, the rectifier composed of IGBTs with anti-parallel diode is widely used in 

electrified railway propulsion system. This four-quadrant converter can implement 

bidirectional energy transmission during different train movements. When the 

train is accelerating or steadily running the energy flows from the supply to the 

motor. On the contrary, when the train is braking the energy flows in opposite 

direction from motor to supply i.e. regenerative energy. 

 A line converter model consisting of secondary winding of main transformer, 

rectifier, and DC-link is developed to analyze the harmonics. It is simplified but 

can represent the main function of the line converter. 

2.1 Two-level PWM controlled rectifier 

   

C
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Figure 2.1 Schematic of a single-phase PWM rectifier for propulsion systems 
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  The two-level PWM rectifier is shown in figure 2.1. It contains four IGBTs with 

anti-parallel free-wheel diodes. The switching frequency of IGBTs (500 Hz in this 

study) is higher than the line frequency so that the diodes are considered steady-

state when analyzing the behaviors of IGBTs. The rectifier works in the boost 

condition i.e. the Vdc is higher than the peak value  ̂  , which is the voltage at 

secondary side of the main transformer. The leakage inductance LT of the 

secondary side of main transformer will hold the voltage difference between them. 

In order to control the power factor, the PWM strategy is applied to control the 

four IGBTs. Thus the voltage drop uab for the two converter arms is pulsed.  The 

schematic figure 2.1 can be redrawn as an equivalent circuit shown in figure 2.2 

for energy analysis. 

RT LT

+

-

+

-

uin uab
i

 

Figure 2.2 The equivalent circuit for the rectifier 
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Figure 2.3 Phasor diagram for the rectifier 

  From figure 2.2 it is observed that the voltage and current relationship is  

                     (2-1) 

where all the vectors in the equation are fundamental components. By 

investigating the equation, we can notice that for a specific transformer winding 

the leakage inductance LT and resistance RT are fixed so that i is in relation to the 

difference between uin and uab. Figure 2.3 (a) shows the phasor diagram for the 
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vectors. φ is the phase angle between input voltage and current, the active power 

drawn from supply is therefore 

              (2-2) 

  If the phase angle is not zero the power factor is not 1. This means that the 

working efficiency is relatively low. In order to make the rectifier working in the 

condition having unity power factor, four IGBTs are controlled to alter the 

magnitude and phase with respect to current loop circuit [30]. Finally the rectifier 

works in the condition shown in figure 2.3 (b), where i and uin are in phase, which 

is called unity power factor. 

  As mentioned above, the PWM controller is applied to help achieving unity 

power factor. However the line current is no longer sinusoidal because notches are 

introduced to the system. These notches are containing harmonics and high 

frequencies which is the drawback of this technique. With different fundamental 

frequencies, these harmonics can be dozens of kHz and even extend to dozens of 

MHz which can lead to malfunction of the electric equipments and contamination 

of the power supply networks. Thus, it is extremely important for system designers 

to explore the harmonic spectra generated in power equipments.  

2.2 Simulation results and discussions 

  In order to investigate the harmonics generated in the rectifier, a two-level PWM 

controlled rectifier is constructed in Simulink with the system parameters listed in 

table 2.1. The EM performance of a three-level PWM controlled rectifier is 

discussed in (Paper I). The simulation model in this chapter applies the similar 

procedure to deal with the rectifier. For the sake of simplification, only load 

capacitor (C as shown in figure 2.1) implemented at output end and the load is 

considered as pure resistive. The secondary winding of the main transformer is 

replaced by an AC voltage source with wanted magnitude and phase. Because this 

model is for evaluating the converter from the EM point of view, the open-loop 

control circuit is adopted. The IGBT control pulse is generated from a carrier-

based PWM block. The carrier frequency is 500 Hz. The simulation time is set to 

0.5 second with variable time step. 

  The DC-link voltage is shown in figure 2.4. It is presented that the voltage level 

is 2500 V coinciding well with our specification. If we study the waveform 
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carefully, the voltage will appear modulated with a 100 Hz sinusoidal wave. This 

is the reason why second harmonic filter is often required after DC-link capacitors. 

Parameter Value 

Rectifier’s AC-side voltage (uin) 1500V 
Rectified voltage (Vdc) 2500V 

AC line frequency 50Hz 
Transformer leakage inductance (RT) 1.7mH 
Transformer winding resistance(LT) 0.33Ω 

Load resistor(Load) 41 Ω 

Table 2.1 Parameters for the rectifier model in Simulink 

 

Figure 2.4 DC-link voltage 

  Figure 2.5 presents the input voltage uab and line current in red. The modulated 

pulse is +2500 V and -2500 V i.e. +Vdc and –Vdc. The fundamental component of 

line current wave is sinusoidal as illustrated in figure 2.5(a). The peak value of 

current is 500 A when steady state. However at the beginning of simulation the 

current rockets up to 2.5 kA, five times bigger than the steady-state value. From 

the expanded view figure 2.5(b), it can be observed that the current waveform is 

not perfect due to pulse modulation, some high order harmonics exist in this 

waveform. These disturbances may interfere with other circuit and thus reduce the 

reliability of the whole system. Transformer can provide some filtering effect but 

distortion is not avoidable. Every time the IGBT is switching the current will 

charge or discharge the inductance.  
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Figure 2.5 Line voltage, uab and line current, i 

  

 

Figure 2.6 Line current spectra 

  Figure 2.6 gives the current spectra for different harmonic orders with respect to 

the time variation. In figure 2.6(a), we can notice that the fundamental component 

(first order) is very high, up to 2000 A in the time range from 0 to 0.05 sec. This is 

mentioned above, when we are analyzing in the time domain, that the current has 

very big value at beginning of the operation. By studying all the graphs in figure 
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2.6, we can conclude that the current spectra are far more different with that in 

steady-state operation, even DC component can be found at the starting time. So 

the likelihood of system interference is higher when the system is starting. Figure 

2.7 shows the line current spectra in steady-state working condition, the 

fundamental component is 488 A. The first group sideband harmonics can reach 

90 A, 18% of the fundamental component. 

 

Figure 2.7 Line current spectra when steady state 
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Chapter 3 Motor power supply module modeling  

  The motor power supply module is used to control the motors in the train. It is 

composed of part of the DC-link capacitor, an inverter/motor converter module 

(MCM), and the feeding cables. The circuit diagram of a motor power supply 

module is shown in figure 3.1.  

DC-link 

Capacitor

=

~
~~

DC+

DC-

M

Motor power supply module

Motor inverter
Feeding 

cable

 

Figure 3.1 Circuit diagram of an MCM 

  Long 3-phase feeding cables are always with two problems: overvoltage at the 

motor terminals and high frequency common-mode (CM) voltage [31]. The 

magnitude of overvoltage and CM voltage depends on the pulse edge derivatives 

and on the characteristics of cables [12].  

  The most common method to mitigate this EM noise is to introduce a passive 

filter at the inverter output or motor terminal. However, due to the cost, weight and 

volume restriction, filter is not always a preferable solution. Changing cable layout 

provides a way to reduce the crosstalk in the feeding cable system. In order to 

investigate the crosstalk in propulsion systems from the EMC point of view in an 

efficient and economical way, a sophisticated model including the accurate cable 

model has been constructed in the simulation software. This model can help 

engineers to study and evaluate EM performance of the propulsion system in the 

early design stages. 

  The method to model the motor power supply module with emphasis on the cable 

layout is developed in this chapter. High frequency oscillations are studied by 

using this model. 
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3.1 Multiconductor transmission line theory 

    The cables in the MCM refer to conductors that have circular cylindrical cross 

sections. All the cables are assumed to have the same cross section, therefore have 

the same characteristic properties. This cable system can be considered as the 

lossless transmission line system. The voltages and currents on a lossless cable 

system are described by the transmission line equations [32] 
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By using matrix notation 
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If this is a three cable system,  ̃  [      ]
 ,  ̃  [     ]  and 

  ̃  [
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    ∑    

 
       

        ∑    
 
   

].  

  ̃ is the per-unit-length inductance matrix which comprises individual per-unit-

length self inductance and per-unit-length mutual inductance between different 

cables.   ̃ is the per-unit-length capacitance matrix that indicates the displacement 

current flowing between the conductors in the transverse plane. The capacitance 

and inductance of multiconductor transmission line (MTL) affects the behavior of 

the wave propagating along the lines. The per-unit-length parameters are 

determined by the given cross sectional cable configuration as well as the media 

between the wires. For determining these parameters, analytical and numerical 

methods are previously investigated a lot. In this thesis, the finite-element method 

(FEM) with COMSOL multiphysics is used to calculate the capacitance and 

inductance matrices [33]. 

  Another issue is skin effect. Due to the undesired effect the conductor loss 

increases proportional to frequency and hence the propagating signal is attenuated. 
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A four ladder compact circuit model is used to represent the skin effect for round 

cables [34]. In this modeling method, DC resistance of the cable RDC and internal 

inductance Llf of the wire are required to calculate the inductance and resistance 

values. The specification of the cable is given in figure 3.2 and table 3.1. The 

compact circuit model including skin effect is shown in figure 3.3. 

 

Figure 3.2 Cable transverse diagram 

Conductor Exterior layers Cable 

diameter 

(mm) diameter 

(mm) 

area (mm2) insulation 

(mm) 

sheath (mm) 

7.8 35 0.65 0.85 11.7 

Table 3.1 Cable diameters 

 

Figure 3.3 Four ladder circuit model of the cable to include skin-effect 

  A five meter cable is considered as an example case to illustrate the skin effect. 

400 V square pulses are applied at the front end of the cable and corresponding 

voltage response is obtained with or without skin effect. As observed in figure 3.4, 

1 2 31 2 33
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the signal is delayed by the cable no matter whether skin effect is considered. 

From the expanded view of the terminal response we can conclude that the skin 

effect only slightly affects the performance of the cable in this relatively short 

cable application. The difference between two responses is less than one volt (< 

1%) so that we do not take into account skin effect in our following studies. The 

cables are dealt with by lossless MTL system.  

 

Figure 3.4 Input pulse and terminal responses 

3.2 Decoupling method 

  In the PSpice implementation of MTL procedure, N coupled line system should 

be decoupled to N single transmission lines. Decoupling method for inductance 

and capacitance matrices are required. References [35] and [36] give methods to 

decouple the characteristic matrices. But the methods introduced in their studies 

are not easy to be implemented in PSpice. A simplified way to tackle this problem 

is introduced here. 

  If there exists a nonsingular matrix P, let us introduce P
-1

AP=B, the n×n matrices, 

where A and B are recognized to be similar. The product P
-1

AP is called a 

similarity transformation. When A is similar to a diagonal matrix, A is 

diagonalizable.  

  Assuming a three cable system, we know that both the inductance and 

capacitance matrices are 3×3 matrices. We need to diagonalize the two 

characteristic matrices by means of similarity transformation. This process 

transforms (3-2) into three single transmission lines.  

  Rewrite (3-2) in a compact form 
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Because  ̃ is a positive definite matrix possessing a complete set of eigenvectors, a 

matrix P which is constituted by 3 linearly independent eigenvectors can be used 

to diagonalize it 
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Where l1, l2, l3 are the eigenvalues of   ̃,   ̂ is a diagonal matrix whose diagonal 

entries are the corresponding eigenvalues. We premultiply ( 
   
    

 ) on both 

sides of (3-3) 
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For transmission lines in homogeneous media,   ̃ and   ̃ satisfies 
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 (3-7) 

where   is the wave speed. Expand (3-6) in the form 

 
 ̃ ̃      ̃     ̃   ̂    ̃  

 

  
 (3-8) 

Observe that right part of the equation,  ̂      ̃  must be a diagonal matrix in 

order to equate  ̂    ̃  and 1/v
2
. Inductance and capacitance matrices are 

therefore decoupled to  ̂ and  ̂. The MTL system can be represented in N single 

transmission line. 

  In order to verify our decoupling method, voltage response in three cable system 

is calculated by both PSpice and finite difference time domain (FDTD) method. 
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Comparison of these two responses below shows that the decoupling method 

mentioned above is correct.  

  The MTL and terminal configuration are shown in figure 3.5. It is a three 

conductor system in the arrangement of one supply cable and two victim cables. 

All cables at far end are equipped with 50 Ω terminal load. For two victim cables, 

50 Ω (RNE) resistors are used to determine the near-end response. At the near-end 

of the source wire, a 50 Ω internal impedance source produces a trapezoidal 

periodic pulse with a 0.1 µs rise and fall time, 50% duty cycle, 500 V pulse and 3 

µs period time. The near-end responses for both victim cables are obtained 

through PSpice and FDTD method respectively as shown in figure 3.6. 

Source wire 1

Victim
 wire 2

Victim
 wire 3

RL

RL

RL

RS

RNE

RNE

 

Figure 3.5 Diagram of MTL  

  In figure 3.6 it can be observed that the results from PSpice and FDTD method 

show good agreement. Two methods show the same responses in each cable. 

According to the expanded view about the peak values of induced voltage in wire 

2, PSpice gives 35.3 V while FDTD method gives 35.5 V (see inset figure 3.6). 

There is only a difference that is less than 1%. The induced voltage in wire 2 is 

bigger than that in wire 3 because of shorter distance between source wire and 

victim wire 2. The above comparison illustrates the accuracy of the MTL model in 

PSpice as well as the reliability of our decoupling transformation method for 

characteristic inductance and capacitance matrices. 
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Figure 3.6 Near-end coupling voltage for wire 2 and 3 obtained by PSpice and FDTD 

3.3 Validating the model in PSpice 

  The procedure of implementing motor power supply module model in PSpice is 

shown in the following stages. Firstly, the spacing and length of the cables are 

determined. The geometrical and physical information including radius of the 

cable, distance between different cables, and permittivity of the material will then 

be used in the COMSOL to calculate the inductance and capacitance matrices. 

More accurate geometrical information can help to increase the reliability of the 

outcome. After knowing the per-unit-length (PUL) properties of cables, the 

coupled MTL model is decoupled into several single transmission lines by means 

of method illustrated in last section. Usually these lines have different PUL 

capacitance and inductance, i.e. different characteristic impedance and wave 

propagation speed. These parameters are used to model the lossless transmission 

line in PSpice. For the transmission line model in PSpice, the characteristic 

impedance and time delay of the cable are required.  

 Since the main objective of our work is to solve the problems caused by the long 

feeding cables so that for the sake of simplification, simple PWM generator and 

induction motor (IM) equivalent circuit are applied in this work. By using this 

model we can easily analyze the near end and far end response of the power 

transmission line, the common mode current of the system, spectrum of the 

conducted EM noise in the line and other interesting properties of the system. If 

the cables are rearranged, the parameters for transmission line model can be 
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obtained again by repeating characteristic inductance and capacitance calculation 

in COMSOL. 

 The PSpice model circuit for the motor power supply module is shown in figure 

3.7. It consists of the three phase PWM source, transmission lines and IM 

equivalent circuits. The voltage controlled voltage source and current controlled 

current source are used to decouple the MTL and they obey the relations: 
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Figure 3.7 PSpice model for the propulsion system 

  In our simulation we use a smaller scale model, the voltage level and power 

rating for IM is smaller than that used in real trains. The supply source here is a 
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two level 3-phase carrier based sinusoidal PWM. The specifications for the PWM 

inverter are: DC-link voltage: 440 V, Fundamental frequency: 50 Hz, Modulation 

index: 1, Pulse number: 11. 

  The equivalent circuit of an induction motor for PSpice simulation is shown in 

figure 3.8 [37]. Parameters in this equivalent circuit obtained from locked-rotor 

and no-load tests. When different types of motor are used, these parameters are 

varied accordingly. Both of the tests are easily carried out in experiments, so this 

equivalent circuit is easy to be obtained and reliable to simulate different types of 

induction motors. The parameters for the equivalent circuit used in this section are: 

Stator resistance: Rs=1.51 Ω, Magnetizing inductance: Lm=0.29 H, Stator 

inductance: Ls=7.9 mH, Rotor inductance: Lr=5.9 mH, Rotor resistance: Rr=1.05 Ω, 

Slip (steady-state operation):   =0.0397 

Rs Ls Lr
Rr

Rr(1-s)/s

LmU

+

-

 

Figure 3.8 Induction motor equivalent circuit 

3.4 Oscillation in feeding cables  

  Three cables are used to connect inverter and IM to deliver the electric power. In 

railway propulsion applications these cables are several meter long and mounted 

underneath the car bodies. In the simulation we use COMSOL to extract the per-

unit-length (PUL) parameters for the cable system according to the geometrical 

information. The cross section for it is shown in figure 3.9. 

2 31

GND

20cm

5cm 5cm

 

Figure 3.9 Cross-section of the cables connecting the inverter and motor 
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 The height of the cable above the ground plane is assumed to be 20 cm and 

distance between two cables is 5 cm. Ground here is metal plane and considered as 

perfect electric conductor (PEC). Despite of the geometrical information, the 

property of the cable itself is required in the PUL extract procedures. The diameter 

for different layers of the cable is illustrated in the figure 3.2. The relative 

permittivity of layer 2 and layer 3 are 3.5 and 5.5 respectively. 

  In the simulation, capacitance matrix can be obtained from COMSOL directly. 

However the inductance matrix must be calculated from capacitance matrix when 

relative permeability and permittivity are set to one. The relationship between 

PUL inductance and capacitance of MTL is  

 [ ]      [  ]
   (3-10) 

  The geometry is enclosed by a 1.5×2 m frame. The simulation is done twice, first 

time to compute [C0] when ε=1 for both layers to calculate the inductance [L] 

according to (3-10) and another one to get [C] when ε is not equal to 1. Figure 

3.10 shows potential distribution in contour plot while figure 3.11 gives the 2-D 

surface potential distribution of cables using port one as input. 

 

Figure 3.10 Contour plot of Electric potential 
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Figure 3.11 2-D Surface potential distribution 

  The characteristic inductance and capacitance matrices for MTL shown above are 

as follows: 
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]  (3-12) 

  Through decoupling those matrices by the method introduced in Section 3.2, we 

obtain the parameters for the linear dependent sources in PSpice MTL model. The 

motor power supply module circuit model is then constructed in PSpice. A system 

with 14 meter long feeding cables is studied as an example. Figure 3.12 shows the 

motor side voltage response in phase A and corresponding spectrum for high 

frequency EM noise, figure 3.13. It can be observed in figure 3.12 that a lot of 

oscillation exists in the phase voltage. This phenomenon is due to the oscillating 

circuit comprised by the inductance and capacitance in the transmission line and 

the impedance of the motor. By further investigation some spikes can also be 

found at specific times. These spikes results from the crosstalk between different 

cables. Each switching behavior can cause voltage spikes in the other two cables. 

The short period oscillation described above results in high frequency conducted 

EM noise in propulsion system as shown in figure 3.13. The frequency of EM 

noise is 5.245 MHz and the magnitude at this frequency is 19.48V, which comes 

to around 10% of peak phase voltage at motor end. 
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Figure 3.12 Phase voltage at motor end 

 

 

Figure 3.13 High frequency components in phase voltage 
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Figure 3.14 Noise frequency vs. cable length for the cable configuration of figure 3.9 

  The relationship between the frequency of the EM noise and the length of cables 

is also studied. We varied the length of cable in the model from 10 to 20 meters 

with 1 meter interval. Figure 3.14 gives the EM noise frequency vs. length of the 

cable. From this graph, it is noted that the frequency of the EM noise is decreasing 

when the length is increasing. The highest noise around 7.4 MHz is found when 

the cable is 10 meters while the lowest noise around 3.8 MHz is found when the 

cable is 20 meter long. The noise in long cable has lower frequency than the short 

cable has. In above observation, it is concluded that specific frequency 

corresponds certain length of cable. So we can adjust the cable to improve the 

EMC performance of the propulsion system by means of avoiding generating 

noise at the frequency used by other signaling system.  

3.5 Optimal cable layout for reducing EM noise and discussions 

  From figure 3.12 we can see that the overvoltage is up to more than 50 Volts, 

which is 25% of peak phase voltage. Because this is a reduced scale model, in the 

real railway propulsion system the overvoltage will reach hundred volts. This is 

really a big problem. There are some ways to mitigate the overvoltage such as 

adding filters, shielding the cable. However in some occasions, filter and shielded 

cable are not the proper solutions to this problem due to the economic or volume 

restrictions. Here we proposed a way in terms of the cable arrangement to solve 
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this problem. Figure 3.15 shows the delta cable spacing with a parallel earth 

conductor (PEC) to reduce the crosstalk between the cables. 

2 3

1

1.5cm

The fourth ground 

cable

 

Figure 3.15 Four cable configuration 

  This structure can be considered as a four cable MTL thus the characteristic 

inductance and capacitance are 4×4 matrices as shown in (3-13) and (3-14) 

respectively.  

 ̃  [

              
              

              
              

              
              

              
              

]  (3-13) 

 ̃  [

                 
                 

                  
                  

                  
                  

                 
                 

]   (3-14) 

  As same in the previous case study, a system with 14 meter long cables is 

simulated. The corresponding phase voltage response as well as high frequency 

EM noise in phase A are given. Oscillation is also found in figure 3.16. From 

investigating figure 3.17 we can know that the largest magnitude of the high 

frequency harmonics caused by the oscillation is 2.13 V located at 4.609 MHz. 

Compared with previous case, the magnitude of the EM noise is reduced 

dramatically to nearly one tenth. 
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Figure 3.16 Four cable assembly phase voltage 

 

Figure 3.17 High frequency components in phase voltage 

  Figure 3.18 shows the noise frequency variation in accordance with the length of 

feeding cables. The frequency change trend is same with three cable system that 

longer cable leads to lower frequency of EM noise. What is more, the noise 

frequency varies from 6 to 2.75 MHz following increase in the length of cable 

from 10 to 20 meters. For pervious three cable arrangement (figure 3.9) the noise 

increases from 3.75 to 7.5 MHz, which is within a higher average frequency 

domain, when the cable length changes from 10 to 20 meters.  

  There is a possibility of losing grounding for PEC. High frequency EM noise can 

be found in frequency domain (6.5-3.5 MHz) and (2.5-1.25 MHz), as can be seen 
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from figure 3.19. The disturbances showed in line 2 are the product of poor 

grounding (Paper II). 

 

Figure 3.18 Noise frequency vs. cable length for the cable configuration of figure 3.15 

 

Figure 3.19 Noise frequency vs. cable length when one end of the parallel earth conductor is 

imperfectly grounded. Line 1) higher frequency, Line 2) lower frequency   
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Chapter 4 High frequency AC motor modeling  

  High frequency Motor modeling is an important task in EM analysis for 

adjustable speed drive (ASD) system, which includes railway propulsion systems. 

Circuit models have been widely studied to model AC motors [16-18], [38-42].      

  However, when modeling high power rating motors at frequencies above 1 MHz, 

where the winding impedance has multiple resonance, lumped circuit models are 

no longer suitable. More sophisticated model should be constructed to guarantee 

the accuracy. 

  In this chapter, a circuit model for AC motor is shown for relative low frequency 

(<1 MHz) applications. Then, a modeling method based on vector fitting is 

developed to model an AC motor in frequency range from 10 kHz to 10 MHz. The 

verification is done on a 200 kW induction motor.  

4.1 Circuit model for AC motor modeling 

  The circuit model of AC motor used for predicting and analyzing EM noise 

should conclude the stray capacitance between windings, rotor, stator, and 

bearings. A typical equivalent circuit for one phase motor winding is shown in 

figure 4.1. For three phase motors, three identical equivalent circuits are parallel. 

Rotor

Frame

Phase 

Winding

Cwr Cwr

CwfCwf

Crf Cb

Cwt

Re

Ll

N

 

Figure 4.1 Equivalent phase circuit for the motor winding 

  This circuit model in figure 4.1 consists of following components 

Cwf: capacitance between windings and frame; 

Cwr: capacitance between windings and rotor; 

Crf: capacitance between rotor and frame; 
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Cwt: capacitance between turns of winding; 

Ll: phase leakage inductance; 

Re: resistance due to eddy currents; 

Cb: bearing capacitance; 

  Previous studies show the reasonable accuracy of the lumped circuit. In the sake 

of reducing the complexity of the modeling, lumped circuit models are used in 

many occasions. The test procedures for those parameters are shown below. 

  4.1.1 Cwf  

  When the motor is motionless, the bearing is acting as a very low value resistor 

(<0.5 Ω). So the rotor and frame can be considered as short circuited by the 

bearing. Thus the Crf is replaced by the short circuit. The equivalent phase circuit 

in figure 4.1 can be simplified as shown in figure 4.2 (a). At low frequency range 

(10 kHz), the impedance across phase-neutral is very low compared to other 

capacitances and therefore the circuit can be further simplified to figure 4.2 (b). If 

we short the rotor- winding capacitance by physical connections which are shown 

by dotted line in figure 4.2 (b), the phase-to-frame impedance Zpf1 is calculated 

according to (4-1).  

Rotor

Frame

Cwr Cwr

CwfCwf

Cwt

Re

Ll

      

Rotor

Frame

Cwr Cwr

Cwf Cwf

 
                                                (a)                                                      (b) 

Figure 4.2 Equivalent phase circuit for the motor winding 

 
1

1

6
pf

wf

Z
j C

  (4-1) 

After obtaining the phase-to-frame impedance Zpf1 at certain frequency, we can 

calculate the capacitance between winding and frame. 
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4.1.2 Cwr 

  Applying figure 4.2 (b) again but ignoring the dotted line, we have the 

capacitance Cwf parallel with Cwr.  The impedance Zpf2 is determined by 

 
2

1

6( )
pf

wf wr

Z
j C C




 (4-2) 

  According to (4-2) we can obtain the sum of capacitance Cwf and Cwr, as we 

already have the value of Cwf in last step, we can determine the capacitance 

between winding and rotor Cwr.  

4.1.3 Re 

  Re is used to represent the eddy currents and other losses in the stator. It is 

recommended to calculate it at the first resonant frequency of phase-to-neutral 

impedance Zpn. The equivalent circuit used to test impedance Zpn is shown in 

figure 4.3. 

3/2×Cwr

3/2×Cwf

3Cwt

Re/3

Ll/3

 

Figure 4.3 Equivalent circuit for determining Cwt, Re, and Ll 

  At the first resonant frequency at where the phase angle of impedance Zpn is zero, 

only Re is contributing to the phase-neutral impedance. Thus Zpn is determined by 

 / 3pn eZ R  (4-3) 

4.1.4 Cwt 

  At high frequency (1 MHz), where Zpn behaves as capacitive, the equivalent 

circuit is simplified as shown in figure 4.4. In this case, the Re and Ll can be 

negligible and the impedance therefore is calculated as follows 
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 (4-4) 

  As Cwf and Cwr are previously obtained, we can determine the value of winding 

turn capacitance Cwt by (4-4).  

3/2×Cwr

3/2×Cwf

3Cwt

 

Figure 4.4 Phase-to-neutral equivalent circuit at high frequency 

4.1.5 Ll 

  In order to extract the value of leakage inductance Ll, the resonance frequency is 

applied again. The resonance frequency in RLC circuit is naturally determined by 

 1

2
f

LC
  (4-5) 

  Based on figure 4.3, the L is the leakage inductance Ll while C is represented by 

total capacitance (1.5×Cwf+1.5×Cwr+3×Cwt). So if the resonance frequency is 

obtained by analyzing the response curve, the Ll can be determined by  

 

 
2

3

2 (1.5 1.5 3 )
l

resonance wf wr wt

L
f C C C


    

 (4-6) 

4.1.6 Crf 

  The rotor to frame capacitance Crf can be only obtained when the bearing is 

isolated. We can wrap the outer race of bearing an insulation sleeve to fulfill this. 

The requirement of this test is that the capacitance in the bearing branch is so 

small compared with Crf.  Therefore Crf is dominant and the test results are less 

affected by the bearing. We test the phase-frame impedance Zpf3 at relatively low 

frequency, for instance 10 kHz, so that the winding turn capacitance Cwt can be 
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shorted by winding conductor. According to the circuit shown in figure 4.5, the 

impedance Zpf3 is therefore calculated as follows 
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(4-7) 

where Cwr and Cwf are obtained in above sections 

Rotor

Frame

Cwr Cwr

CwfCwf

Crf

N

 

Figure 4.5 Equivalent circuit for identification of Crf 

4.1.7 Cb 

  Measurement of bearing capacitance is not an easy task because the value of Cb 

is dependent of rotation speed, the structure of bearings, and other factors. The 

typical value for the ball bearing capacitance is 190 pF [43]. The idea here to 

extract the bearing capacitance is to conduct the rotor excited test. In this test, the 

stator is unexcited and the rotor is coupled to a drive motor. When the rotor is 

rotating at the rating speed, we measure the effective capacitance from rotor to 

frame. The equivalent circuit for this test is shown in figure 4.6. 

Rotor

Frame

Cwr Cwr

CwfCwf

Crf

N
Cb

 

Figure 4.6 Equivalent circuit for identification of Crf 

  The capacitance between rotor and frame therefore is  
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 (4-8) 

As Cb is the only unknown parameter in (4-8), after obtaining 
'

rfC we can use it to 

derive Cb. 

4.2 Application of vector fitting for motor modeling 

  4.2.1 Vector fitting 

  Vector fitting, invented by Bjorn Gustavsen, is a mathematical technique used to 

approximate a rational function for frequency response [20]. The approximation 

made by VF shows merits such as robust, efficient, and stable. By applying VF, 

the rational function of the motor winding can be obtained based on the 

experimental data. The rational approximation of a transfer function H(s) can be 

written as 

 
 

1

N
m

m m

r
H s d se

s p

  


  (4-9) 

The rm and pm are m
th
 residue and pole of the formula, they could be real or 

complex conjugate pairs, while d and e are real. If it is an impedance application 

as used in this paper, s is equal to jω where ω is angular frequency. 

  The target of VF is to find out the coefficients according to the responses at given 

frequencies so that a least squares approximation of H(s) is solved. An unknown 

rational function u(s), which has the same poles as the approximation for 

H(s)· u(s), is introduced to form an overdetermined linear equations Ax=b. By 

solving the overdetermined linear equations as a least squares problems, we can 

obtain the coefficients for (4-9). The location of poles and residues affect the 

stability of the approximation and therefore determine the possibility of 

implementation. Some modifications, such as enforcing stable poles by pole 

flipping, should be executed in the fitting process. The details of how to find the 

proper pole locations are given in [44, 45]. 

  The above procedure is able to approximate a given measured response well; 

however it may not be passive. The passivity means that the fitted model doesn’t 

generate energy to the external circuitry. Passivity implies that the eigenvalues of 

real part of the model expression are positive 
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  The enforcement of passivity is done by perturbing the model coefficients while 

minimizing the error to the original expression. The two constraints for this 

enforcement are 
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  (4-11) 

   0eig real H H     (4-12) 

The details of enforcing passivity and implementation are given in [46].  

4.2.2 Spice-like circuit synthesis 

  The rational function couldn’t be directly used in the Spice-like simulation 

environment. In order to synthesize the rational functions in PSpice we need to 

convert the equation to equivalent circuits [47]. The synthesis is done in terms of 

the properties of the poles in the rational function. Firstly, the procedure to realize 

the real poles in PSpice is presented. 

  A RC circuit, shown in figure 4.7, is used to synthesize the rational function with 

one real pole. This means the impedance of the RC circuit satisfies 

 
( )

r
H s

s p



 (4-13) 

 

Figure 4.7 Equivalent circuit for one real pole 

From figure 4.7, we know the impedance Zab  

 1

( )
1ab

CZ s

s
RC





 (4-14) 
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Comparing (4-13) and (4-14), we can know the relationships for the residue and pole are 
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   (4-15) 

From (4-15), we can straightforward obtain the values of R and C in the figure 4.7 are 
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1
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     (4-16) 

  For synthesis of conjugate pole pairs, a second order RLC circuit is applied as 

shown in figure 4.8. The impedance rational expression for complex conjugate 

pole pair is 
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(4-17) 

 

Figure 4.8 Equivalent circuit for conjugate pole pairs 

where r1, r2 are residue pair and p1, p2 are complex conjugate pole pair. The 

equivalent circuit for representing (4-17) needs two energy storage components as 

(4-17) is a second order formula. The schematic of equivalent circuit used here is 

given in figure 4.8. It is composed of two resistors R1 and R2, one inductor L, and 

one capacitor C. The impedance Zab is 
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(4-18) 

 

By comparing (4-17) and (4-18), in order to equate H(s) and Zab(s) the following 

correspondences should be established 
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The solution for equation (4-19) gives the values of components in figure 4.8, as 

following 
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where 
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                                      1 2J p p    

                                   1 2K p p  

                                   1 2 2 1M r p r p                         

(4-21) 

  The rational approximation (4-9) can be divided into several sub-circuits shown 

above in terms of the order of the function. The total impedance of H(s) is realized 

by connecting sub-circuits in series. 

4.3 Verification and discussions of motor modeling  

The method illustrated in section 4.2 is used to model CM and DM impedances 

of an AC motor. The specifications of this motor are given in table 4.1. The 

definitions of CM and DM impedances of the motor winding are shown in figure 

4.9. The impedance between test point 1 (phase winding) and test point 3 (motor 

frame) is CM impedance of the motor, ZCM. The impedance between test point 

1(phase winding) and test point 2 (neutral point) is DM impedance of the motor, 

ZDM. 

Rating  
  Power 200 kW 

  Speed 2100 rpm 

  Input voltage 1170 V 

  Current 135 A 

  Frequency 71 Hz 

Maximum speed 4575 rpm 

Weight 620 kg 

Table 4.1 Specifications of the test motor 

 

Figure 4.9 Diagram of the test motor and setup 

  Figure 4.9 also illustrates setup for CM and DM impedance measurements. The 

solid line shows how to measure the CM impedance while the dashed line is used 
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to demonstrate how to measure the DM impedance. When measuring the Zdm, we 

have a tap connected to the neutral point of the windings in the motor.  

  The impact of rotor on the motor winding impedance is firstly studied. We 

measured the winding-to-frame impedance under the conditions of with or without 

rotor respectively. These data are obtained by using network analyzer in the 

frequency range from 10 kHz to 10 MHz. The comparisons of magnitude and 

phase are shown in figure 4.10 and 4.11.  

  According to the responses obtained by the experiments, we can divide them into 

three regions, i.e. 10 kHz-100 kHz, 100 kHz-1 MHz, and 1 MHz -10 MHz. In the 

first region (10 kHz-100 kHz), the impedances are same disregarding the existence 

of rotor. This is because when the frequency is low, the motor winding behaves 

like low resistance wire and the value of winding-to-rotor capacitance is quite 

small compared with the winding-to-frame capacitance. When the frequency 

increases to second region (100 kHz-1 MHz), the comparisons show big 

differences, the rotor indeed works with the system. The appearance of the rotor 

changes the coupling between winding, frame, and rotor. But in the third region (1 

MHz-10 MHz), the responses behave almost the same again. An explanation for 

this phenomenon is that the signal only penetrates a few turns at the input, but the 

rest of winding doesn’t contribute to the impedance measurement. So the 

appearance of rotor doesn’t change the impedance a lot.  

 

Figure 4.10 Magnitude comparisons of winding-to-frame impedance with or without rotor 
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Figure 4.11 Phase comparison of winding-to-frame impedance with or without rotor 

  Then we validate the motor modeling based on VF. Two circuits are used to 

model the CM and DM impedance of motor windings separately. In order to 

illustrate the improvement in accuracy by using higher order vector fitting models, 

8-order and 18-order approximations are compared. 

  The CM impedance of the motor winding is measured at test point 1 to test point 

3, as seen in figure 4.9. The component values of the equivalent circuit for 8-order 

approximation are given in table 4.2. For the sake of limiting the length, 

component values for higher order equivalent circuits are omitted. The simulated 

and experimental results of CM impedance (magnitude) are shown in figure 4.12. 

The phase angle of CM impedance is shown in figure 4.13. 

d R    

 87.171    

Real poles no. R C   

1 5.110e5 2.335e-8   

2 47.045 1.708e-9   

Complex pole pairs no. L R1 R2 C 

1 1.691e-5 -9.499 36.677 1.783e-8 

2 2.312e-6 -7.272 16.436 1.590e-8 

3 -2.188e-8 -7.766 8.481 -5.230e-10 

Table 4.2 Component values for 8-order CM equivalent circuit 
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Figure 4.12 Magnitude of CM impedance 

 

Figure 4.13 Phase angle of CM impedance 

  From figure 4.12, we can see that the winding-to-frame impedance is almost pure 

capacitive when the frequency is below 50 kHz as the phase angle of the 

impedance is close to -90
○
. When the frequency is increasing, the impedance 

meets its first antiresonance point at 146 kHz, the phase angle at this point is 0
○
. 

Each time when the phase angle goes across zero, there is a corresponding 

resonance or antiresonance point in the magnitude response. It is noted that at 4.06 

MHz, the impedance is only 4.79 ohm which is the lowest in the whole frequency 

range of interest. At this antiresonance frequency, the current going through the 

winding will be quite high which may lead to failure of the stator winding [15]. 
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Beyond this antiresonance point, the CM impedance shows inductive 

characteristic which is 180 degree shift from the capacitive characteristic at 

starting frequency, 10 kHz. This also explains why simple lumped circuit cannot 

reflect the frequency response for CM impedance in very wide frequency range.  

  From the comparisons of magnitude and phase data, it is noted that the 

simulation results match the experimental results well for both the magnitude and 

phase of the CM impedance when 18-order equivalent circuit is applied. For 8-

order equivalent circuit, the accuracy is relatively lower especially around 1 MHz, 

when the trend in the change of response is not smooth. However the accuracy of 

8-order equivalent circuit is still acceptable. 

  The component values of 8-order DM equivalent circuit are given in table 4.3. 

d R    

 87.171    

Complex pole pairs no. L R1 R2 C 

1 1.597e-4 53.286 484.238 2.306e-9 

2 9.342e-6 -21.227 63.329 2.613e-9 

3 1.293e-6 -4.828 450.983 2.866e-10 

4 7.932e-7 -11.533 120.779 2.548e-10 

Table 4.3 Component values for 8-order DM equivalent circuit 

  Figure 4.14 and 4.15 give the magnitude and phase of DM impedance 

respectively. From those figures, we can notice that the 8-order equivalent cannot 

provide acceptable approximation for data below 100 kHz and above 1 MHz. 

When the 18-order equivalent circuit is applied, the agreement between 

experimental data and simulated data increases, only small difference is found 

below 100 kHz. If higher accuracy is wanted, higher order of equivalent circuit is 

required. It should be pointed out that the DM impedance never shows purely 

inductive or capacitive characteristics, as the phase angle never reaches +90
○
or -

90
○
, which indicates the presence of resistive components in the winding. The 

multiple resonance peaks results from the distributed inductive and capacitive 

parasitic in the windings. 
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Figure 4.14 Magnitude of DM impedance 

 

Figure 4.15 Phase angle of DM impedance 

4.4 Possible applications of the high frequency AC motor model 

  As mentioned at the beginning of this chapter, high frequency AC motor can be 

used to improve the accuracy of the simulation for the propulsion system.  

  But more than that, this model can also be applied to predict the oscillation at the 

motor terminals. New power devices with faster switching speed will be 

introduced to the railway propulsion system. The new generation of power 

switching device can make the voltage gradient up to 50 kV/µs.  Unknown 
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phenomenon may result from the extremely fast slew rate. The high frequency 

motor model may help to understand the behavior of the motor windings when 

such fast switching is applying in the future.  

  Another possible application of this high frequency model is to analyze the shaft 

voltage by cooperating with extra circuits. This gives hint to solve the bearing 

current problems, which increase the maintenance work for motors. 
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Chapter 5 Overshoot induced by the diode in the pre-

charger 

  Voltage overshoot caused by the output diode in the pre-charger is studied in this 

chapter. This overshoot is one type of EMI transient containing high frequency 

components. As the pre-charger is directly connected to the DC-link of propulsion 

system, it may interfere with other equipments through conducted ways. At the 

same time, diode failure may be caused by overshoot problem if the magnitude 

exceeds certain value. 

  The overshoot problem is studied in this chapter by experiments. Different 

voltage responses of the diode are observed by adjusting the value of reverse bias. 

Moreover, a snubber is used to solve the overshoot problem and its effect is 

experimentally verified. 

5.1 Possible causes for diode failure and the reason for overshoot 

  Pre-charger and its diode failures are mentioned in the introduction section. The 

configuration of diode in the pre-charger used for railway propulsion systems is 

shown in figure 5.1. Three diodes (D1-D3) are connected in series, and D4 is anti-

parallel mounted. Each diode can withstand 1200 V reverse voltage and 30 A 

average forward current.  

 

Figure 5.1 Schematic of the output diodes of the pre-charger 

The major causes for the diode failure are as follows: 1) exceeding forward 

current, 2) high static reverse biased voltage, and 3) high overshoot due to reverse 

recovery of the diode [21, 22].  
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The diode can handle 210 ampere non-repetitive forward surge current and 30 

ampere average forward current. The pre-charger only needs to provide a few 

ampere current to the capacitor when charging the capacitor bank so that the 

possibility of exceeding forward current is very low.  Reverse polarity voltage, 

which may forward conduct all the diode D1-D4 and therefore cause significant 

amount of forward current, has little chance to apply on the output port of the pre-

charger.  

For static reverse bias, each output diode can withstand 1200 V reverse bias. In 

this design, three diodes in series can withstand 3600 V reverse bias, which is 

much higher than the normal DC-link voltage. This is shown that the static DC-

link voltage (1500 V or lower) will not destroy the output diode.  

  There is another possibility that high induced reverse voltage occurs when the 

pre-charger is working. When the pre-charger is charging the capacitor bank, the 

output diodes are forward conducting. At any instant during the forward 

conducting, if an unwanted high reverse voltage (Vres) (higher than diode anode 

voltage) emerges at the cathode node, the diode should be in blocking state. 

However, due to diode reverse-recovery, it couldn’t change from forward 

conducting to blocking state instantaneously. Instead, the current will decrease at a 

rate di/dt until it reaches zero, then the current continues to drop to maximum 

reverse-recovery current (Inp). After reaching Inp, the current starts increasing at a 

rate dir/dt. Finally the voltage stops at steady-state reverse blocking value and the 

current comes to its leakage level. The whole reverse-recovery procedure takes 

tens of ns to hundreds of ns depending on diode properties and external electrical 

settings. 

  Snappy recovery of current may produce a very high dir/dt and hence voltage 

overshoots under the condition of large circuit stray inductance. Induced voltage is 

regulated by 

 
r

ind

di
V L

dt
   (5-1) 

  For instance, if the L is 0.5 µH and current gradient is 2000/µs, the resulting 

induced spike could be 1000 V, which is vital stress for some diodes. The induced 

overshoot is dependent of forward current, stray inductance, and reverse voltage. 
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5.2 Test setup 

  In order to study the overshoot problem in the pre-charger, a test system is 

constructed as shown in figure 5.2. It consists of the equipment under test (EUT), 

an inductor, a resistive load, an IGBT working as a switch, and a big capacitor.  

Pre-charger
+

-

Inductor (L)

+

ControlLoad

Switch

High voltage

power supply

P1P2

 

Figure 5.2 Schematic of the test setup 

The inductor is used to realize the stray inductance originating from the railway 

propulsion system. The load here is represented by a resistor rather than a 

capacitor bank because charging big capacitor to high voltage in a short time is 

hard to fulfill in the experiments. The resistor should be able to absorb certain 

energy otherwise the load may blow due to the energy from the big capacitor. 

High reverse voltage is provided by a big capacitor as shown in the figure. This 

capacitor will be charged to a certain voltage level before the switch turns on. 

When the switch is turned on, the high voltage applies on the load and the load 

voltage instantaneously increases to the wanted level. Therefore the cathode of 

diode is at the same voltage as the load voltage. An IGBT [50] will be used as a 

switch here because of its fast turn-on behavior and high blocking voltage. The 

switch control circuit is shown in figure 5.3. 

The Collector of IGBT is connected to the high voltage capacitor and the 

Emitter is connected to the resistor load. When the IGBT is turned on, the Emitter 

and Collector are almost the same voltage equivalent to Vres. In order to keep the 

IGBT in conduction status, the Gate should be at least 9 V higher than the Emitter. 

This is achieved through an analogue switch and a 9 V battery (Vb). When the 

switch is positioned at S1, Gate has higher voltage than Emitter does. The IGBT is 

therefore turned on. When the switch is positioned at S2, Gate has the same 

voltage as Emitter does so that the IGBT is turned off. The Rg is used to control 

the Gate current thus governs the turn-on speed of the IGBT. The Lower value of 

Rg results in faster turn-on speed. And Rd is used to discharge the intrinsic 

capacitance between Gate and Emitter. Only if the voltage of that capacitance is 
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lower than a certain value then the IGBT can be turned off. Contact bounce may 

occur when switch is working [51]. Cb and Cs are used to solve this problem.  

 

Figure 5.3 Schematic of the control circuit 

5.3 Experimental results and discussions 

The inductor is 4.5 µH and resistor load is 10 Ω in the experiments. When the 

pre-charger is working, 6 A current flows through the load. That means the voltage 

applied on the load is around 60 V. There is an internal voltage sensor in the pre-

charger to monitor the output voltage. If the output voltage is higher than 400 V 

the pre-charger shuts down automatically.  

The reverse voltage Vres varied from 300 to 1200 V to investigate the voltage 

and current responses at the cathode of the output diode. Figure 5.4 shows the 

overshoot voltage vs. Vres. It is shown that the overshoot voltage is around 1.5 

times bigger than Vres within the value 300-800 V. When the Vres is beyond 800 V 

(800-1200 V), the overshoot voltage is around 2 times bigger than Vres. This 

observation shows that the characteristics of the diode are influenced by the 

reverse biased voltage when it is beyond a critical value.  
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Figure 5.4 Overshoot voltage vs. Vres 

    In order to explain the behavior of the diode during reverse-recovery period, the 

voltage and current responses are given in figure 5.5 when Vres is 300 V, 500 V, 

700 V, and 1000 V respectively. Generally speaking, the current waveform can be 

divided into three stages. Firstly, the current drops down to the negative peak Inp, 

and the corresponding time is termed as Tr1. After reaching Inp, the current 

increases to zero followed by some oscillation caused by inductance and stray 

capacitance in the system. The corresponding time for those two stages is Tr2 and 

Tr3 respectively. As the same with current, voltage response also can be divided 

into three stages. Firstly, the voltage starts to increase when the current drops to 

zero during Tr1. The increasing voltage then climbs to the peak value which is 

governed by 

 
r

p res

di
V V L

dt
   (5-2) 

where is the gradient of current during Tr2. Taking figure 5.5 (a) as an example, the 

dir/dt =33.3 A/µs, L = 4.5 µH, and Vres = 300 V, the calculated Vp is 450 V, which 

is close to measured peak value (482 V). After reaching Vp, it drops down to Vres. 

Due to the oscillation in the current, voltage correspondingly contains oscillation 

but having approximately 180 degree phase shift. This is termed as the third stage.  
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(a) 

 
(b) 
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(c) 

 
(d) 

Figure 5.5 Voltage and current responses of the output diode when the Vres is (a) 300 V, (b) 500 V, (c) 

700 V, and (d) 1000 V respective 

  In figure 5.5 (d), it is noticed that the upward voltage increase faster after red 

circled area. This is because current gradient dir/dt is increased during Tr2 

compared with the initial gradient shown by red solid line. According to (5-2), 

when dir/dt is increased, the Vp is increased proportionally to L. The reason for the 

change of current is that the internal capacitance of the diode is decreased due to 

the high Vres [52] [53]. The stray capacitance consists of junction capacitance Cj 

and drift capacitance Cd 
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i j dC C C   (5-3) 

  Normally, Cd is much bigger than Cj so that internal capacitance of a diode can 

be simply thought as governed by Cd. In other words, Cd dominates the diode 

reverse-recovery characteristics in soft recovery cases (dir/dt is relatively small). 

During soft recovery, the value of Cd and Cj are almost constant thus Ci is 

resultantly constant. This is why the diode behaves as soft recovery in the recovery 

process as can be seen from figure 5.5 (a), (b), and (c). When Vres is beyond 

critical voltage, Cd drops dramatically to a value close to zero, and therefore stray 

capacitance of the diode is dominated by Cj. This means that strikingly changed Ci 

leads to the phenomenon that the current drops to zero very fast. As a result of 

intensive current change, the snappy recovery is formed as shown in figure 10 (d). 

In the snappy recovery case, the overshoot is higher than that in the soft recovery 

case. 

  From the EMC point of view, the fast transient is an EMI source. It is observed in 

figure 5.5 (a) that the gradient of the overshoot is around 7 kV/µs. When the 

reverse bias increases to 1 kV, the gradient of the overshoot is up to 19 kV/µs and 

the followed oscillation is 10 MHz, as shown in figure 5.5 (d). The generation of 

EMI by overshoot in the pre-charger is obvious.   

5.4 Mitigation for the overshoot voltage 

  Arrestors and snubbers are normally used to solve the overvoltage problems. 

However due to the ultra fast speed of the overshoot transient, the snubber is a 

preferred solution because of its relatively fast response. So, in order to mitigate 

the overshoot problem shown above, a resistor-capacitor snubber is applied [46]. 

The snubber is mounted at the cathode of the diode as shown in figure 5.6. The 

resistor and capacitor used in the snubber are selected according to base resistance 

Rba and capacitance Cba given by 

 
res

ba

np

V
R

I


 
2

np

ba

res

I
C L

V

 
  

 
 

(5-4) 
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Figure 5.6 Snubber configuration 

  According to figure 5.5 (d), Rba is 142 Ω and Cba is 0.22 nF. Because the 

overshoot is not a repetitive transient, the capacitor which is much bigger than Cba 

can be used here disregarding the heating problem. Otherwise the heat generated 

by the snubber may congregate to burn the resistor. The snubber in the experiment 

comprises of a 190 Ω resistor and a 33 nF capacitor. 

  Figure 5.7 (a), (b), and (c) show the voltage and current responses in terms of the 

variations of Vres from 500 V to 1000 V. The peak values of the overshoot for 

those cases are 572 V, 786 V, and 1.13 kV respectively. In table 5.1, the 

comparison for the peak value of overshoot is given. These voltage responses are 

significantly reduced compared with previous cases in which no snubber is 

equipped. In spite of the reduced overshoot voltage, the Inp shown in figure 5.7 are 

also smaller than that in figure 5.5. For instance, the Inp for figure 5.5 (b) is 3.52 A 

while for figure 5.7 (a) is 2.56 A.  

Vres (V) 
Vp without 

snubber (kV) 

Vp with snubber 

(kV) 

Reduction of Vp 

(%) 

500 0.82 0.57 30.5 

700 1.13 0.79 30.1 

1000 1.96 1.13 42.3 
Table 5.1 Comparison of Vp with or without snubber 

  Additionally, by comparing figure 5.5 with figure 5.7 we find out that the diode 

recovery behaves more soft after adding a snubber. The reverse recovery time is 

expanded to more than 200 ns, even the shortest recovery time shown in figure 5.7 

(c), which is 230 ns, has 100 ns longer duration than that of the case without a 

snubber. The current gradient is therefore smaller. With the same inductance in the 

circuit, the resultant induced overshoot is naturally reduced by the snubber and no 

oscillation is found.  



60 
 

 
(a) 

 
(b) 
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(c) 

Figure 5.7 Voltage and current responses of the output diode when the Vres is (a) 500 V, (b) 700 V, 

and (c) 1000 V respectively after snubber is added 
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Chapter 6 Overcurrent caused by short circuit and 

corresponding protection method 

  Another type of EMI transient is overcurrent caused by short circuit in the power 

supplies. The rising time of the overcurrent is normally tens of µs and the peak 

value can reach tens of A or hundreds of A depending on the load conditions. As 

the magnitude of current is high, it is easy to interfere with other systems by 

means of inductive coupling. Exceeding overcurrent may also destroy the 

components in the power supplies. So the protection is important in power 

supplies for against short circuit. 

  In this chapter, overcurrent is studied by using a test setup, and the protection 

method is developed to solve this problem. 

6.1 Protection against short circuit 

  Power supplies need protection against short circuit, which leads to overcurrent 

through the switching components. The protection circuit detects the fault and then 

clamps the current or shuts down the device [25]. The response time of the 

detection in the protection circuit determines the duration of the fault current, the 

longer time the higher power dissipation in the chip. The delay time of the 

detection method should therefore be reduced to a very low value, normally a few 

microseconds. Generally, there are three methods to detect the overcurrent through 

IGBT or MOSFET, namely collector voltage measurement, collector current 

measurement, and the gate voltage measurement [26]. The collector current 

measurement method is applied in this study. The sensing components used to 

detect the fault may be sensing diode, current sensing resistor, or current 

transformer. The choosing of one of these components are according to the 

detection methods [55] [56].  
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Figure 6.1 Schematic of protection circuit 

  The schematic of proposed protection circuit is shown in figure 6.1. M1 is the 

MOSFET which needs protection against load side short circuit fault. It is 

relatively expensive and with high power ratings. M1 is saturated when the system 

is in normal operation. The regulator connected to the gate is used to control the 

MOSFET when the output current (iout) is extreme small; normally the output 

voltage of the regulator is constant which makes M1 saturated. The protection 

circuit is composed of one transistor (M3), one P-channel MOSFET (M2), and anti 

inductive sensing resistance (Shunt).  

  Shunt is used to detect the output current iout. The secondary side of transformer, 

the load, and the shunt form a closed loop. The current that flows through the load 

also goes through the shunt. The voltage across the shunt u1 therefore represents 

the value of the output current iout. u1 is determined by 

 
shuntout Riu 1  (6-1) 

  The voltage across R3 (u2) controls the current injected to the base of transistor, 

thus governs the status of M3. By applying KCL and KVL, we can derive u2 as a 

function of u1 

 
2 3 1 3 1

2

1 2 2 3 1 3

DV R R R R u
u

R R R R R R

  


 
 (6-2) 
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  By observing (6-2), we can notice that u2 is proportional to u1. When u1 is 

increasing the transistor base voltage is increased correspondingly. This resistor 

network converts the iout to the signal controlling the transistor M3.  

  The idea of protection circuit is to trigger the transistor when the output current is 

beyond certain level but keep the transistor off when the output current is below 

desired value. The turn-on requirement of the base-emitter voltage for transistor 

M3 is 0.8 V. u2 should be higher than 0.8 V when short circuit fault occurs 

otherwise lower than 0.8 V.  There are three resistors R1, R2, and R3 affecting the 

value of u2. The method to determine the proper values of the resistor network is 

as follows 

1. Fix R1 and R2 to some value, here we choose 10 K and 50 ohm 

respectively.  

2. Work out the relationship between u2 and output current iout based on 

different values of R3 according to (6-2), the relationship u2 vs. iout is shown in 

figure 6.2. 

3. Choose R3 according to the desired threshold value of iout.  For example, 

if the current threshold is 80 A then we can choose 70 ohm because u2 can reach 

0.8 V when the current is 65 A.  

 

Figure 6.2 u2 vs. iout based on different R3 

  After u2 reaches 0.8 V, M3 is turned on and thus the collector voltage is clamped 

to zero. As the gate voltage of M2 is directly connected to the collector of M3, 



66 
 

(gate-source voltage) VGS of M2 is below zero. Under the condition VGS <0, M2 is 

turned on which results in clamping the output voltage of regulator to extremely 

low value. And VGS of M1 therefore could not keep M1 open but close it 

spontaneously. Finally, the intervention of protection circuit makes the MOSFET 

M1 survive from the output overcurrent. 

 

Figure 6.3 The responses of Vg of M1 in terms of different values of R3 

  Figure 6.3 gives the gate voltage of M1 under different values of R3 by simulation. 

The fault current is fixed as shown by the line marked Overcurrent. The voltage 

responses show that the higher value of R3 leads to faster clamping. For example, 

when R3=1 K ohm, Vg of M3 responses at 4.2 µs while it responses at 6 µs when 

the R3 is changed to 68 ohm. 

6.2 Experimental demonstrations 

  In order to show the effectiveness of the protection circuit, the comparison is 

made for iout and current that flows through M1 (iM) under the condition of with or 

without protection circuit respectively. The values of resistors used in the 

experiment are as follows: R1=10 kΩ, R2=50 Ω, R3=68 Ω, R4=100 Ω, R5=100 Ω, 

R6=1 kΩ, R7=10 kΩ, and Shunt resistance RShunt=0.02 Ω. 
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Figure 6.4 iout without protection circuit 

 
Figure 6.5 iout with protection circuit 

  From figure 6.4, we can see the peak output current reaches 137 A in 50 µs. After 

reaching the peak value, the current goes down because the primary side of the 

main transformer stops working in order to protect the system. When the 

protection circuit is applied, the peak value is reduced to 91 A which is 33% lower 

than the current without protection circuit, as seen in figure 6.5. What is more, the 

current drops to a relatively low value (20 A) within 100 µs while the current is 

120 A at 100 µs in unprotected case. This means that the total energy transmits to 

fault load is also reduced.  

  Also, we recorded the base voltage of M3 when the protection circuit is applied. 

The base voltage rises to threshold value in 10 µs and sustains at 0.9 V when the 

transistor is working. Some spikes are found in figure 6.6; they come from the 
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switching of the converter. However they don’t affect the stability of the 

protection circuit.  

 

Figure 6.6 Base-to-Emitter voltage of M3 

  The overcurrent iout is the total current which consists of output capacitor current 

(iC) and iM. In order to know the current through M1 branch, we recorded it as 

shown in figure 6.7 and 6.8. 

  It is noted that peak value of iM reaches 80 A and the gradient of rising current is 

2.4 A/µs when the short circuit occurs, shown in figure 6.7. The duration from 

normal current to peak current takes 35 µs. When the protection is added, it can be 

observed that the peak current of M1 is dramatically reduced to 18 A, 62 A lower 

than in the unprotected situation. And the duration for the whole response 

procedure is around 10 µs which is fast enough to suppress the fault current to a 

low value in desired time. 
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Figure 6.7 iM without protection circuit 

 

Figure 6.8 iM with protection circuit 
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Chapter 7 Summary of papers 

  Paper I deals with the rectifier which is the first conversion stage after main 

transformer in the propulsion system. The working mechanisms of a three level 

PWM rectifier and its logical signal generator are elaborated. Besides that, the 

convergence problem of PSpice is explained and the proper parametric settings for 

simulation in this paper are given. 

  First author developed the model, carried out the simulation, wrote the paper and 

presented it in the conference. First author’s contribution to this paper was about 

90%. 

  Paper II presents a method of modeling a motor power supply module in PSpice 

with the consideration for optimal cable arrangements for reducing conducted 

electromagnetic interference. MTL theory is adopted to model the cable 

connecting the PWM inverter and the motor. In order to mitigate the high 

frequency noise, a cable system with a fourth parallel earth conductor is proposed 

and the noise level is indeed reduced by this technique. 

  First author finished the modeling work, made the analysis, and wrote the paper. 

First author’s contribution to this paper was about 85%. 

  Paper III illustrates the way to model an AC motor with high accuracy from low 

to high frequency range. The vector fitting technique is applied to generate  

rational functions approximating the experimental data. The rational function 

approximation is then synthesized in PSpice for validation and the simulation 

shows good agreement with test data. 

  First author made calculation work as well as the model validation. Composition 

of the paper was also done by first author. First author’s contribution to this paper 

was about 80%. 

  Paper IV shows the way to analyze the reasons for diode failure in the pre-

charger used in the railway propulsion system. One test setup is proposed to find 

out the overshoot voltage across the diode. A solution based on application of 

subber is proposed to protect the output diode. 
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  First author proposed the test circuit and conducted the experiments. Paper is 

drafted by the first author. First author’s contribution to this paper was about 80%. 

  Paper V demonstrates overcurrent through power switching components when 

the output short circuit occurs. A simple but effective method is proposed to 

protect the switching components against the short circuit. The proposed circuit is 

verified by experiments. 

  First author made the circuit and conducted the experiments. Paper writing was 

also done by first author. First author’s contribution to this paper was about 70%. 
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Chapter 8 Conclusions and future research 

  EMC issues are important to be solved in the railway systems for safe and 

reliable operations. Railway designers and companies always emphasize the 

importance of EMC in the railway vehicles. A lot of work has been done to reduce 

the susceptibility and enhance the immunity of the railway propulsion system. 

Conventional way to evaluate the EMC performance of the system is field test. 

This is a must but not enough because the chance to implement the low cost 

optimal solution to EMC problems is lost. Higher cost and more technical efforts 

are needed at later stage. The better way to avoid EMC problems is to predict the 

whole system at the beginning of design stage by means of simulations. High 

frequency models for train propulsion system are required to be developed. 

  From the line converter simulation, it is shown that the noise spectra are 

changing with time especially in the starting period. DC current up to 1000 A can 

also be found in the starting period. When the rectifier is working stable, the noise 

spectra are also coming to certain levels. However different working conditions, 

namely different load conditions, can lead to different noise level. 

  The long feeding cable connecting the inverter and motor is intensively related to 

the high frequency EM noise generation. From the EMC point of view, engineers 

should pay enough attention on it. The long cable may cause overvoltage and 

oscillation in the system. Cables with different length produce noise at different 

frequencies. Shorter cable leads to higher noise frequency. A fourth cable in 

specific layout is proposed to reduce the conducted EM noise, however good 

grounding at both ends is required for the fourth cable. In the 14 meter long cable 

study case, the peak magnitude of noise in the 4-5 MHz is reduced to one tenth 

when the fourth cable is used. 

  The study about the impacts of rotor on the winding-to-frame impedance shows 

that little difference is found on the condition with or without rotor when the 

frequency is in the region 10 kHz-100 kHz or 1 MHz – 10 MHz. However in the 

middle frequency range from 100 kHz to 1 MHz, the difference could be more 

than 100%. The proposed high frequency motor modeling method based on vector 

fitting shows high accuracy. The error could be less than 1% if 18-order equivalent 
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circuit is applied. If lower accuracy is acceptable, 8-order circuit model can also be 

used in some applications. 

  From the study about overshoot caused by reverse-recovery of diode, it is found 

that the voltage derivative of the overshoot is up to 19 kV/µs and oscillation could 

be 10 MHz. This high frequency does interfere with other circuitries in the vehicle 

electrical system through conducted or radiated paths. By applying the snubber, 

the peak value of overshoot is reduced dramatically from 1.96 kV to 1.13 kV, and 

no oscillation is observed at all. 

  The overcurrent resulted from short circuit generates lower frequency EMI 

compared with that from overshoot caused by diode in pre-charger. But the 

frequency of the current transient still reaches 40 kHz, which could not be ignored. 

The peak magnitude of overcurrent is cut down by proposed control circuit to 22% 

of overcurrent without protection.  

  The future research could be: 

  1. The full propulsion system simulation is a challenging task and useful for both 

academic studies and engineering applications. Convergence problem may occur 

when the whole system is constructed in the simulation software. Software 

including optimized solver will be therefore preferred. 

  2. Switching devices made of silicon carbide will be used in the future propulsion 

system due to its extremely fast switching speed. The side effect of this technique 

is high voltage gradient dV/dt, reaching 50 kV/µs. Such high voltage gradient may 

result in severe EMC problems. Simulation will be used to predict the 

corresponding EMC performance and study possible solutions.  

  3. Another interesting issue is bearing current. Studies indicate that 30% failure 

operations of AC motors are due to bearing current. The fast rising pulses and high 

switching frequencies of motor drivers may lead to current pulses through bearings 

and these current pulses can gradually damage the bearings [57]. The model for 

bearing current should be improved and implemented in the existing system model 

to investigate and reduce the bearing current [58-60]. New methods should be 

proposed to reduce the occurrence of bearing current, especially electrical 

discharge machining (EDM) [61].  
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List of Abbreviations 

Notation Description 

  

AC Alternative  current 

CM Common mode 

DCU Drive control unit 

DM Differential mode 

EDM Electrical discharge machining 

EM Electromagnetic 

EMC Electromagnetic compatibility 

EMU Electrical multiple unit  

EUT Equipment under test 

FDTD Finite-difference time-domain  

IGBT Insulated-gate bipolar transistor 

IM Induction motor 

MCM Motor converter module 

MOSFET Metal–oxide–semiconductor field-effect 

transistor 

MTL Multiconductor transmission line 

PEC Parallel earth conductor 

PUL Per-unit-length 

PWM Pulse width modulation 

TGV Train à Grande Vitesse 

VF Vector fitting 
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