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Abstract 

Power density, efficiency and reliability are key design drivers and central concerns for 

adjustable speed drive systems in a plethora of applications including industrial automation 

and robotics, and transportation systems. The commercially available of Wide Bandgap 

(WBG) power semiconductors such as Silicon Carbide (SiC) MOSFETs with extremely 

fast switching speed are pushing the boundaries of power converter performance to meet 

the aggressive power density and efficiency targets (e.g., 25kW/kg, 99% +) for existing 

and emerging applications. 

However, these steep voltage transients (high 𝑑𝑣/𝑑𝑡) of SiC inverters are expected to 

accelerate the degradation of the connected motor stator winding insulation, which 

significantly affects the reliability and lifetime of the motor drive system. In a typical SiC-

based cable-fed motor drive system, the fast-fronted Pulse-Width Modulation (PWM) 

voltage pulses generated by the SiC inverter make cables act like transmission lines, with 

waves travelling along the cables back and forth. Since the characteristic impedance of the 

motor is much higher than that of the cable in the motor drive system, the inverter PWM 

voltage pulses experience reflections at motor terminals, leading to excessive overvoltage 

oscillations that can be twice the inverter voltage. This phenomenon is known as the 

reflected wave phenomenon (RWP). The resultant overvoltage stress adversely affects the 

reliability and lifetime of the motor by accelerating the motor stator winding insulation 

ageing through the inception of partial discharges, progressively yielding to the degradation 

of motor winding insulation, while raising the Electromagnetic Interference (EMI) 

problems. 

The aim of this PhD thesis is to investigate the RWP in SiC-based cable-fed motor drive 

systems and explore the overvoltage mitigation techniques without compromising the 

benefits of SiC switching devices. The RWP is systematically investigated in both the time 

domain and frequency domain, providing the foundation for developing the active 

waveform shaping techniques. The impact of parasitic of SiC switching devices on the 

motor terminal overvoltage due to the RWP in a three-phase motor drive system is 

investigated and experimentally verified. Moreover, two active waveform shaping 

techniques, i.e., the Quasi-Three-Level (Q3L) PWM scheme and the voltage slew-rate 

(𝑑𝑣/𝑑𝑡) profiling, are proposed to address the motor terminal overvoltage oscillations in 

SiC-based long cable-fed motor drive systems. The proposed active waveform shaping 



 

ii 

techniques are supported by theoretical analysis and experimental verification. The essence 

of the overvoltage mitigation mechanism of the proposed active waveform shaping 

techniques is crystallized in both the time domain and frequency domain. The philosophy 

used here is addressing the motor terminal overvoltage oscillations at the source by actively 

mitigating the excitation source for the overvoltage oscillations. The theoretical and 

experimental results indicate that when the dwell time for the Q3L PWM scheme is set as 

2𝑡𝑝 (𝑡𝑝 is the wave propagation time), the motor terminal overvoltage oscillations can be 

attenuated since there is no excitation source invoking the overvoltage oscillations. In 

addition, the proposed Q3L PWM using the SiC module-parallel inverter can extend the 

switching devices’ current capacity. The proposed voltage slew rate (𝑑𝑣/𝑑𝑡) profiling is 

implemented on the SiC Auxiliary Resonant Commutated Pole Inverter (ARCPI) to verify 

its effectiveness. The theoretical analysis and experimental results show that the ARCPI 

can entirely mitigate the motor terminal overvoltage oscillations when the rise and fall 

times of the PWM voltage pulses are shaped as 4𝑡𝑝. Also, the voltage slew rate profiling 

inherits the advantages of the soft-switching inverter including high power efficiency and 

EMI performance. 
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Memorandum 

The accompanying thesis “Reflected Wave Phenomenon in Inverter-fed Machines with 

Fast-Switching (high 𝑑𝑣/𝑑𝑡) Converters: Causes, Consequences and Solutions” is based 

on work carried out by the author in the Department of Electrical and Electronic 

Engineering of the University of Bristol. 

The main contributions claimed by the author are as follows: 

1. Investigated the reflected wave phenomenon in SiC-based cable-fed motor drive system. 

1) Crystallized the underlying cause of motor terminal overvoltage oscillations in 

both the time domain and frequency domain, providing foundations for developing 

overvoltage mitigation techniques through active waveform shaping. 

2) Investigated the impact of switching devices’ parasitic on motor terminal 

overvoltage. Systematically analysed and experimentally verified the switching 

commutation processes for a three-phase SiC-based cable-fed motor drive system, 

considering the impacts of parasitic elements of the switching devices and load 

current during the switching transitions. 

2. Addressed the motor terminal overvoltage oscillations at the source by using the active 

waveform shaping technique, i.e., the quasi-three-level (Q3L) PWM scheme.  

1) Revealed the essence of the overvoltage mitigation mechanism of the Q3L PWM 

in both the time domain and frequency domain. 

2) Investigated the impact of the parasitic of switching devices of the Q3L PWM T-

type inverter on the mitigation of motor terminal overvoltage oscillations.  

3) Proposed the Q3L PWM using the module-parallel inverter to mitigate the motor 

terminal overvoltage and extend the switching devices’ current capacity. 

4) Experimental implemented the Q3L PWM scheme on a SiC-based T-type inverter 

and a SiC-based module-parallel inverter, respectively. 

3. Addressed the motor terminal overvoltage oscillations at the source by using the active 

waveform shaping technique, i.e., soft-switching voltage slew rate (𝑑𝑣/𝑑𝑡 ) profiling, 

without sacrificing the benefits of SiC devices. 
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1) Proposed and derived the optimum rise and fall times of the PWM voltage pulses 

for entirely mitigating the motor terminal overvoltage. 

2) Revealed the essence of the overvoltage mitigation mechanism of the voltage slew 

rate profiling in both the time domain and frequency domain. 

3) Experimental implemented the voltage slew rate profiling concept with a soft-

switching inverter, i.e., the SiC Auxiliary Resonant Commutated Pole Inverter 

(ARCPI). 
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Chapter 1  

Introduction 

1.1 Background and Motivation 

Power electronics converters are core elements in a plethora of applications including 

industrial automation and robotics [1], transportation systems [2], [3], and renewable 

energy [4], where they transform the electrical power, i.e., voltages and currents, from an 

available form to the desired form in a highly efficient and controllable manner. They are 

one of the critical enabling technologies for the electrification of automotive [5], railway 

[6], aerospace [7], and marine propulsion [8], and open the way for carbon footprint 

reduction, creating low emission and environment friendly transportation systems with 

high efficiency, flexible and smart control [9]. Furthermore, many emerging applications 

such as renewable energy [10], i.e., wind [11], solar [12], and tidal power generators [13], 

would not be possible without power electronics converters. In a nutshell, power electronics 

converters deeply permeate a huge range of industrial sectors, promoting remarkable 

technological progress as well as offering a green and sustainable development [14]–[17]. 

Power semiconductor devices, especially power switching devices, are at the heart of power 

converters to handle the electrical power conversion [18], [19]. Figure 1.1 shows the circuit 

diagram of a typical two-level three-phase Voltage Source Inverter (VSI) for the Direct 

Current (DC) to Alternating Current (AC) power conversion, where it consists of six 

switching devices [20]. These switching devices in the power inverter are operated in either 

the conduction state (on) or blocking state (off) to generate the required output voltages 

and currents. Since the switching devices have very low on-state and high off-state 

resistance [21], the main power loss of the VSI comes from the switching transients, which 

is known as the switching loss [22]. This can be explained by Figure 1.2 showing the 

voltage and current across the switching device in the VSI [23]. As can be noticed, the 

switching loss is determined by the time spend at switching transitions, where faster 

switching speed allows the switching loss reduction and power density improvement for 

the power inverter [24]. 
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Figure 1.1 A two-level three-phase VSI. 

 

Figure 1.2 Voltage and current waveform of the switching device in a VSI during the 

switching transitions [23]. 

The commercial availability of fast-switching speed Wide-Bandgap (WBG) material based 

power semiconductor devices such as Silicon Carbide (SiC) Metal–Oxide–Semiconductor 

Field-Effect Transistors (MOSFETs) are pushing the boundaries of power converter 

performance to meet the aggressive power density and efficiency targets for existing and 

emerging applications [14]. WBG devices are considered to be the game-changing 

technologies, strongly contributing to all sectors of low-carbon industry, advancing 

transformative technological breakthorugh in highly compact and efficent power converter 

systems [25]. Compared with the conventional Silicon (Si) based switching devices, WBG 

devices are capable of switching at faster switching speeds, withstanding higher voltage 

level and operating at higher temperature [26]. Faster switching speed enables the 

switching loss reduction at a given switching frequencies which can reduce the cooling 

requirement or alternatively allows power converters operate at higher switching 

frequencies while maintaining high efficiency which can reduce the filter size [27]. Due to 

the reduction of passive components, the system’s power density can be significantly 

improved. [28]. In addtion, the elavated temperature capabilities of WBG devices enable 
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the reduction of coolling requirement for power converters as well as working in harsh 

enviroments [29]. 

Though WBG power semiconductor switching devices offer an abundance of benefits, the 

fast-switching speed (high 𝑑𝑣/𝑑𝑡) of WBG devices is expected to bring about a set of 

challenges for both the inverter and the connected electric motor in inverter-fed motor drive 

systems [14]. One of the serious issues is the motor overvoltage oscillations due to the 

Reflected Wave Phenomenon (RWP) caused by the high 𝑑𝑣/𝑑𝑡  and the impedance 

mismatch in the motor drive system [30]. In a typical WBG inverter-fed motor drive 

system, the fast-switched Pulse-Width Modulation (PWM) voltage pulses make power 

cables act like transmission lines [31]. Since the motor impedance is usually several times 

higher than the cable’s, the inverter voltage pulses experience back and forth voltage 

reflections across the cables [32]. This results in overvoltage oscillations at motor terminals 

that can be twice the inverter voltage, as shown in Figure 1.3 [33]. 

 

Figure 1.3 Voltages measured at the inverter side Vinv and motor terminals Vm when the 

motor is supplied by the fast-switching SiC inverter in a cable-fed motor drive system [33]. 

It is well established in the literature that fast-switched inverter voltage pulses result in the 

non-uniform voltage distribution within the motor stator winding turns with peak voltage 

stress across the first few turns close to the motor terminals [34]–[36]. This overstress is 

further exacerbated when long power cables are used to connect the inverter to the motor 

due to the RWP [37]. The resultant overvoltage stress across motor stator winding 

adversely affects the motor lifetime by accelerating the winding insulation aging through 

the inception of Partial Discharges (PDs) that progressively yield to the degradation and 

local heating of organic coatings of motor coils, which significantly affects the reliability 
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of the motor drive system [38]–[41]. Since PDs are frequency dependent, the occurrence 

of PD would increase with switching frequency [38]. According to an industrial survey, the 

additional voltage stresses at the motor stator windings in conventional Si based motor 

drive system accounted for 30%-40% of induction motor breakdown [42]. With the 

adoption of the fast-switching speed, high frequency WBG power inverter in motor drive 

systems, the motor winding insulation breakdown is predicted to increase significantly, 

which dramatically reduces the reliability and lifetime of the motor drive systems. In 

addition, the overvoltage oscillations due to the RWP and electromagnetic emissions due 

to the PDs further deteriorate the Electromagnetic Interference (EMI) performance which 

cannot satisfy the stringent requirement of many applications such as defence and 

aerospace [43], [44]. 

The above issues associated with the RWP due to the high 𝑑𝑣/𝑑𝑡  may hinder the 

application of WBG devices in motor drive systems. Therefore, it is necessary to devote 

more efforts to investigate the RWP in WBG inverter cable-fed motor drive system and 

explore potential mitigation techniques to effectively utilise WBG devices. 

1.2 Research Objectives 

The main goal of this PhD thesis is to investigate in-detail the RWP as well as to explore 

motor terminal overvoltage mitigation techniques without compromising the benefits of 

WBG devices in cable-fed motors with fast-switching SiC inverters. The research consists 

of both theoretical analysis and detailed experimental verification, which is focussed 

around four research objectives: 

Research Objective 1: Gain deep understanding of the RWP and crystallize the underlying 

cause of motor terminal overvoltage oscillations in cable-fed motors using fast-switching 

SiC inverters, providing the foundation for developing overvoltage mitigation techniques 

through active waveform shaping. 

RO 1.1 Investigate the RWP in time domain using a bounced diagram to visually 

illustrate the voltage reflection process in cable-fed motor drive systems, providing the 

foundation for developing active waveform shaping techniques to address the motor 

terminal overvoltage oscillations. 

RO 1.2 Analyse the RWP in frequency domain to identify the motor terminal 

overvoltage oscillation frequency in cable-fed motor drive systems, providing the 
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foundation for revealing the overvoltage mitigation mechanism of the proposed active 

waveform shaping techniques. 

RO 1.3 Assess how the motor terminal voltage is affected by the cable length and 

rise/fall times of the inverter voltage through simulation study. 

Research Objective 2: Investigate the impact of parasitic capacitance of switching devices 

on motor terminal overvoltage in cable-fed motors using SiC inverters. 

RO 2.1 Systematically analyse the switching commutation processes for a three-phase 

SiC based motor drive system, considering the impacts of parasitic elements of the 

switching devices and load current during the switching transitions. 

RO 2.2 Experimental verification of the analysis. 

Research Objective 3: Address the motor terminal overvoltage oscillations at the source 

by using the active waveform shaping technique, i.e., quasi-three-level (Q3L) PWM 

scheme. 

RO 3.1 Reveal the essence of the overvoltage mitigation mechanism of the Q3L PWM 

in both the time domain and frequency domain. 

RO 3.2 Investigate the impact of the parasitic capacitance of switching devices on the 

mitigation of motor terminal overvoltage oscillations using the Q3L PWM T-type 

inverter.  

RO 3.3 Develop the Q3L PWM scheme using the SiC module-parallel inverter to 

mitigate the motor terminal overvoltage and extend the device current capacity. 

RO 3.4 Experimental verification of the Q3L PWM scheme using SiC T-type inverter 

and SiC module-parallel inverter. 

Research Objective 4: Address the motor terminal overvoltage oscillations at source using 

the active waveform shaping technique, i.e., soft-switching voltage slew rate (𝑑𝑣/𝑑𝑡) 

profiling without sacrificing the benefits of SiC devices. 

RO 4.1 Derive the optimum rise and fall times for entirely mitigation of the motor 

terminal overvoltage. 
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RO 4.2 Reveal the essence of the overvoltage mitigation mechanism of the proposed 

slew rate profiling in both time domain and frequency domain. 

RO 4.3 Experimental demonstration of the slew rate profiling concept with a SiC soft-

switching inverter, i.e., the Auxiliary Resonant Commutated Pole Inverter (ARCPI). 

1.3 Thesis Outline 

This thesis consists of seven chapters. Following this introduction chapter (Chapter 1), 

Chapter 2 presents a review of existing literatures relating to the PhD work. WBG power 

switching devices and their application in adjustable speed drive system are briefly 

introduced. The issues associated with the high 𝑑𝑣/𝑑𝑡 on the motors in WBG inverter-fed 

motor drive systems, and existing mitigation methods to address the RWP are described in 

this chapter. Moreover, the limitations of existing literature and research opportunities are 

summarised and discussed. 

Chapter 3 investigates the RWP in both time domain and frequency, as well as assesses 

how the motor terminal voltage is affected by the cable length and rise/fall times of the 

inverter voltage through simulation study. This chapter is the foundation for developing 

active waveform shaping techniques including the Q3L PWM and the voltage slew rate 

(𝑑𝑣/𝑑𝑡 ) profiling to mitigate motor terminal overvoltage oscillations, as proposed in 

Chapters 5 and 6. 

Chapter 4 investigates the motor terminal overvoltage oscillations in a three-phase motor 

drive system, considering the impacts of parasitic elements of the switching devices and 

load current during the switching transitions. Also, the analysis is experimentally verified 

in this chapter. 

Chapter 5 develops the active waveform shaping technique, i.e., Q3L PWM scheme. The 

essence of overvoltage mitigation mechanism of the Q3L PWM scheme is crystallized in 

both the time domain and frequency domain. The impact of parasitic capacitance of 

switching device in SiC T-type inverter on the motor terminal overvoltage mitigation is 

analysed and experimentally verified. Furthermore, the Q3L PWM using module-parallel 

inverter is proposed to mitigate the motor terminal overvoltage as well as extend the 

switching devices current capacity. The SiC T-type inverter and the SiC module-parallel 

inverter are built to experimentally implement the Q3L PWM scheme. 
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Chapter 6 proposes the active waveform shaping technique, i.e., the voltage slew rate 

(𝑑𝑣/𝑑𝑡) profiling to address the motor terminal overvoltage. The essence of overvoltage 

mitigation mechanism of the voltage slew rate profiling is crystallized in both the time 

domain and frequency domain. The philosophy used here is addressing the motor terminal 

overvoltage oscillations at the source by actively mitigating the excitation source for the 

motor terminal overvoltage oscillations. The SiC ARCPI is used as an example of the soft-

switching inverter to experimentally verify the effectiveness of the proposed approach. 

Chapter 7 concludes the main findings of this PhD work and presents possible future 

research topics. 
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Chapter 2  

Literature Review 

2.1 Introduction 

WBG devices due to their beneficial attributes such as the fast-switching speed have been 

widely adopted in a plethora of applications, offering transformative technological 

breakthrough in power electronics and adjustable speed drives [45]–[47]. However, the 

fast-switching speed (high 𝑑𝑣/𝑑𝑡) of WBG devices is expected to result in excessive 

voltage stress on the connected motor stator windings due to the RWP, accelerating the 

degradation of motor windings insulation and causing premature failure of the motor drive 

system [9], [14], [48]. 

This chapter presents a review of existing literatures relating to the tittle of this PhD work. 

WBG power switching devices, i.e., SiC MOSFETs, and their application in adjustable 

speed drive system are briefly described. The issues associated with the high 𝑑𝑣/𝑑𝑡 of 

switching devices on the motors in inverter-fed motor drive systems, and existing 

mitigation methods including the passive and active approaches to address the RWP are 

presented in this chapter. Also, limitations of existing literature and research opportunities 

are summarised. 

2.2 WBG Semiconductor Power Devices 

2.2.1 Overview 

In the past 60+ years, the continued rapid development of power electronics technology is 

driven by the advent of new generation power semiconductor devices [49], as demonstrated 

in Figure 2.1 [50], [51]. The invention of thyristor in 1957 elicited the deployment of High-

Voltage Direct Current (HVDC) systems [52], the advent of Si based MOSFETs and 

Insulated-Gate Bipolar Transistors (IGBTs) in 1980s led to the PWM converters, 

advancing development of the modern adjustable speed drives and smart grid [53]–[59]. 

With the relentless research for more than 40 years, the conventional Si power 

semiconductor switching devices have become mature and are reaching their material 

performance limits [60]–[65]. 
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Figure 2.1 Development of power electronics and power electronics technology [50], [51]. 

The commercial availability of WBG materials based power semiconductor devices such 

as SiC MOSFETs is advancing transformative technological breakthrough in power 

electronics [66], [67]. WBG devices are considered to be the game-changing technologies, 

they are pushing the boundaries beyond the conventional Si based devices limits in power 

and switching frequency making it possible to dramatically increase the power density and 

efficiency for existing and emerging applications [14]. Compared with Si based switching 

devices, SiC MOSFETs can operate at faster switching speeds [68]–[70], higher voltage 

levels [67], [71], [72], and higher operating termperatues [73]–[75]. These enhanced 

performance of SiC MOSFETs are due to the superior material characteristics, as given in 

Table 2.1 [14], [61], [76], [77]. 

Table 2.1 The properties of Si and SiC material [14], [61], [76], [77].  

 Si 4H-SiC Property 

Energy bandgap 𝑬𝒈  1.12 eV 3.26 eV Operating temperature 

Breakdown electric field 

strength 𝑬𝒃𝒌  
0.25 MV/cm 2.2 MV/cm 

Breakdown voltage 

ON-resistance 

Saturation Velocity 𝑽𝒔  1.0×107
 cm/s 2.7×107

 cm/s Switching speed 

 

Figure 2.2 compares the voltage and current waveforms of the conventional Si IGBT and 

SiC MOSFET at the turn-OFF switching transient measured in a double pulse test (DPT) 

experiment [78]. As shown, the switching speed of SiC MOSFET is about 10 times faster 

than that of Si IGBT, where the turn-OFF times of Si IGBT and SiC MOSFETs are about 
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500ns and 50ns, resepectively. Note that the switching speed at the turn-ON switching 

transient of SiC MOSFETs is much faster than Si IGBTs as well [27]. Since the power loss 

of the converter is mainly from the switching loss [79], the fast switching speed of SiC 

MOSFETs singnificantly reduces the switching loss and improves the efficiency of the 

power converters for a given switching frequency [80], as evidenced in Figure 2.3 [81]. 

This allows the reduction of cooling requirement and hence improve the power density of 

the power converter [82].  

 

Figure 2.2 Comparison of the voltage and current waveform at the turn-OFF transient of 

SiC, Si-SiC and Si measured in a DPT experiment. The dc-link voltage is 600V and load 

current is 10A. All-Si represents Si IGBT and Si diode (Infineon IKW15T120, “IGBT3” and 

“EmCon HE” device generations), Si-SiC represents Si IGBT (IKW15T120) and SiC 

Schottky diode (SemiSouth SDA10S120) combination, All-SiC represents SiC MOSFET 

(Cree CMF20120D) and SiC Schottky diode (SemiSouth SDA10S120) combination [78]. 

 

Figure 2.3 Efficiency comparison of the power converter using Si IGBT and SiC MOSFET 

at different switching frequency [81]. 
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On the other hand, referring to Figure 2.3, with the switching loss reduction, the power 

converter can work at higher switching frequencies while maintaining the high efficiency. 

This can singinicantly shrink the size and reduce the weight of power converter as a result 

of the reduction of passive components [83], [84]. 

Furthermore, when the high frequency power converter is used to drive electric motors, 

several benefits can be achieved for the motor drive system [9], [14], [85]. For example, 

the increased switching frequeny enables higher control bandwidth and lower torque ripple, 

compared with Si counterpart. The increased switching frequency of the power converter 

leads to the reduction in current and voltage ripple [86], hence reduces the associated power 

loss due to the current ripple for the motors. 

In terms of thermal performance, most of the commercial Si IGBTs operte below 150°C 

due to the limitation of material characteristics, while SiC MOSFETs can operate up to 250 

°C or even high with the development of packaging techniques [14], [87], [88]. The 

elavated temperature capabilities of SiC MOSFETs enable the reduction of cooling 

requirement for power converters as well as working in harsh enviroments [89], [90]. 

2.2.2 Applications in Adjustable Speed Drive Systems 

With relentless research in last 20 years, WBG power semiconductor switching devices 

have shown the technological readiness and are becoming the devices of choice to replace 

their Si predecessors in a growing number of power converters used to control electric 

motors in adjustable speed drive systems [14]. 

Mitsubishi Electric released the world’s first all SiC 1.5kV dc, 180 kW tracton inverter in 

2013, as shown in Figure 2.4 [91]. Mitsubishi claimed that compared with the Mitsubishi 

Electric's conventional the equivalently power-rating inverter system incorporating 

conventional Si IGBTs, the SiC power converter achieved about 55% reduction in 

switching loss. 

In 2014, Toyota and Denso developed the SiC based power converter for use in automotive 

power control units in hybrid vehicles, as shown in Figure 2.5 [92]. Refering to Figure 2.5, 

Compared to the conventional Si based power converter, the SiC based power control unit 

reduces the volume by 40% [92]. 
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Figure 2.4 SiC-based traction inverter developed by Mitsubishia in 2013 [91]. 

 

Figure 2.5 Inverter developed by Toyota for use in PCU in 2014 [92]. 

In 2018, Tesla used SiC MOSFETs in its Model 3 power converter for the motor drive 

system leading to more than 50% overall weight reduction when compared with 

conventional Si based power converter [93]. In addtion, the performance advantages of 

WBG power converter such as high-power density and low power loss, make it possible to 

integrate the power converter inside the motor housing, as shown in Figure 2.6, allowing 

further reductions in the cost, size, and improvements in fault tolerance of the motor drive 

system [93]. 

 

Figure 2.6 SiC Inverter developed by Tesla in 2018 [93]. 
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In addition to the advantage of the fast-switching speed, SiC power converters benefit from 

the high operating temperature attribute of SiC MOSFETs [25], [94], [95]. Figure 2.7 

shows the power converter prototype using Si IGBTs and SiC MOSFETs for hybrid-

electric construction vehicles developed by John Deere in 2019 [96]. It is worth noting that 

the SiC power converter can operate at high temperature where the coolant temperature for 

SiC power converter can be 115°C due to the advanced internal cooling and packaging 

techniques which allows for full-power capabilities using engine coolant on even the hottest 

days. Referring to Figure 2.7, the size of power converter is reduced significantly when 

using SiC MOSFETs, where the power density for Si and SiC power converter are 11kW/L 

and 43kW/L, respectively.  

 

Figure 2.7 John Deere 200 kW inverter prototypes [96]. 

Indeed, WBG power semiconductor devices are unfolding the technology revolution in 

inverter-fed motor drive systems. While the adoption of SiC power devices significantly 

improves the performance of power converters, the fast-switching speeds and high 

switching frequencies, resulting in several design challenges and technological issues, 

which will be described in next section. 

2.3 Impact of the Fast-Switching WBG Converter on the 

Connected Motors in Adjustable Speed Drives 

In addition to the design challenges for the converter itself, the fast-switching speed WBG 

converter is expected to significantly affect the reliability and lifetime of the connected 

electric motor in WBG based cable-fed motor drive systems [14]. Figure 2.8 summarises 

the main issues and challenges for motors when using the fast-switching speed WBG 

semiconductor in the inverter-fed motor drive systems. 
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Figure 2.8 The main challenges of the high dv/dt on motors in WBG-based motor drive 

systems.  

Since the PhD work aims to explore techniques to address the excessive voltage stress on 

the motor due to the fast-switching WBG inverter, the issues caused by the high 𝑑𝑣/𝑑𝑡, 

i.e., uneven voltage distribution within the motor stator windings and the RWP will be 

reviewed in the following section. 

2.3.1 Uneven Voltage Distribution within Motor Stator Windings 

In inverter-fed motor drive systems, the fast-switched PWM voltage pulses result in uneven 

voltage distribution within motor stator windings [97]–[103]. In fact, the uneven voltage 

distribution arises from the propagation of the fast-switched PWM voltage pulses through 

the motor stator winding itself emulating the same effect of long cables. The faster the rise 

time, the more significant this effect and even greater the uneven voltage distribution along 

motor stator windings [104], [105]. As a consequence, the insulation failures most 

commonly occur in the first few turns of the first coil connected to the main terminals [106], 

[107]. 

Figure 2.9 shows the simulation result of the coil-to-core voltage when the motor is 

supplied by fast-switched PWM voltage pulses, where the dc-link voltage is 560V [105]. 

As can be noticed, the voltage distributes nonlinearly among the motor coils, where the 

voltage decreases from the first coil to the last coil in a monotonic manner. It is worth 

noting that the first coil endures the highest voltage stress among the stator winding coils, 

as shown in Figure 2.9. 

Figure 2.10 compares the voltages across winding turns in the first coil of a motor stator 

measured in an experimental test [108]. As can be noticed, the voltage distributes unevenly 

among the motor stator winding turns, where the first several stator winding turns endure 

the higher voltages. Referring to Figure 2.10, the voltage across the first turn is about five 

times higher than that across the 20th turn [108]. 
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Figure 2.9 Simulation results of the coil-to-core voltage distribution  when the motor is feed 

by high dv/dt voltage, the dc-link voltage is 560 V [105]. 

 

 

Figure 2.10 Experimental measured voltage distribution within winding turns of first coil 

of phase A winding when the motor is supplied by a two-level SiC power converter through 

70-feet long cable. [108].  

Note that the overstress across the first few winding turns closes to the motor terminals is 

further exacerbated when long power cables are used to connect the inverter to the motor 

due to the RWP in the motor drive system [32]. 

2.3.2 Motor Terminal Overvoltage Oscillations 

In many harsh environments such as mining [109], oil exploration [110] and remote 

operated vehicle [111], the inverter and motor are installed at different locations connected 

through long power cables to provide better serviceability [112]–[114]. Figure 2.11 shows 

the circuit diagram of a typical inverter-fed motor drive system with long cables [48]. The 

cable length can be several meters to kilometers depending on the application [112].  
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Figure 2.11 A typical WBG-based long cable-fed adjust speed drive system. The dotted 

yellow-green line represents the earth wire connecting the converter and the motor case.  

Due to the distributed inductance and capacitance between cable conductors, the power 

cables in the motor drive system have similar behaviour to transmission lines, where the 

steep voltage (high 𝑑𝑣/𝑑𝑡) pulses experience voltage reflections at motor terminals, 

resulting in serious overvoltage oscillations at motor terminals [30], [32]. This phenomenon 

is known as the RWP, caused by the high 𝑑𝑣/𝑑𝑡  and the characteristic impedance 

mismatch between the cable and motor [31]. The detailed model of the RWP will be 

presented in Chapter 3. 

In fact, the RWP has been widely observed in Si based motor drive system when the long 

cable length is used, e.g., longer than 50m [115]. With the adoption of the fast-switched 

WBG inverter in motor drive systems, the RWP becomes more serious and complex [116]. 

On the one hand, the motor terminal overvoltage can be twice the inverter voltage with few 

meters power cable due to the fast-switching speed of WBG devices, as evidenced in Figure 

2.12 [114]. On the other hand, the motor overvoltage can exceed twice the inverter voltage 

due to the undamped effects when the switching frequency of the WBG inverter is 

increased [117]. 

Figure 2.13 shows the voltage and current waveform measured at the inverter side and the 

motor terminals in a SiC-based 10 meters long cable-fed motor drive system. As shown, 

the motor terminal voltage is double of the inverter voltage due to the RWP in the motor 

drive system. Referring to Figure 2.13, the inverter output current is higher than that 

measured at the motor terminals. This is because the high 𝑑𝑣/𝑑𝑡 of the PWM voltage 

pulses charges or discharges the parasitic capacitance of the cable, resulting in high current 

spikes. 
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Figure 2.12 Motor overvoltage with the cable length and rise time [114]. 

 

Figure 2.13 Voltage and current measured in a SiC-based 10m long cable-fed motor drive 

system for two fundamental cycles, Iinv and Vs are the current and voltage measured the 

inverter side, Imotor and Vm are the current and voltage measured the motor terminals. The 

dc-link voltage is 500V, voltage: 500V/div, current: 12A/div, time: 4ms/div. 

Figure 2.14 shows the zoomed-in view at the switching transient, where the spike current 

shows the similar manner with the motor terminal overvoltage oscillations. The high 

current spikes may trigger the overcurrent protection of the inverter when they exceed the 

pre-set overcurrent level, leading to the unexpected shut down. Furthermore, the current 

spikes result in high power loss for the inverter and overheat the switching devices which 

reduce the power efficiency and reliability of the inverter [118]. 
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Figure 2.14 the zoomed-in view of the voltage and current measured in a SiC-based 10m 

long cable-fed motor drive system at switching transient, Iinv and Vs are the current and 

voltage measured the inverter side, Imotor and Vm are the current and voltage measured the 

motor terminals. The dc-link voltage is 500V, voltage: 300V/div, current: 5A/div, time: 

0.5µs/div. 

Figure 2.15 compares the voltages at the inverter side and motor terminals measured in a 

SiC-based cable-fed motor drive system when the inverter operates at different switching 

frequencies [30]. As shown in Figure 2.15 (a), when the inverter operates at the 10kHz, the 

motor terminal overvoltage is about twice the inverter voltage due to the RWP. However, 

with the switching frequency increasing, i.e., the two consecutive pulses are closed spaced, 

the motor terminal overvoltage is higher than twice the inverter voltage, as shown in Figure 

2.15 (b) and (c). This is because the motor overvoltage caused by the first voltage pulses 

does not damp out before the second voltage pulse is generated [117], [119]–[121]. 

Referring to Figure 2.15 (b), the maximum motor terminal voltage is 139V when the 

switching frequency is 50kHz, i.e., the motor terminal overvoltage is about 2.8 times of the 

inverter voltage. It is worth noting that the motor terminal overvoltage can be even higher 

when the switching frequency of the inverter coincides with that of the overvoltage 

oscillation frequency [30]. Referring to Figure 2.15 (c), the motor terminal voltage is more 

than four times of the inverter voltage when the switching frequency is the same with that 

of the overvoltage oscillation frequency. 
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(a) switching frequency: 10kHz 

 

(b) switching frequency: 50kHz 

 

(c) switching frequency: 225kHz 

Figure 2.15 Motor terminal voltage measured at different switching frequency in a SiC-

based 70m long cable-fed motor drive system [30]. 
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2.3.3 Issues Related to the Overvoltage Stress 

In general purpose induction motors, the insulation material is not designed to resist such 

high overvoltage due to the RWP. When voltage stress across the motor stator windings 

exceeds the PD Inception Voltage (PDIV), it would increase the possibility to incept the 

PD [38]–[41], [100], [106], [122]. Therefore, the overvoltage stress across motor winding 

turns accelerates the winding insulation aging through inception of PDs that progressively 

yield to the degradation and local heating of random-wound motor coils [112], [114]. 

Figure 2.16 shows the PD activity in the motor stator windings due to the overvoltage stress 

[106]. The PDs are frequency dependent, the occurrence of PD would increase when the 

motor is supplied by the high switching frequency WBG inverter [30]. The accumulative 

effect of PD accelerate deterioration until the winding insulation breakdown, as shown in 

Figure 2.17 [107]. Also, the PDs deteriorate the EMI performance of the cable-fed motor 

drive systems due to the emitted high frequency electromagnetic energy [112], [123]. 

 

Figure 2.16 PD activity in motor stator windings [106]. 

 

Figure 2.17 An example of the insulation breakdown of motor stator windings [107]. 
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2.4 Mitigation of Motor Terminal Overvoltage using Passive Filters 

The motor terminal overvoltage oscillations due to the RWP is caused by the fast-fronted 

PWM voltage pulses travel along the long cables terminated by the motor, where the 

characteristic impedance of the motor is much larger that of the cable [30], [48]. The motor 

terminal overvoltage is affected by three main factors, i.e., the characteristic impedance of 

the cable and motor, the rise and fall times of the voltage feeding to the motor drive system, 

and the cable length [31], [116]. Accordingly, the motor overvoltage oscillations can be 

mitigated from three aspects: matching the impedance [124], adjust the rising and falling 

switching transitions [125], and reducing the cable length [93]. Several overvoltage 

mitigation strategies have been proposed in literature with different perspectives. 

Figure 2.18 summaries the commonly used motor terminal overvoltage mitigation 

approaches. These strategies can be generally classified into passive, active, and other 

methods. The passive techniques employ passive filter networks installed either at the 

inverter side or the motor terminals, which will be reviewed in this section. 

 

Figure 2.18 Summaries of the main motor terminal overvoltage mitigation methods. 

2.4.1 Impedance Matching Filter Installed at Motor Terminals 

Impedance matching filters mitigate the motor terminal overvoltage oscillations due to the 

RWP in long cable-fed motor drive system from the root cause, i.e., the characteristic 

impedance mismatch between the cable and motor [126]. Theoretically, when the 

equivalent characteristic impedance at the cable end is the same with the cable 

characteristic impedance, the fast-switched PWM voltage pulses will not be reflected at 
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motor terminals [116]. Therefore, impedance match filter can be installed at motor 

terminals where the filter is designed to match with the cable characteristic impedance. The 

impedance matching filter can be the RC filter [124], [126]–[128] and RLC filter [124], 

[126], [128], [129]. 

Figure 2.19 shows the circuit schematic of the RC impedance matching filter installed at 

motor terminals where the filter consists of a capacitor in series with a resistor for each 

phase [126].  

 

Figure 2.19 RC filter installed at the motor terminals in cable-fed motor drive system 

[126].  

The filter impedance magnitude 𝑍𝑒𝑞 is calculated as: 

𝑍𝑒𝑞 = √𝑅𝑓
2 + (

1

𝑗𝜔𝑓𝐶𝑓
)

2

 (2.1) 

where 𝑅𝑓 and 𝐶𝑓 are the filter resistance and capacitance, 𝜔𝑓 is the angular frequency of 

the filter, respectively. 

The filter parameters are designed to match the cable characteristic impedance 𝑍𝑐, as given: 

𝑍𝑒𝑞 = 𝑍𝑐 → √𝑅𝑓
2 + (

1

𝑗𝜔𝑓𝐶𝑓
)

2

= √
𝐿𝑐

𝐶𝑐
 (2.2) 

where, 𝐿𝑐 and 𝐶𝑐 are the cable per unit inductance and capacitance, respectively. 

To provide enough damping for the overvoltage, the resistance 𝑅𝑓 should be designed to 

result in an overdamped circuit, as:  
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𝑅𝑓 > 2√
𝐿

𝐶𝑓
 (2.3) 

where, L is the lumped cable inductance in the cable-fed motor drive system. 

The RC filter, shown in Figure 2.19, has high power loss which limits its application [126]. 

To minimise the power loss of the RC filter, the second order RLC filter can be used, as 

shown in Figure 2.20 [126]. 

 

Figure 2.20 RLC filter installed at the motor terminals in long cable-fed motor drives 

[126].  

The filter impedance magnitude 𝑍𝑒𝑞 is calculated as: 

𝑍𝑓 = √(
𝑅𝑓𝜔𝑓

2𝐿𝑓
2

𝑅𝑓
2 + 𝜔𝑓

2𝐿𝑓
2)

2

+ (
𝑅𝑓

2𝜔𝑓𝐿𝑓

𝑅𝑓
2 + 𝜔𝑓

2𝐿𝑓
2 +

1

𝜔𝑓𝐶𝑓
)

2

 (2.4) 

The filter parameters are designed to match the cable characteristic impedance 𝑍𝑐, as given: 

𝑍𝑒𝑞 = 𝑍𝑐 → √(
𝑅𝑓𝜔𝑓

2𝐿𝑓
2

𝑅𝑓
2 + 𝜔𝑓

2𝐿𝑓
2)

2

+ (
𝑅𝑓

2𝜔𝑓𝐿𝑓

𝑅𝑓
2 + 𝜔𝑓

2𝐿𝑓
2 +

1

𝜔𝑓𝐶𝑓
)

2

= √
𝐿𝑐

𝐶𝑐
 (2.5) 

The resistance 𝑅𝑓 in the filter should be designed to result in an overdamped circuit, as:  

𝑅𝑓 <
1

2
√

𝐿𝑓

𝐶𝑓
 (2.6) 

In addition, the resonant frequency of the RLC filter should be larger than five times of the 

switching frequency [124]. 
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While the filters at motor terminals can effectively mitigate the motor terminal overvoltage 

oscillations, the high 𝑑𝑣/𝑑𝑡 is still present at motor terminals [129], resulting in the non-

uniform voltage distribution across the stator winding turns. This imposes high voltage 

stress across the first several turns close to motor terminals. Furthermore, the power loss of 

the filter increases the difficulty of the thermal management at the motor sides due to the 

limited installation space. Therefore, these disadvantages limit the application of the 

impedance matching filter. 

2.4.2 L Filter Installed at Inverter Side 

Another method to supress the motor terminal overvoltage is increasing the rise and fall 

times of the PWM voltage pulses applied to the long cable-fed motor drive system [118], 

[126], [130]. Passive filters such as L filter and LRC filter, are usually installed at the 

inverter side to limit the 𝑑𝑣/𝑑𝑡 of the inverter output voltage [126]. 

Figure 2.21 shows the output reactor installed at the inverter side in the long cable-fed 

motor drives, where the inductor 𝐿𝑓 is in series with the power cable [126]. The L filter can 

reduce the 𝑑𝑣/𝑑𝑡 of output voltage [118]. Since the inductor is in series with the motor, 

the full load current flows through the inductor resulting in power loss and voltage drop 

across the filter. The motor terminal overvoltage mitigation is proportional to the 

inductance, a higher inductance reduces the effective voltage applied to the motor [116]. In 

addition, a higher inductance can increase the power loss in the installed inductor which 

may reduce the system power efficiency. 

 

Figure 2.21 L filter installed at the inverter side in long cable-fed motor drives [126].  

To reduce the power loss and voltage drop caused by the L filter, [131] proposes the LR 

filter as shown in Figure 2.22, where a parallel resistor is added to the inductor. While the 

LR filter can effectively mitigate the motor terminal overvoltage, the filter should be 

carefully designed due to the parasitic inductance of resistor which would result in an 

unpredicted high frequency overvoltage oscillation [132].  
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Figure 2.22 LR filter installed at the inverter side in long cable-fed motor drives [131].  

2.4.3 𝑫𝒗/𝒅𝒕 Filter Installed at Inverter Side  

The 𝑑𝑣/𝑑𝑡 filters can be installed at inverter side to slow down the rising and falling 

transitions of the PWM voltage pulses feeding to the drive system [125]. It usually uses 

different combination the resistor, inductor, and capacitor, as show in Figure 2.23 [126].  

 

(a) RLC 𝒅𝒗/𝒅𝒕 filter  

 

(b) R//L+C 𝒅𝒗/𝒅𝒕 filter 

 

(c) L+R//C 𝒅𝒗/𝒅𝒕 filter 

Figure 2.23 RLC dv/dt filter installed at the inverter side in long cable-fed motor drives 

[126].  
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Taking the RLC filter shown in Figure 2.23 (a) as an example, the output 𝑑𝑣/𝑑𝑡 can be 

given as [133]: 

𝑑𝑣

𝑑𝑡
=

𝑉𝑑𝑐

√𝐿𝑓𝐶𝑓

 (2.7) 

The resistance 𝑅𝑓 in the filter should be designed to result in an overdamped circuit, as:  

𝑅𝑓 > 2√
𝐿𝑓

𝐶𝑓
 (2.8) 

To avoid the resonance with the inverter, the filter resonant frequency 𝑓𝑟𝑒𝑠 should be set 

much higher than the switching frequency 𝑓𝑠 as [133]:  

𝑓𝑟𝑒𝑠 =
1

2𝜋√𝐿𝑓𝐶𝑓

> 𝑓𝑠𝑤 (2.9) 

Figure 2.24 shows the voltage and current measured at the inverter output node and the 

filter output node of the 𝑑𝑣/𝑑𝑡  filter [33]. Note that to show the additional current 

introduced by the filter, the experimental results are measured at low/zero load condition. 

As shown, while the inverter output voltage is slowed down after the filter, the filter results 

in additional current for the inverter leading to high power loss for the inverter. Also, the 

𝑑𝑣/𝑑𝑡 filter would reduce the effective voltage impose on the motor due to the voltage 

drop on the filter.  

  

Figure 2.24 The inverter output voltage Vs and the filter output voltage Vf, the load current 

Iload and the inverter output current IA measured in the inverter + dv/dt filter [33].  
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2.5 Mitigation of Motor Terminal Overvoltage using Active 

Mitigation Methods 

Despite the effectiveness of filters on motor terminal overvoltage oscillations mitigation, 

they have disadvantages such as bulky and high-power loss, sacrificing the benefits of using 

WBG devices in adjustable speed drive systems [134]. To overcome the disadvantages of 

the filters, several active mitigation methods have been proposed in literature, which will 

be described in this section. 

The key idea of the active mitigation method is propagating two or more consequence 

voltage segments separated with a proper time to the motor terminal, where the resultant 

motor terminal overvoltage due to these voltage segments can be counterbalanced or partial 

counterbalanced [135], [136]. Therefore, the overvoltage oscillations across the motor 

terminals can be limited to a safe level. This section reviews the Q3L PWM scheme [134], 

[135], [137]–[140], QnL PWM scheme [138], [141] from the overvoltage mitigation 

mechanism, adopted topology, etc. 

2.5.1 Q3L PWM Scheme 

Figure 2.25 shows an example of the widely adopted Q3L PWM scheme to mitigate the 

motor terminal overvoltage, where two consequence identical voltages (𝑉𝑠1 and 𝑉𝑠2) with 

an amplitude of 0.5𝑉𝑑𝑐 are sent to the motor terminal [135].  

Referring to Figure 2.25, the resultant motor terminal overvoltage 𝑉𝑚1 and 𝑉𝑚2 due to the 

two voltage segments 𝑉𝑠1  and 𝑉𝑠2  are counterbalanced. Therefore, the motor terminal 

overvoltage oscillations can be entirely mitigated. Since the rising and falling switching 

transitions of the actively shaped inverter voltage waveform has three voltage levels, the 

voltage waveform shown in Figure 2.25 is denotated as the Q3L PWM waveform. 

The Q3L PWM scheme was first implemented and experimental verified on a Si IGBT 

based 100 m long cable-fed motor drive system when the motor is supplied by a three-

phase T-type inverter [135], as shown in Figure 2.26. The middle voltage level, i.e., 0.5𝑉𝑑𝑐, 

at the rising and falling switching transitions can be generated with the auxiliary branches. 

Referring to Figure 2.26, the output voltage of the T-type inverter is clamped to 0.5𝑉𝑑𝑐 

when the auxiliary branches are turned-ON. 
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Figure 2.25 Q3L PWM Scheme. 

 

Figure 2.26 Three-phase T-type inverter.  

In addition to the T-type inverter, many other inverter topologies can be used to generate 

the required Q3L PWM voltage waveform. For example, [134] uses a SiC-based H-bridge 

inverter to mitigate the motor overvoltage in a single-phase long cable-fed motor drive 

system, as shown in Figure 2.27. 

Figure 2.28 illustrates how to generate the Q3L PWM using the single-phase H-bridge 

inverter [134]. Referring to Figure 2.28, a reference signal is compared with two identical 

triangle carrier waveforms carrier 1 and carrier 2 but separated with a dwell time, where 

the drive signals for S1 and S2 are generated by the comparison of carrier 1 and reference 

signal, and the drive signals for S3 and S4 are generated by the comparison of carrier 2 and 

reference signal. The experimental results show that the method proposed in [134] can 
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effectively mitigate the motor overvoltage oscillations. However, it can only be used in the 

single-phase long cable-fed motor drive system. 

 

Figure 2.27 Single-phase inverter for the Q3L PWM [134]. 

 

 

Figure 2.28 Q3L PWM generation in the single-phase inverter [134]  

To implement the Q3L PWM in three-phase long cable-fed motor drive system, [137] 

proposes the Q3L PWM scheme with an open-end winding motor. Figure 2.29 (a) shows 

the circuit schematic of the long cable-fed open-end winding motor drive system, where 

the motor is supplied by two three-phase inverters. Instead of controlling the two inverters 

[142]–[144], i.e., VSI 1 and VSI 2, independently, the two inverters can be considered as a 

whole inverter. For each phase of the motor drive system, the Q3L PWM waveform can be 

obtained using the control approach shown in Figure 2.28. Despite its effectiveness in the 
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motor terminal overvoltage oscillations mitigation, it can only be implemented in the open-

end winding motors.  

 

Figure 2.29 Open-winding motor for the Q3L PWM [137]. 

[139] proposes an active reflected wave canceller which consists of an external dc source, 

an H-bridge circuit and an inductor for each phase, to generate the Q3L PWM voltages for 

the motor terminal overvoltage mitigation, as shown in Figure 2.30. Since the proposed 

circuit uses 12 switches, three inductors, and external dc source, it would increase the 

system cost and limit its application. 

[140] further optimised the active reflected wave canceller. Figure 2.31 shows the circuit 

schematic for the optimised active reflected wave canceller, where it is composed of two 

switching devices, two diodes and an inductor for each phase. Compared with Figure 2.30, 

the optimised ARWC reduces the cost because it uses two fewer switching devices and do 

not need the external dc. 
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Figure 2.30 ARWC for Q3L PWM [139] 

 

 

Figure 2.31 Optimised ARWC for Q3L PWM [140] 

2.5.2 QnL PWM Scheme 

The Q3L PWM can be further extended to QnL PWM, especially in medium and high 

voltage applications. Figure 2.32 illustrates the rising edge of the inverter output voltage 

waveform when the inverter is modulated under the QnL PWM scheme, where the rising 

switching transitions are shaped as multiple small voltage steps separated with a proper 

dwell time [141]. The overvoltage mitigation mechanism of the QnL PWM scheme is 

similar with that of the Q3L PWM, where the overvoltage oscillations across the motor 

terminals caused by the voltage steps can be counterbalanced.  
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Figure 2.32 QnL PWM [141] 

The QnL PWM scheme can be implemented using multilevel converters. For example, 

[138], [141], [145], [146] use the MMC to generate that QnL PWM to mitigate the motor 

terminal overvoltage oscillations in the long cable-fed motor drive system. Figure 2.33 

depicts the circuit diagram of the MMC with long power cables, where each phase-leg 

consists of an upper arm, a lower arm, and a coupled arm inductor [146]. Compared with 

the MMC under the conventional multi-level operation mode, the MMC modulated under 

the QnL PWM scheme can reduces the size of the capacitor in the submodule but at the 

cost of increasing the THD of the current [141]. 

 

Figure 2.33 MMC for QnL PWM [138], [141], [145], [146]. 

2.6 Mitigation of Motor Terminal Overvoltage using Other 

Methods 

In addition to the active and passive overvoltage mitigation methods, the motor terminal 

overvoltage can be mitigated using short cables and multilevel converters. 
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2.6.1 Long dc Cable + Integrated Motor 

Since the motor terminal overvoltage is caused by the long cable, it is possible to mitigate 

the RWP without using the cable in the motor drive system. This can be achieved by using 

the long dc-cable, as shown in Figure 2.34 [147]. While this method can effectively 

mitigate the motor terminal overvoltage oscillations, it has several design challenges. For 

example, the inverter should be integrated with the motor, the thermal design, EMI filter 

would be more challenging. 

 

Figure 2.34 Long dc cable drive system [147].  

2.6.2 Multilevel converter 

Multilevel converter can be used to limit the motor terminal overvoltage due to the 

increased voltage steps for a given dc-link voltage. Figure 2.35 shows the motor terminal 

overvoltage when the motor is fed by a three-level inverter. As shown, the maximum motor 

terminal voltage is 1.5p.u [32]. However, this comes at the expense of employing increased 

component count incurring additional size, cost. 

 

Figure 2.35 Motor terminal overvoltage when the motor is supplied by a three-level SiC 

inverter [32]. 

vs vm 



 

Literature Review 

35 

2.7 Limitations of the Literature and Research Opportunities 

WBG devices are reaching the technological readiness and are becoming the devices choice 

to replace their Si predecessors in a growing number of power converters used to control 

electric motors in adjustable speed drive systems. The literature to date has proposed 

methods that seek to understand and address the challenges in motor drive system presented 

by fast-switching speed WBG semiconductor devices. However, these works are still 

limited, and research into the RWP and the corresponding mitigation methods to fully 

utilise WBG devices without compromising their benefits, is still requiring further work. 

The limitations of the literature and research opportunities are summarized as: 

The Reflected Wave Phenomenon  

• What is the root cause of the motor terminal overvoltage oscillations? Can we 

understand and crystallize the underlying cause of the RWP from the frequency 

domain? 

• Do the parasitic elements of the switching devices affect the motor terminal 

overvoltage in the WBG-based cable-fed motor drive system? 

Mitigation of the motor terminal overvoltage by slowing down the 𝒅𝒗/𝒅𝒕 

• As a rule of thumb, increasing the rise and fall times of inverter output voltages 

using 𝑑𝑣/𝑑𝑡 limiter is an effective method to suppress the motor terminal 

overvoltage oscillations. However, how to design the optimum rise and fall times 

for different cable length? What is the essence of the overvoltage mitigation 

mechanism by limiting the 𝑑𝑣/𝑑𝑡? 

• Slowing down the 𝑑𝑣/𝑑𝑡 using passive filters result in additional power loss and 

size of the motor drive system. Can we find a method to slow down the 𝑑𝑣/𝑑𝑡 

without sacrificing the benefits of SiC? 

Mitigation of the motor terminal overvoltage using Q3L PWM Scheme 

• What is the overvoltage mitigation mechanism of the Q3L PWM scheme? 

• Do the parasitic elements of the switching device in T-type inverter affect the 

effectiveness of the Q3L PWM on motor terminal overvoltage mitigation? 

• Can we generate the Q3L PWM without using additional switching devices? 
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Chapter 3  

Modelling of the Reflected Wave 

Phenomenon 

This chapter aims to meet the Research Objective 1: Gain deep understanding of the RWP 

and crystallize the underlying cause of motor terminal overvoltage oscillations in cable-fed 

motors using fast-switching SiC inverters, providing the foundation for developing 

overvoltage mitigation techniques through active waveform shaping. 

3.1 Introduction 

The RWP has been observed in Si-based long cable-fed motor drive system in past several 

decades, where the cable length is usually longer than hundreds of meters [114]. This issue 

including the modelling and mitigation approaches, has been well studied in Si based motor 

drive system [112]. However, the emerging application of WBG semiconductor devices 

such as SiC MOSFETs in inverter-fed motor drive system with extremely fast switching 

speed makes the RWP more common and severe because it occurs in much shorter cables 

[30]. The motor terminal voltage can reach twice the inverter voltage with shorter cable 

length, i.e., only several meters, compared with those used in the equivalent rated Si 

counterparts [116]. 

Moreover, a greater than twice the inverter voltage can be observed at the motor terminals 

when the inverter is switched at very high switching frequency and/or modulation index, 

which is known as the double pulsing effect [117]. This is because the switching instants 

of inverter voltages are very closely spaced, where a subsequent voltage pulse is applied to 

the motor before the previous reflected motor terminal voltage is fully damped out [33]. 

Therefore, it is necessary to revisit the RWP and take this knowledge into account when 

designing a WBG-based adjustable speed drives to improve the reliability and lifetime of 

the motor drive system. In this chapter, the modelling of the RWP is presented briefly and 

factors that affects the motor overvoltage are investigated. 
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3.2 The Adjustable Speed Drive System with Long Cables 

Figure 3.1 repeats the circuit schematic of a SiC-based long cable-fed adjustable speed 

drive system. As shown, the motor drive system consists of a dc power source, a PWM 

power inverter, a long power cable, and an electric motor. The inverter generates high-

frequency fast-switched PWM voltage pulses, where the fast rise and fall times are 

generally within tens of nanoseconds depending on characteristics of the adopted switching 

devices, load conditions and gate drivers [48]. 

Referring to Figure 3.1, the inverter and the motor are connected through a four-core power 

cable, where the three output terminals i.e., A, B and C, of the inverter are connected to the 

motor terminals, i.e., a, b, and c, and the dc-link middle point (o) is connected to the motor 

chassis (g) [30]. Note that the dc-link midpoint (o) and the motor chassis (g) are assumed 

to be earthed, as shown in Figure 3.1. Thus, the inverter common mode (CM) voltage is 

imposed directly on the motor neutral point n. 

 

Figure 3.1 A typical WBG-based long cable-fed adjust speed drive system. 

Fundamentally, the fast switched PWM voltage pulses experience the voltage reflection 

due to the characteristic impedance mismatch between two connected networks, i.e., an 

overvoltage oscillation can be excited at the connecting node when their impedance 

mismatch [32]. Therefore, three types of overvoltage can be observed in the motor drive 

system shown in Figure 3.1, i.e., the differential mode (DM) overvoltage oscillations at the 

motor terminals (a, b, and c), the CM overvoltage oscillations at the motor terminals, and 

the CM overvoltage oscillations at the motor neutral point (n) [30]. The DM and CM motor 

overvoltage oscillations at motor terminals are excited by the DM and CM voltage, 

respectively. The motor neutral point overvoltage oscillations are excited by the CM 

voltage. This PhD work mainly focuses on the motor terminal overvoltage oscillations and 

their mitigation methods. 
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3.2.1 Motor Terminal Overvoltage Oscillations (DM & CM) 

The PWM voltage pulses experience voltage reflection at motor terminals because the 

impedance of the motor is much higher than the cable. Therefore, the motor terminal 

overvoltage can be observed between the phases of the motor (DM) and between each 

phase and ground (CM). For simplify, only the terminal overvoltage between the phases, 

i.e., the DM overvoltage, will be analysed in the following part. 

Figure 3.2 illustrates the equivalent differential mode circuit of any two phases of the cable-

motor system that shown in Figure 3.1, where the characteristic impedance of the cable and 

motor are denoted as 𝑍𝑐 and 𝑍𝑚, respectively. In general, the characteristic impedance of 

the cable is usually in the range of 20 Ω and 120 Ω depending the cable type [33]. By 

contrast, the characteristic impedance of the motor is much larger than that of the cable 

[48], where the motor characteristic impedance ranges between 500 Ω and 4000 Ω. As a 

rule of thumb, the characteristic impedance of the motor decreases with its power rating, 

i.e., the motor with lower power rating tends to have a higher characteristic impedance. 

Due to the characteristic impedance mismatch between the power cable and motor, the 

RWP arises at the motor terminals, leading to overvoltage oscillations. According to Figure 

3.2, the motor terminal DM overvoltage is due to the DM voltage and the DM impedance 

mismatch in the motor drive system. 

 

Figure 3.2 Equivalent differential mode circuit of the long cable-fed motor drive system. 

Figure 3.3 compares the line voltages at the inverter side and motor terminal for one 

switching cycle in a cable-fed SiC-based motor drive system. As can be noticed, the motor 

terminals exhibit high frequency overvoltage oscillations in a damped manner as a result 

of the RWP, where the maximum motor terminal voltage is about 2.0 pu at both rising and 

falling edges. 
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Figure 3.3 Experimental measured inverter line voltage Vs and motor terminal line volage 

Vm in SiC-based long cable-fed motor drive system. dc-link voltage: 300V; Cable: 12m long, 

12 AWG, PVC cable; SiC MOSFET: Wolfspeed C2M0040120D; Motor: 3-phase 4-pole 

2.2kW induction motor. 

3.2.2 Motor Neutral Point Overvoltage Oscillations 

Unlike the motor terminal overvoltage oscillations, the motor neutral point overvoltage 

oscillations are not caused by the long cables of the motor drive system. i.e., the motor 

neutral overvoltage oscillations can occur with short or even without connecting cables 

between the power converter and motor in the motor drive system [30], [32]. 

The motor neutral point overvoltage oscillations arise from the propagation of the CM 

voltage pulses through the motor stator winding itself which emulates the same effect of 

long cables [32]. With the motor neutral point being commonly floating, the inverter CM 

voltage pulses travelling through the motor stator winding encounter an infinite impedance 

between the neutral point and ground. The mismatch between the motor CM impedance 

and the neutral-to-ground infinite impedance causes the inverter CM voltage pulses to 

experience voltage reflection at the motor neutral point. This results in overvoltage 

oscillations that externally manifest at the motor neutral-to-ground voltage with peak 

voltage stress at the winding close to the neutral point [30], [104], [105]. 

Figure 3.4 illustrates the equivalent CM circuit of the long cable-fed motor drive system 

that shown in Figure 3.1. The total impedance of the cable 𝑍𝑐 and the motor 𝑍𝑚 can be 

lumped and detonated as the system CM impedance 𝑍𝑐𝑚. Note that the impedance between 

the neutral point n and ground g is considered to be infinite without considering the 

parasitic capacitance of windings to frame. Referring to Figure 3.4, the neutral point n and 

ground g are open circuit. 
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Figure 3.4 The equivalent CM circuit of the motor drive system. 

Note that CM voltage of the inverter is also caused by and consists of PWM voltage pulses, 

depending on the inverter topology and modulation approach. Figure 3.5 shows an example 

of the CM voltage waveform of a standard three-phase two-level inverter modulated under 

the conventional PWM [121], [148], [149]. Referring to Figure 3.4, owing to the motor 

neutral point is facing an infinite impedance, the CM PWM voltage pulses will experience 

voltage reflections at the neutral point n, resulting in a double overvoltage of the inverter 

CM voltage. 

 

Figure 3.5 The CM voltage waveform of a three-phase 2L inverter modulated under 

conventional PWM. 

Figure 3.6 shows the experimentally measured CM voltage of the inverter and the motor 

neutral point voltage when the motor is supplied by a two-level inverter under conventional 

PWM. As shown, the motor neutral point exhibits overvoltage oscillations as a 

consequence of the RWP, as previous analysed. 
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Figure 3.6 The inverter CM voltage VCM  and motor neutral point voltage  VNO when the 

motor is supplied by a three-phase two-level inverter at modulation index 0.2, switching 

frequency 20kHz, and dc-link voltage 50V. Cable: 12.5m long, four-core unshielded 13 

AWG PVC cable; SiC MOSFET: Wolfspeed C2M0040120D; Motor: 3-phase 4-pole 2.2kW 

induction motor. 

3.3 Analysis of the Reflected Wave Phenomenon 

3.3.1 Analysis in Time Domain 

The analysis of the RWP in adjustable speed motor drive system using the transmission 

line theory has been well studied in literature [30]. Several modelling techniques such as 

the snapshot [138], and the bounced diagram [33] are widely used to assist the analysis. To 

visually illustrate the voltage reflection process, the bounced diagram shown in Figure 3.7 

is used for the analysis. Note that the wave propagation time 𝑡𝑝 through the power cable 

from the inverter to the motor terminals, is assumed to be much longer than the rise and 

fall times 𝑡𝑟 of the PWM voltage pulses feeding to the motor drive system [48]. 

The wave propagation velocity 𝑣 through the power cable is calculated as: 

𝑣 =
1

√𝐿𝑐𝐶𝑐

 (3.1) 

where, 𝐶𝑐 and 𝐿𝑐 are the cable per unit length capacitance and inductance, respectively. 

In general, these two parameters are not available in the cable’s datasheets. 𝐿𝑐 and 𝐶𝑐 can 

be obtained from the impedance measurement based on the short-circuit and open circuit 

of the 1m long cable which is presented in the Appendix [33]. 
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Figure 3.7 A bounced diagram for the reflected wave phenomenon in the long cable-fed 

motor drive system. 

According to (3.1), for a given cable length 𝑙𝑐, the propagation time 𝑡𝑝 is calculated as: 

𝑡𝑝 = 𝑙𝑐√𝐿𝑐𝐶𝑐 (3.2) 

The cable characteristic impedance 𝑍𝑐 is a function of the cable per unit length inductance 

𝐿𝑐 and capacitance 𝐶𝑐, as: 

𝑍𝑐 = √𝐿𝑐/𝐶𝑐 (3.3) 

The reflection coefficient at the motor terminals 𝛤𝑚  is determined by the characteristic 

impedance of cable 𝑍𝑐 and the motor 𝑍𝑚, as: 

𝛤𝑚 =
𝑍𝑚 − 𝑍𝑐

𝑍𝑚 + 𝑍𝑐
 (3.4) 
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The reflection coefficient at the power inverter side 𝛤𝑠 is determined by the characteristic 

impedance of cable 𝑍𝑐 and the inverter 𝑍𝑠, as: 

𝛤𝑠 =
𝑍𝑠 − 𝑍𝑐

𝑍𝑠 + 𝑍𝑐
 (3.5) 

In general, the characteristic impedance of the motor is much higher than that of the cable 

(𝑍𝑚 ≫ 𝑍𝑐), the typical inverter impedance is near zero (𝑍𝑠 ≈ 0). Therefore, according to 

(3.4) and (3.5) the reflection coefficients are unity, i.e., 𝛤𝑚 ≈ 1  and 𝛤𝑠 ≈ −1  [33]. Note 

that 𝛤𝑚 ≈ 1  means the voltage at the motor terminals is almost fully reflected with the 

same phase. While 𝛤𝑠 ≈ −1  means the voltage is almost fully reflected at the inverter side 

with the phase inverted. 

Referring to Figure 3.7, the voltage reflection processes can be divided into four periodic 

intervals, which will be detailed in the following part. 

Interval 1 (𝟎 < 𝒕 ≤ 𝒕𝒑 + 𝒕𝒓) The inverter output voltage transition 𝑉𝑠 starts to travel from 

the inverter side to the motor terminals through the power cable at the time zero, as shown 

in Figure 3.7. The inverter output voltage 𝑉𝑠 ramps from zero to the dc-link voltage 𝑉𝑑𝑐 

within a rise time 𝑡𝑟. During the first propagation interval (𝑡 < 𝑡𝑝), the leading edge of 𝑉𝑠 

travels from the inverter to the motor terminals. Since the voltage 𝑉𝑠 has not yet arrived at 

the motor terminals, the motor terminal voltage is zero. At the time 𝑡𝑝, the leading edge of 

PWM voltage pulse arrives at the motor terminals and experiences a voltage reflection to 

the inverter due to the characteristic impedance mismatch between the cable and motor. At 

the time 𝑡𝑝 + 𝑡𝑟, the full inverter voltage transition 𝑉𝑠 arrived at the motor terminals, the 

reflected voltage 𝑉𝑚1
−  is calculated as: 

𝑉𝑚1
− = 𝛤𝑚𝑉𝑠 (3.6) 

Therefore, when accounting for the superposition of inverter voltage and the reflected 

voltage after 𝑡𝑝 + 𝑡𝑟, the motor terminal voltage can be calculated as: 

𝑉𝑚 = 𝑉𝑠 + 𝑉𝑚1
− = (1 + 𝛤𝑚)𝑉𝑠 (3.7) 

Since 𝛤𝑚 ≈ 1 , according to (3.7) the motor terminal voltage is almost twice the inverter 

voltage. 
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Interval 2 (𝒕𝒑 + 𝒕𝒓 < 𝒕 ≤ 𝟐𝒕𝒑 + 𝒕𝒓) After 𝑡𝑟 + 𝑡𝑝 , the reflected voltage transition 𝑉𝑚1
−  

propagates from the motor terminals back to the inverter side. At 𝑡 = 2𝑡𝑝, the front edge 

of the reflected voltage 𝑉𝑚1
−  arrives at the inverter side and experiences a forward voltage 

reflection to the motor terminals, as shown in Figure 3.7. When 𝑡 = 2𝑡𝑝 + 𝑡𝑟 , the full 

reflected voltage pulse 𝑉𝑚1
−  arrived at the inverter side. Therefore, the reflected voltage 𝑉𝑠2

+  

can be calculated as: 

𝑉𝑠2
+ = 𝛤𝑠𝑉𝑚

− (3.8) 

After the voltage transition reflection arrives, the inverter voltage can be calculated as: 

𝑉𝑠 = 𝑉𝑑𝑐 + 𝑉𝑠2
+ = 𝑉𝑑𝑐 + (1 + 𝛤𝑠)𝑉𝑚

− (3.9) 

Since 𝛤𝑠 ≈ −1, the voltage reflection does not affect the voltage at the inverter side. 

Interval 3 (𝟐𝒕𝒑 + 𝒕𝒓 < 𝒕 ≤ 𝟑𝒕𝒑 + 𝒕𝒓) After 𝑡𝑟 + 2𝑡𝑝, the reflected voltage 𝑉𝑠2
+  propagates 

from the inverter side to the motor terminals. The leading edge of the incident voltage 𝑉𝑠2
+  

arrives at the motor terminals and experience another reflection to the inverter side at 𝑡 =

3𝑡𝑝, as shown in Figure 3.7. When 𝑡 = 3𝑡𝑝 + 𝑡𝑟, the full reflected voltage 𝑉𝑠2
+  arrived at 

the motor terminals. Therefore, the reflected voltage 𝑉𝑚2
−  can be calculated as: 

𝑉𝑚2
− = 𝛤𝑚𝑉𝑠2

+  (3.10) 

Therefore, after the voltage reflection, the motor voltage can be calculated as: 

𝑉𝑚 = (1 + 𝛤𝑚)𝑉𝑠 + 𝑉𝑚2
− = (1 + 𝛤𝑠𝛤𝑚

2)𝑉𝑑𝑐 (3.11) 

Since the 𝛤𝑠 ≈ −1 , the voltage at the motor terminal decreases from (1 + 𝛤𝑚)𝑉𝑠  to 

(1 − 𝛤𝑚
2)𝑉𝑑𝑐, as shown in Figure 3.7.  

Interval 4 (𝟑𝒕𝒑 + 𝒕𝒓 < 𝒕 ≤ 𝟒𝒕𝒑 + 𝒕𝒓) After 𝑡𝑟 + 3𝑡𝑝, the reflected voltage 𝑉𝑚2
−  propagates 

from the motor terminals to the inverter side. At 𝑡 = 4𝑡𝑝 + 𝑡𝑟, the reflected voltage 𝑉𝑚2
−  

arrives at the inverter side and experiences a forward voltage reflection to the motor 

terminals, as shown in Figure 3.7. 

Thereafter, the voltage reflections at the inverter side and motor terminals repeat intervals 

1-4. Note that reflection processes continue until the reflected voltage decades to zero due 
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to the loss in the power cables. Accordingly, the motor terminal voltage oscillates in a 

damped manner. 

Referring to Figure 3.7, the oscillation frequency 𝑓𝑟𝑤𝑝 of the motor voltage is determined 

by the wave propagation time 𝑡𝑝 in the power cable, which can be calculated as: 

𝑓𝑟𝑤𝑝 =
1

4𝑡𝑝
 (3.12) 

Note that, the motor terminals also experience the voltage reflections at the falling edges 

of the PWM voltage pulses due to the high 𝑑𝑣/𝑑𝑡 of the voltages and impedance mismatch 

in the cable-fed motor drive system, which can be analysed using the same bounced 

diagram shown in Figure 3.7. 

Figure 3.8 shows the experimental measured voltages at the inverter side 𝑉𝑎𝑏 and at the 

cable terminals, where the cable length is 70m and the cable terminal is open circuit to 

emulate the unity reflection coefficient [30]. Note that the cable impedance is given in 

Figure 3.9.  

 

Figure 3.8 Voltages at the inverter side Vab and the cable end Va'b’ with a 70m long cable 

[30]. 

As can be noticed, the time shift between the two voltages is about 525ns, i.e., the wave 

propagation time 𝑡𝑝 = 525ns . Referring to Figure 3.8, the overvoltage oscillation 

frequency is 475.7 kHz which is the same with the calculated frequency 1/4𝑡𝑝 based on 

the wave propagation time. 
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3.3.2 Analysis in Frequency Domain 

While the time domain analysis can visually illustrate the RWP, it may not be 

straightforward to identifying the reflection frequency in a more complicated system [30]. 

Since the oscillation frequency is one of critical factors to design a proper motor 

overvoltage mitigation method [33], it is necessary to find a more straightforward method 

to predict the overvoltage oscillation frequency. 

In fact, the motor overvoltage oscillations can be investigated from the perspective of the 

resonance, where the overvoltage oscillations are due to the resonance in the motor drive 

system caused by an excitation source. Therefore, the motor overvoltage oscillation 

frequency can be identified from the systems’ anti-resonance frequency. Since the motor 

terminal overvoltage is trigged by the DM voltage, the motor terminal overvoltage 

oscillation frequency is determined by the anti-resonance frequency of the DM impedance. 

While the motor neutral point overvoltage is due to the CM voltage, the oscillation 

frequency can be identified from the anti-resonance frequency of the CM impedance. 

Figure 3.9 shows the impedance of the 70 m long cable [30]. As shown, the anti-resonance 

frequency is 476 kHz for this cable, which matches with overvoltage oscillation frequency 

shown in Figure 3.8. 

 

Figure 3.9 The 70m long cable impedance characteristics [30]. 

Figure 3.10 shows impedance measurement schematic in a long cable-fed motor drive 

system using an impedance analyser, where Figure 3.10 (a) and (b) show how to measure 

the DM impedance and CM impedance, respectively. 
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(a) DM impedance measurement 

 

(a) CM impedance measurement 

Figure 3.10 Impedance measurement for the long cable-fed motor drive system. 

Generally, the long cable in the motor drive system is looped together to obtain the DM 

and CM impedance in the lab. Figure 3.11 compares the CM impedance of the straight 

cable and ring-coiled cable in a 12.5m long 13 AWG unshielded PVC cable-fed motor 

drive system, where the impedance is measured using the impedance analyser (WK6500B) 

from Wayne Kerr Electronics. As shown, while the impedance of the looped cable is 

slightly smaller than that of the straight cable, the anti-resonance frequency for both cases 

are the same. Therefore, there is no significant difference between the looped cable and 

straight cable. 

 

Figure 3.11 The impedance of ring-coiled cable and straight cable. 
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3.4 Simulation Study 

To predict the motor terminal overvoltage and investigate the impact of the cable length, 

rise time on the RWP, a simulation model is developed on MATLAB/Simulink. 

3.4.1 Cable Model 

Since the motor overvoltage oscillation frequency is more than hundreds of hertz, the high 

frequency cable model is needed. This PhD work uses the cable model proposed in [119] 

for the simulation study, where the model considers the skin effect, proximity effect and 

AC resistance. Figure 3.12a shows the single-phase cable model for 1m long cable, where 

the cable model can precisely predict the reflected wave phenomenon [119]. Note that the 

long cable model can be obtained by cascading the 1m cable model multiple times 

depending on the required cable length, as shown in Figure 3.12b. Note that to emulate the 

worst case of the RWP in the cable-fed motor drive system, i.e., the reflection coefficient 

is unity, the motor side is regarded as an open circuit. The cable parameters used for the 

simulation study are listed in Table 3.1 [33]. The simulation results are shown in Figures 

3.13 and 3.14. Since the cable model has been experimentally verified in [119], only the 

simulation results are provided in the following section. 

 

(a) 1m cable model 

Rs1
Ls1

Cp1

Rs2

Ls2

Rp1

Rs1
Ls1

Cp1

Rs2

Ls2

Rp1

Rs1
Ls1

Cp1

Rs2

Ls2

Rp1

 

(b) n meter cable model 

Figure 3.12 The cable model proposed in [150]. 



 

Modelling of the Reflected Wave Phenomenon 

49 

Table 3.1 Main cable parameters of one meter cable [33]. 

Symbol Value Symbol Value 

𝑅𝑠1 0.017 Ω 𝑅𝑠2 0.143 Ω 

𝐿𝑠1 0.38 μH 𝐿𝑠2 0.16 μH 

𝑅𝑝1 34.75 MΩ 𝐶𝑝1 64 pF 

 

3.4.2 Impact of the Rise Time and Cable Length 

Figure 3.13 shows the simulation result of the motor terminal voltage at different cable 

lengths and rise times, where the results show good match with the theoretically calculated 

results in [114]. 

 

Figure 3.13 Motor terminal voltage at rise and fall times tr, and different cable lengths in 

the long cable-fed motor drive system. 

As shown, for a given cable length, the motor terminal voltage increases with the rise and 

fall times decreasing, where the maximum motor terminal overvoltage is 2 pu. For a given 

rise time, the motor terminal voltage increases with the cable length. Since the switching 

speed of SiC MOSFETs is usually less than 100 ns, the motor terminal overvoltage can 

reach to 2 pu within several meters of cable, as shown in Figure 3.13. Therefore, the motor 

terminal overvoltage is more common and severe in the fast-switching SiC-based cable-

fed motor drive system. 
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3.4.3 Double Pulsing Effects 

In the long cable-fed motor drive system, the double pulsing effect can be experimentally 

observed when the switching frequency and/or the modulation index are very high, i.e., the 

motor terminal overvoltage can reach greater than twice inverter voltage when the 

complementary voltage transition pulses of the inverter output voltage are closely spaced 

[33], [116], [117]. 

Figure 3.14 shows the simulation results for the double pulsing effect. As can be noticed, 

the first inverter voltage pulse propagates from the inverter side to the motor terminals 

through the cable, it experiences voltage doubling upon arrival at the motor terminals. Since 

there is not sufficient time for the oscillation decaying, the voltage doubling of the next 

incident inverter pulse accumulates with the undecayed oscillation (of the previous inverter 

pulse). With this cumulative effect, the motor terminal voltage exceeds two times the 

inverter voltage. 

 

Figure 3.14 Double pulsing effect in adjustable speed drives. 

3.5 Conclusion 

This chapter has studied the RWP in WBG-based long cable-fed adjustable speed drives. 

The RWP has been analysed in time domain and frequency domain. The cable model and 

the effective factors on the motor terminal overvoltage have been presented. The 

conclusions of this chapter are the following: 
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• The motor overvoltage oscillations are due to the RWP in the long cable-fed motor 

drive system, caused by the high steep voltage PWM pulses (high 𝑑𝑣/𝑑𝑡) and the 

impedance mismatch in the motor drive system. Two typical motor overvoltage 

can be observed, i.e., the overvoltage at the motor terminals and the overvoltage at 

the motor neutral point.  

• The overvoltage oscillation frequency can be obtained by the wave propagation 

time 𝑡𝑝 in the cable i.e., the frequency is 1/4𝑡𝑝. 

• The motor overvoltage can be analysed in the frequency domain, i.e., the motor 

overvoltage oscillations are due to the resonance in the motor drive system caused 

by an excitation source, where the oscillation frequency can be identified from the 

anti-resonance frequency of the motor drive system. 

• The motor overvoltage oscillations are more common and severe in SiC-based 

cable-fed motor drive system due to the fast-switching speed. With switching 

frequency and modulation index increasing, the motor terminal overvoltage would 

exceed two times the inverter voltage. 
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Chapter 4  

Impact of Parasitic Capacitance of 

Switching Devices and Load Current 

on the Switching Transient and Motor 

Terminal Overvoltage Oscillations 

This chapter aims to address the research objective 2: Investigate the impact of parasitic 

capacitance of switching devices on motor terminal overvoltage in cable-fed motors using 

SiC inverters. 

The main content of this chapter has been published by the author in the following 

publication: 

W. Zhou, M. S. Diab and X. Yuan, "Impact of Parasitics and Load Current on the Switching 

Transient Time and Motor Terminal Overvoltage in SiC-Based Drives," in 2020 IEEE 

Energy Conversion Congress and Exposition (ECCE), 2020, pp. 225-232. 

4.1 Introduction 

For a given adjustable speed drive, the rising and falling transitions of the inverter output 

voltage is one of the critical factors affecting the motor terminal overvoltage oscillations 

due to the RWP [48]. Through a body of literature, the double pulse test (DPT) based on a 

half-bridge circuit has been widely used to investigate the RWP in SiC-based motor drive 

systems, where it solely focuses on the rising edge of the inverter output voltage waveform 

[31], [48]. However, it is not the case for the actual motor drive systems, where the motor 

is usually supplied by a three-phase power converter, i.e., the output voltage is synthesized 

by the two-phase legs rather than the half-bridge leg [48]. Therefore, the conventional 

method using the DPT to investigate the RWP is not accurate enough to reveal the actual 

case. The experimental results based on the DPT may overestimate or underestimate the 

motor terminal overvoltage oscillations, resulting in an inadequate design of the motor 

drive system. This chapter systematically investigates the motor terminal overvoltage 
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oscillations in a three-phase motor drive system, considering the impacts of parasitic 

elements of the switching devices and load current during the switching transitions. 

4.2 Modelling of the Switching Transitions 

The rise and fall times of the inverter output voltage are affected by the load current and 

the parasitic capacitance of the switching devices, i.e., the rise and fall times varies for the 

switching cycles in the fundamental cycles. In this section, the analysis of the switching 

transitions of the inverter output voltage is first carried out for a half-bridge inverter and 

then extended for a three-phase system. 

Figure 4.1 shows the circuit schematic of a standard SiC-based half-bridge inverter 

employing two SiC MOSFETs, where P and N denote the positive and negative dc-link 

respectively. The parasitic capacitance of the switching devices, i.e., the drain-source 

capacitance (𝐶ds), the drain-gate capacitance (𝐶dg) and the gate-source capacitance (𝐶gs) 

are included. The current flowing out from the node A is defined as positive, as shown in 

Figure 4.1. 

AVdc

CdsL
CdgL

CgsL

RgL

CdsH
CdgH

CgsH

RgH

VgH

VgL

SH

SL

P

N
 

Figure 4.1 A SiC-based half-bridge circuit. 

4.2.1 Switching Transitions of SiC MOSFETs in the Half-bridge Circuit 

Figure 4.2 illustrates the detailed switching transitions of the half-bridge converter when 

the output current is positive, where Figure 4.2 (a)-(c) show the switching commutation 

from the lower switch 𝑆𝐿 to the upper switch 𝑆𝐻 characterized by intervals 1 and 2, while 

Figure 4.2 (e)-(f) show the opposite case characterized by intervals 3 and 4. Note that the 

phase current is considered constant during the switching transitions, the parasitic 
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capacitance of the switching devices is assumed to remain fixed. The parasitic inductance 

of the dc-link is not considered for the following analysis. The switching devices are 

assumed to be turn-ON/OFF simultaneously with the gate signal applied to them. In 

addition, the rising and falling times of the output voltage are assumed to be shorter than 

deadtime during the commutation process.  
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(a) 𝒕 < 𝒕𝟏 (d)  𝒕𝟑 ≤ 𝒕 < 𝒕𝟒 
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(b) 𝒕𝟏 ≤ 𝒕 < 𝒕𝟐 (e)  𝒕𝟒 ≤ 𝒕 < 𝒕𝟓 
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(c)  𝒕𝟐 ≤ 𝒕 < 𝒕𝟑 (f)  𝒕 ≥ 𝒕𝟓 

Figure 4.2 Switching transitions of SiC half-bridge inverter. 
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The switching commutation process can be divided into four intervals and the 

corresponding output voltage 𝑉𝐴𝑁 is shown in Figure 4.3 (a). Note that the output voltage 

𝑉𝐴𝑁 is the voltage between the output node A and the negative dc-link N, as shown in 

Figure 4.2. 

Interval 1 (𝒕𝟏 ≤ 𝒕 < 𝒕𝟐) [Figure 4.2 (a) and (b)] Referring to Figure 4.2 (a), before turning 

OFF the lower switch 𝑆𝐿, the phase current flows through its channel where the switching 

device 𝑆𝐿 works in “synchronous rectification mode”, the output voltage 𝑉𝐴𝑁 is 0V. At the 

time 𝑡1 the lower switching device 𝑆𝐿 is turned OFF, the phase current is diverted from the 

device channel to its antiparallel freewheeling diode, as shown in Figure 4.2 (b). Since the 

current still flows through the lower switching device 𝑆𝐿 , the actual output voltage 

𝑉𝐴𝑁  remains unchanged at 0V, as shown in Figure 4.3 (a). 

Interval 2 (𝒕𝟐 ≤ 𝒕 < 𝒕𝟑) [Figure 4.2 (c)] After a dead time 𝑡𝑑𝑒𝑎𝑑, i.e., 𝑡 = 𝑡2, the upper 

switch 𝑆𝐻 is turned-ON with the turn-ON gate signal applying to it, allowing the phase 

current to transfer from the lower switch 𝑆𝐿 to the upper switch 𝑆𝐻, as shown in Figure 4.2 

(c). Meanwhile, the output voltage 𝑉𝐴𝑁  traverses from zero to the dc-link voltage 𝑉𝑑𝑐 

simultaneous with the turn-ON gate signs of 𝑆𝐻. It should be noted that the switching time 

of the output voltage 𝑉𝐴𝑁 from zero to 𝑉𝑑𝑐 is governed by the adopted gate resistance and 

switching device’s characteristics. Generally, the switching speed of SiC MOSFETs is 

extremely fast, which is within 10-100 ns. Therefore, the rising edge of 𝑉𝐴𝑁 can be denoted 

as a step edge, as shown in Figure 4.3 (a). 

Interval 3 (𝒕𝟑 ≤ 𝒕 < 𝒕𝟒) [Figure 4.2 (d)] Before 𝑡 = 𝑡3, the upper switching device 𝑆𝐻 

conducts the full load current. At the time 𝑡3, 𝑆𝐻 is turned OFF with the turned-OFF gate 

signal applying to it. However, the inverter output voltage 𝑉𝐴𝑁  does not immediately 

decrease to 0V due to the impact of the parasitic capacitance of the switching devices. 

Referring to Figure 4.2 (d), the phase current charges the output capacitance of 𝑆𝐻 while 

discharges that of 𝑆𝐿. Therefore, the inverter output voltage 𝑉𝐴𝑁 tardily decreases to 0V, 

where the fall time 𝑡𝑓𝑎𝑙𝑙 depends on the parasitic capacitance of the switching devices and 

the instantaneous phase current 𝐼𝑝ℎ𝑎𝑠𝑒, as: 

𝑡𝑓𝑎𝑙𝑙 =
2𝐶𝑐𝑜𝑠𝑠 𝑉𝑑𝑐

𝐼𝑝ℎ𝑎𝑠𝑒
 (4.1) 
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where, 𝐶𝑜𝑠𝑠 = 𝐶𝑑𝑠 + 𝐶𝑔𝑑 is the output capacitance of the SiC MOSFETs. Since the output 

capacitance is assumed to be constant during the switching process, the output voltage of 

the inverter falls in a linear manner.  

After the time 𝑡𝑓𝑎𝑙𝑙, the inverter output voltage 𝑉𝐴𝑁 reaches to 0 V as the phase current fully 

discharges the output capacitance of 𝑆𝐿 and charges the output capacitance of 𝑆𝐻. Referring 

to Figure 4.2 (e) the entire phase current flows through the antiparallel diode of the lower 

switch 𝑆𝐿. Therefore, the falling edge of the inverter output voltage 𝑉𝐴𝑁 can be denoted as 

a ramp edge, as shown in Figure 4.3 (a). 

Interval 4 (𝒕 ≥ 𝒕𝟓) [Figure 4.2 (f)] After the deadtime 𝑡𝑑𝑒𝑎𝑑, i.e. 𝑡 = 𝑡5, 𝑆𝐿 is turned on as 

the turn-ON gate signal is applied to it causing the load current to divert from the 

antiparallel diode to the switching device channel and 𝑉𝐴𝑁 remains at 0 V, as shown in 

Figure 4.3 (a). 

In a similar commutation process, when the phase current is negative, the rising edge of the 

output voltage 𝑉𝐴𝑁 is affected by the load current and parasitic capacitance of the switching 

devices, while the falling edge is governed by the adopted gate resistance and switching 

devices’ characteristics. Therefore, the rising edge of 𝑉𝐴𝑁 can be denoted as a ramp edge, 

while the falling edge can be denoted as a step edge, as shown in Figure 4.3 (b). 

  

(a) load current is positive (b) load current is negative 

Figure 4.3 The output waveform 𝑽𝑨𝑵 of the half bridge inverter. 
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4.2.2 Line Voltages of Three-phase SiC Inverter 

Figure 4.4 shows a three-phase SiC-based inverter-fed motor drive system. Note that the 

earth wire is not shown in the figure. In this section, only the line voltage 𝑉𝐴𝐵 is analyzed 

because the switching mechanism of the other line voltages of the three-phase inverter is 

the same. 

 

Figure 4.4 Three-phase SiC inverter-fed motor drive system. 

Referring to Figure 4.4, the line voltage 𝑉𝐴𝐵 can be given as: 

𝑉𝐴𝐵 = 𝑉𝐴𝑁 − 𝑉𝐵𝑁 (4.2) 

where, 𝑉𝐴𝑁 and 𝑉𝐵𝑁 are the output voltage of phase A and phase B with respective to the 

negative dc-link (N), respectively. Since the line voltage 𝑉𝐴𝐵 is calculated as the difference 

between the output voltage of phase A and phase B, the switching transitions of 𝑉𝐴𝐵 are 

affected by the polarities of the phase currents 𝑖𝐴 and 𝑖𝐵. 

Figure 4.5 shows the current waveform of phase 𝐴  and phase 𝐵  ( 𝑖𝐴  and 𝑖𝐵 ) for one 

fundamental cycle. As shown, the phase currents can be divided into four regions according 

to the polarity of alternation. Figure 4.6 depicts the theoretical phase- and line-voltage 

waveforms at these four regions. 

Region I (𝒊𝑨 > 𝟎 , 𝒊𝑩 < 𝟎) [Figure 4.6 (a)]: in this region, 𝑉𝐴𝑁  has a similar voltage 

waveform with Figure 4.3 (a) and 𝑉𝐵𝑁  has a similar waveform with Figure 4.3 (b). 

Therefore, the line voltage 𝑉𝐴𝐵 is synthesized as shown in Figure 4.6 (a), where 𝑉𝐴𝐵 varies 

between 0 and 𝑉𝑑𝑐. Note that the rising edge of 𝑉𝐴𝐵 causes the voltage ascending from 0 to 

𝑉𝑑𝑐, while the falling edge of 𝑉𝐴𝐵 causes the voltage descending from 𝑉dc to 0, as shown 

in Figure 4.6 (a). In this case, only the motor terminal overvoltage oscillations caused by 
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the rising edge of 𝑉𝐴𝐵 matters the resultant motor terminal overvoltage may exceed the 

design voltage level of the stator winding insulation. Referring to Figure 4.6 (a), the rising 

edge of 𝑉𝐴𝐵  is much faster than the falling edge, being affected by the adopted gate 

resistance and the switching devices’ characteristics. Therefore, in this region, the motor 

terminal overvoltage is only affected by the adopted gate resistance and switching devices’ 

characteristics. 

 

Figure 4.5 Classification of phase currents based on their polarities. 

Region II (𝒊𝑨 > 𝟎, 𝒊𝑩 > 𝟎) [Figure 4.6 (b) and (c)]: in this region, both 𝑉𝐴𝑁 and 𝑉𝐵𝑁 have 

similar waveforms with Figure 4.3 (a) as the phase currents are positive. If the duty cycle 

of phase A is larger than that of phase B, the line voltage 𝑉𝐴𝐵 ≥ 0, as shown in Figure 4.6 

(b). Oppositely, i.e., when the duty cycle of phase A is smaller than that of phase B, 𝑉𝐴𝐵 ≤

0, as shown in Figure 4.6 (c). Common to both figures, 𝑉𝐴𝐵 consists of a rectangle voltage 

waveform and a trapezoid voltage waveform. Therefore, both edges of 𝑉𝐴𝐵 are affected 

either by the gate resistance and the switching devices’ characteristics or by the load current 

and parasitic capacitance of the switching devices. In this case, the motor terminal 

overvoltage oscillations caused by the rising and falling edges can be affected either by the 

adopted gate resistance and the switching devices’ characteristics or the load current and 

parasitic capacitance of SiC MOSFETs. 

Region III (𝒊𝐀 < 𝟎, 𝒊𝐁 > 𝟎) [Figure 4.6 (d)]: Referring to Figure 4.6 (d), the line voltage 

𝑉𝐴𝐵 ≤ 0, and the rising edges of 𝑉𝐴𝐵 are slower than the falling edges, being affected by 

the load current and the parasitic capacitance of the switching devices. As can be noticed, 

the rising edge of 𝑉𝐴𝐵 results in the voltage ascending from −𝑉𝑑𝑐 to 0V and the falling edge 

of 𝑉AB  results in the voltage descending from 0V to −𝑉𝑑𝑐 . Therefore, only the motor 

terminal overvoltage oscillations caused by the falling edge matters due to the resultant 
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overvoltage imposes higher voltage stress across the motor stator windings. In this case, 

the motor terminal overvoltage is only affected by the adopted gate resistance and 

switching devices’ characteristics in this region. 

Region IV (𝒊𝑨 < 𝟎 , 𝒊𝑩 < 𝟎) [Figure 4.6 (e) and (f)]: both 𝑉𝐴𝑁  and 𝑉𝐵𝑁  have similar 

waveform with Fig. 6(b) since the phase currents are negative. Figure 4.6 (e) shows the line 

voltage 𝑉𝐴𝐵 when the duty cycle of phase 𝐴 is larger than that of phase 𝐵, while Figure 4.6 

(e) shows the line voltage waveform for the opposite case. Common to both figures, 𝑉𝐴𝐵 

consists of a rectangle waveform and a trapezoid waveform. That is, the rising and falling 

edges of 𝑉𝐴𝐵  are affected either by the gate resistance and the switching devices’ 

characterises or by the phase current and parasitic capacitance of the switching devices. In 

this case, the motor terminal overvoltage oscillations caused by the rising and falling edges 

can be either affected by the gate resistance and the switching devices’ characteristics or 

the load current and parasitic capacitance of the switching devices. 

In summary, the slope of the output voltages of three-phase SiC inverter have different rise 

and fall times depending on phase current polarities, phase-leg duty cycles and the devices’ 

parasitic capacitance. For a given motor drive system, the motor terminal overvoltage is 

affected by the rise and fall times when the times are less than one third of the wave 

propagation time. Therefore, the motor terminal overvoltage is only pronounced at certain 

voltage transitions. When the current polarity of phase A and phase B is different, i.e., 

Region I and Region IV, the motor terminal overvoltage is only affected by the gate 

resistance and the switching devices’ characteristics. While, when the current polarity is 

the same, i.e., Region II and Region III, the motor terminal overvoltage can be affected 

either by the gate driver and the switching devices’ characteristics or the load current and 

parasitic capacitance of the switching devices. 

Therefore, the conventional DPT, which only focuses on the rising edge of the output 

voltage, cannot be accurately used to reveal the motor terminal overvoltage oscillations due 

to the RWP in three-phase inverter-fed motor drive system. The motor terminal overvoltage 

oscillations should be examined under different current load condition. 
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(a) region I (b) region II and 𝑽𝑨𝑵 > 𝑽𝑩𝑵 

  

(c) region II and 𝑽𝑨𝑵 < 𝑽𝑩𝑵 (d) region III 

  

(e) region IV and 𝑽𝑨𝑵 > 𝑽𝑩𝑵 (f) region IV and 𝑽𝑨𝑵 < 𝑽𝑩𝑵 

Figure 4.6 Switching transitions of the line voltage 𝑽𝑨𝑩 in different region. 
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4.3 Experimental Verification 

To verify the theoretical analysis, a three-phase inverter based on SiC MOSFETs 

(C2M0040120D) from Wolfspeed is built in the laboratory, as shown in Figure 4.7. The 

SiC MOSFETs are driven by gate drivers with 25 Ω gate resistance. Note that the gate 

driver is implemented with a DC/DC converter (MGJ2D051500SC), an optocoupler 

(ACPL-W484), and a driver (IXDN609SI). In this case, the switching time is about 50 ns. 

The inverter is supplied from 300 V dc-link and modulated under the conventional SPWM, 

where the switching and fundamental frequencies are 40 kHz and 50 Hz, respectively. The 

inverter is connected via 5 m long cable terminated to a three-phase RL load to emulate the 

RWP in the long cable-fed motor drive system, where 𝑅𝑝ℎ𝑎𝑠𝑒 = 11 𝛺 , and 𝐿𝑝ℎ𝑎𝑠𝑒 =

1.2𝑚𝐻. 

 

Figure 4.7 The three-phase SiC inverter prototype. 

Figure 4.8 shows the experimental results of switching transitions of phase currents 𝑖𝐴 and 

𝑖𝐵, the inverter output line voltage 𝑉𝐴𝐵_𝐼𝑛𝑣 and the load terminal line voltage 𝑉𝐴𝐵_𝐿𝑜𝑎𝑑 at 

different regions, where Figure 4.8 (a) shows the result for region I, Figure 4.8 (b) and (c) 

for region II, Figure 4.8 (d) for region III, and Figure 4.8 (e) for region IV, respectively. It 

can be noticed that the experimental results for the inverter output voltages show good 

agreement with the theoretical waveforms presented in Figure 4.6. 

Referring to Figure 4.8, significant overvoltage oscillations exist across the load terminals 

due to the RWP caused by the characteristic impedance mismatch between the cable and 

the load. However, the load terminal voltage varies in different operation regions. This 

because the rise and fall times of the inverter output voltage are affected either by the gate 



 

Impact of Parasitic Capacitance of Switching Devices and Load Current on the Switching 

Transient and Motor Terminal Overvoltage Oscillations 

63 

driver and the switching devices’ characteristics or the load current and parasitic 

capacitance of the switching devices, as previously analysed. 

  

(a) region I (b) region II and 𝑽𝑨𝑵 > 𝑽𝑩𝑵 

  

(c) region II and 𝑽𝑨𝑵 < 𝑽𝑩𝑵 (d) region III 

 
 

(e) region IV and 𝑽𝑨𝑵 > 𝑽𝑩𝑵 (f) region IV and 𝑽𝑨𝑵 < 𝑽𝑩𝑵 

Figure 4.8 Experimental results of switching transitions of the line voltage VAB of a three-

phase SiC inverter supplying a three-phase load through power cables in different region. 

As shown in region I (Figure 4.8 (a)), the line voltage of the inverter 𝑉𝐴𝐵_𝐼𝑛𝑣 > 0 and the 

fall time of 𝑉𝐴𝐵_𝐼𝑛𝑣 is longer than the rise time, where the rise and fall times are about 50ns 

and 125ns, respectively. This is because the rise time is governed by the gate resistance and 

the switching devices’ characteristics and the fall time is affected by the load current and 
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the parasitic capacitance of the switching devices. The fast rise time of 𝑉𝐴𝐵_𝐼𝑛𝑣 leads to 

pronounced overvoltage oscillations across the load terminals, as shown in Figure 4.8 (a). 

However, the line voltage 𝑉𝐴𝐵_𝐼𝑛𝑣 shows the opposite trend in region III, as shown in Figure 

4.8 (d). Referring to Figure 4.8 (d), 𝑉𝐴𝐵_𝐼𝑛𝑣 < 0 and the fall time is about 50ns which is 

shorter than the rise time (121 ns). This is because in region III, the fall time is governed 

by the adopted gate resistance and the switching devices’ characteristics, and the rise time 

is affected by the load current and the parasitic capacitance of the switching devices. 

Figure 4.8 (b) shows the experimental results in region II when 𝑉𝐴𝑁 > 𝑉𝐵𝑁. As can be 

noticed, the rise time and fall time of 𝑉𝐴𝐵_𝐼𝑛𝑣 are 64 ns and 105 ns, respectively. Both the 

rise and fall times are longer than devices’ switching time because the rise and fall times 

are affected by the load current and parasitic capacitance of the switching devices. Similar 

results can be observed in Figure 4.8 (c), (e) and (f). The discrepancy between the rise and 

fall times can be explained by (4.1) where the higher current leads to shorter transient time. 

4.4 Conclusion 

This chapter has studied the impacts of load current and parasitic elements of switching 

devices on motor terminal overvoltage oscillations caused by the high 𝑑𝑣/𝑑𝑡  and 

impedance mismatch. The switching commutation processes for a three-phase inverter are 

analysed supported with experimental verification, considering the impact of the parasitic 

capacitance. The conclusions of this chapter are the following: 

• The conventional DPT is not sufficiently enough to investigate the RWP since it 

only shows the single-phase leg output voltage which cannot represent actual three-

phase adjustable speed system. This chapter shows that to effectively investigate 

the impact of devices’ parasitic capacitance and load current on the RWP, the 

output line voltage of the three-phase inverter should be considered under different 

current region.  

• The motor terminal overvoltage shows non-uniform distribution due to the rise and 

fall times of the output voltage of SiC-based inverters varies in different switching 

cycles, where the rise and fall times of the inverter output voltage are affected by 

the load current direction and amplitude and parasitic capacitance of the switching 

devices. 

• When the phase currents have the same polarity, the motor terminal overvoltage 

related to the slope of the output PWM pulse is only affected by the adopted gate 



 

Impact of Parasitic Capacitance of Switching Devices and Load Current on the Switching 

Transient and Motor Terminal Overvoltage Oscillations 

65 

resistance and the switching devices’ characteristics. Whereas, when phase 

currents have different polarities, the motor terminal overvoltage is affected either 

by the gate resistance and the switching devices’ characteristic or the load current 

value and device parasitic capacitance. 
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Chapter 5  

Waveform Shaping to Combat the 

Motor Terminal Overvoltage: Q3L 

PWM Scheme 

This chapter aims to meet Research Objective 3 with the following subtasks listed below: 

RO 3.1 Reveal the essence of the overvoltage mitigation mechanism of the Q3L PWM 

scheme in both time domain and frequency domain. 

RO 3.2 Investigate the impact of the parasitic of switching devices on the mitigation of 

motor terminal overvoltage oscillations using the Q3L PWM T-type inverter.  

RO 3.3 Develop the Q3L PWM scheme using the SiC module-parallel inverter to mitigate 

the motor terminal overvoltage as well as extend the device current capacity. 

RO 3.4 Experimental verification of the Q3L PWM scheme using SiC T-type inverter and 

SiC module-parallel inverter. 

The main content of this chapter has been published by the author in the following 

publication: 

W. Zhou, M. Diab and X. Yuan, "Impact of Parasitic and Load Current on the Attenuation 

of Motor Terminal Overvoltage in SiC-Based Drives," IEEE Transactions on Industry 

Applications, vol. 58, no. 2, pp. 2229-2241, March-April 2022, doi: 

10.1109/TIA.2022.3141703. 

5.1 Introduction 

Slowing down the 𝑑𝑣/𝑑𝑡 of the PWM voltage pulses can effectively mitigate the motor 

terminal overvoltage oscillations [125]. Through a body of literature, the 𝑑𝑣/𝑑𝑡 filter is the 

mainstream approach to attenuate the motor terminal overvoltage oscillations [126]. 

However, the essence of the overvoltage mitigation mechanism is not clear in the literature. 
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In fact, the motor terminal overvoltage oscillations can be entirely mitigated if there is no 

excitation source evoking the overvoltage oscillations in the motor drive system [33]. The 

essence of slowing down the 𝑑𝑣/𝑑𝑡 of the PWM voltage pules is addressing the motor 

terminal overvoltage at the excitation source, i.e., by actively shaping the excitation source, 

the consequence motor terminal overvoltage oscillations will not be excited anymore. 

Addressing the motor terminal overvoltage at source can be achieved by either passive 

𝑑𝑣/𝑑𝑡 filter or active filter-less methods. Due to the disadvantages of passive filter such as 

additional power loss, large size and weight, this chapter investigates the filter-less active 

waveform shaping method, i.e., the Q3L PWM scheme, to mitigate the motor terminal 

overvoltage oscillations. The essence of the motor terminal overvoltage mitigation 

mechanism of the Q3L PWM scheme is analysed both in time domain and frequency 

domain. The detailed implementation of the Q3L PWM scheme using a T-type inverter and 

a module-parallel inverter are presented. 

5.2 The Concept of the Q3L PWM Scheme 

The Q3L PWM scheme is first proposed in [135] to mitigate the motor terminal overvoltage 

in a Si IGBT based long cable-fed motor drive system. The key idea of the Q3L PWM 

scheme is to break the rising and falling edges of the PWM voltage pules into two identical 

voltage steps separated by a dwell time 𝑡𝑑𝑤𝑒𝑙𝑙  [134]. With a proper dwell time 𝑡𝑑𝑤𝑒𝑙𝑙 

setting, the reflected voltage oscillations of the first voltage step can be cancelled by that 

of the second. Therefore, the motor terminal overvoltage oscillations can be effectively 

mitigated. Since the reshaped rising and falling edges of the PWM voltage pulses have 

three voltage steps during switching transitions, i.e., low level (0), medium level (
𝑉𝑑𝑐

2
), and 

high level (𝑉𝑑𝑐 ), the PWM voltage waveform is referred as the Q3L PWM voltage 

waveform. 

5.2.1 Analysis in Time Domain 

Figure 5.1 elucidates the voltage reflection process and corresponding voltage waveform 

of the Q3L PWM scheme using a bounced diagram, where it assumes the wave propagation 

time 𝑡𝑝 from the inverter side to the motor terminals is much longer than the rise time 𝑡𝑟 of 

the inverter output voltage, and the reflection coefficients 𝛤𝑠 = −1  and 𝛤𝑚 = 1 , i.e., 

voltage pulses experience full reflection at the inverter side and motor terminals. Referring 

to Figure 5.1, the inverter output voltage 𝑉𝑠 consists of two identical voltage steps 𝑉𝑠1 and 

𝑉𝑠2 with the rise time 𝑡𝑟 and amplitude 
𝑉𝑑𝑐

2
. The time shift between the two voltage steps 
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𝑉𝑠1 and 𝑉𝑠2 is denoted as the dwell time 𝑡𝑑𝑤𝑒𝑙𝑙. The voltage reflection process of the Q3L 

PWM scheme can be divided into three intervals, as shown in Figure 5.1. 

 

Figure 5.1 A bounced diagram of the Q3L PWM scheme. 

Interval 1 (𝟎 < 𝒕 ≤ 𝒕𝒓 + 𝒕𝒑) Referring to Figure 5.1, at 𝑡 = 0, the first segment of the 

inverter output voltage 𝑉𝑠1 starts to propagate from the inverter side to the motor terminals 

through power cables where 𝑉𝑠1 ramps up from zero to 
𝑉𝑑𝑐

2
 within a rise time 𝑡𝑟. After a 

propagation time 𝑡𝑝, the leading edge of the voltage 𝑉𝑠1 arrives at the motor terminals. At 

𝑡𝑟 + 𝑡𝑝 , the full voltage 𝑉𝑠1  arrives at the motor terminals and experiences a voltage 

reflection due to the characteristic impedance mismatch between the cable and motor, 

where the resultant voltage is 𝑉𝑚1
− . Since the amplitude of 𝑉𝑠1 is 

𝑉𝑑𝑐

2
, and the reflection 

coefficient at the motor terminals 𝛤𝑚 = 1 , the amplitude of the resultant 𝑉𝑚1
−  is 

𝑉𝑑𝑐

2
. 
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Therefore, after the first voltage reflection, the motor terminal voltage 𝑉𝑚 ascends from 

zero to 𝑉𝑑𝑐, as shown in Figure 5.1. 

Interval 2 (𝒕𝒓 + 𝒕𝒑 < 𝒕 ≤ 𝒕𝒓 + 𝟐𝒕𝒑) After 𝑡𝑟 + 𝑡𝑝, the reflected voltage 𝑉𝑚1
−  propagates 

from the motor terminals toward the inverter side. The motor terminal voltage remains 

unchanged at 𝑉𝑑𝑐 during this interval. Referring to Figure 5.1, after another propagation 

time 𝑡𝑝, i.e., 𝑡 = 𝑡𝑟 + 2𝑡𝑝, the full reflected voltage 𝑉𝑚1
−  arrives at the inverter side and 

experiences a voltage reflection due to the characteristic impedance mismatch between the 

cable and inverter. Since 𝑉𝑚1
− =

𝑉𝑑𝑐

2
 and the reflection coefficient at the inverter side 𝛤𝑠 =

−1, the amplitude of the reflected voltage 𝑉𝑠1
−  is −

𝑉𝑑𝑐

2
. 

Interval 3 (𝒕 > 𝒕𝒓 + 𝟐𝒕𝒑) At 𝑡 = 𝑡𝑟 + 2𝑡𝑝, if another voltage 𝑉𝑠2 with an amplitude 
𝑉𝑑𝑐

2
 

starts to propagate from the inverter side to the motor terminals, the voltage 𝑉𝑠2 will be 

countered by the reflected voltage 𝑉𝑠1
− , as shown in Figure 5.1. Therefore, no voltage will 

propagate to the motor terminals after the time 𝑡𝑟 + 2𝑡𝑝, and the motor terminal voltage 

remains constant at 𝑉𝑑𝑐. That is, the motor terminals will not experience any overvoltage 

oscillations, as shown in Figure 5.1. 

According to the voltage reflection process discussed above, the optimum dwell time 𝑡𝑑𝑤𝑒𝑙𝑙 

to entirely mitigate the motor terminal overvoltage is: 

𝑡𝑑𝑤𝑒𝑙𝑙 = 2𝑡𝑝 (5.1) 

In a similar overvoltage mitigation mechanism, if the falling edges of the inverter output 

voltages are shaped as a Q3L PWM waveform with the dwell time 𝑡𝑑𝑤𝑒𝑙𝑙 = 2𝑡𝑃, the motor 

terminals will not experience any overvoltage oscillations either. 

For a given adjustable speed drive system, the motor terminal overvoltage due to the RWP 

is proportional to the inverter output voltage (the excitation source). Therefore, the motor 

terminal overvoltage mitigation mechanism can be further analysed using the superposition 

principle in the time domain, as illustrated in Figure 5.2. 

Referring to Figure 5.2, the inverter output voltage 𝑉𝑠 is composed of two identical voltages 

𝑉𝑠1 and 𝑉𝑠2, as: 

𝑉𝑠 = 𝑉𝑠1 + 𝑉𝑠2 (5.2) 
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where, the amplitudes of 𝑉𝑠1 and 𝑉𝑠2 are the 
𝑉𝑑𝑐

2
. 

The two voltage steps 𝑉𝑠1  and 𝑉𝑠2  are transmitted from the inverter side to the motor 

terminals experiencing voltage reflections as a result of the RWP in the motor drive system. 

 

Figure 5.2 Overvoltage mitigation of the Q3L PWM using the superposition principle. 

Accordingly, the resultant motor terminal voltage 𝑉𝑚 can be given as: 

𝑉𝑚 = 𝑉𝑚1 + 𝑉𝑚2 (5.3) 

where 𝑉𝑚1 and 𝑉𝑚2 are the consequent motor terminal voltages due to the inverter voltages 

𝑉𝑠1 and 𝑉𝑠2, respectively, as shown in Figure 5.2. 

According to the modelling of the RWP analysed in Chapter 3, when the reflection 

coefficients at the inverter side and motor terminals are unity, the voltages 𝑉𝑠1 and 𝑉𝑠2 

experience full voltage reflection once arriving at the motor terminals. Therefore, the 

amplitudes of the resultant voltages 𝑉𝑚1  and 𝑉𝑚2  are 𝑉𝑑𝑐  (i.e., double the voltage 

magnitude of 𝑉𝑠1 and 𝑉𝑠2), and the oscillation frequency is 1/4𝑡𝑝. Referring to Figure 5.2, 

the resultant motor terminal overvoltage oscillations 𝑉𝑚1 and 𝑉𝑚2 can be counterbalanced 

if 𝑉𝑠2  lags 𝑉𝑠1  by 2𝑡𝑝 . Thus, the motor terminals will not experience the overvoltage 

oscillations due to the RWP in the motor drive system. 



 

Waveform Shaping to Combat the Motor Terminal Overvoltage: Q3L PWM Scheme 

 

72 

5.2.2 Analysis in Frequency Domain 

To reveal the essence of the motor terminal overvoltage mitigation mechanism of the Q3L 

PWM scheme, the frequency domain analysis is conducted in this section. Since the Q3L 

PWM voltage 𝑉𝑠 is composed of two identical voltage steps 𝑉𝑠1 and 𝑉𝑠2 with a dwell time 

𝑡𝑑𝑤𝑒𝑙𝑙, the inverter output voltage 𝑉𝑠 can be represented by the voltage pulse-train shown 

in Figure 5.3. 

 

Figure 5.3 Q3L PWM voltage pulse train. 

Referring to Figure 5.3, 𝐴/2 is the voltage pulse amplitude, 𝜏 is the average pulse width 

measured at half the pulse amplitude, 𝑇 is the switching cycle, and 𝑡𝑟 and 𝑡𝑓 are the pulse 

rise and fall times of 𝑉𝑠1  and 𝑉𝑠2  respectively. For simplicity, the Q3L PWM voltage 

waveform shown in Figure 5.3 is assumed to be symmetrical (i.e., 𝑡𝑟 = 𝑡𝑓) with a constant 

duty ratio (𝐷 = 𝜏/𝑇). 

According to the properties of the Fourier analysis, the pulse-train 𝑉𝑠1 shown in Figure 5.3 

can be expressed as: 
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𝑉𝑠1(𝑡) = ∑ 𝑐𝑛1𝑒𝑗𝑛𝜔𝑡

𝑛=∞

𝑛=−∞

 (5.4) 

where 𝜔 is the angular frequency of the waveform and 𝑐𝑛1 (𝑛1 = 1, 2, 3, … ) is the Fourier 

series coefficient. 

Note that 𝑐𝑛1 can be given in complex exponential form, as: 

𝑐𝑛1 = 𝐴𝐷 sinc (
𝑛𝜔𝜏

2
) sinc (

𝑛𝜔𝑡𝑟

2
) 𝑒

−𝑗𝑛𝜔(
𝜏+𝑡𝑟

2
)

(1 + 𝑒𝑗𝑛𝜔𝑡𝑑𝑤𝑒𝑙𝑙) (5.5) 

where, sinc(𝑥) denotes sin(𝑥)/𝑥. 

Owing to 𝑉𝑠2 lags 𝑉𝑠1 by 𝑡𝑑𝑤𝑒𝑙𝑙, according to the properties of the Fourier series, 𝑉𝑠2 can 

be expressed as: 

𝑉𝑠2(𝑡) = 𝑉𝑠1(𝑡 + 𝑡𝑑𝑤𝑒𝑙𝑙) = ∑ 𝑐𝑛1𝑒𝑗𝑛𝜔𝑡𝑑𝑤𝑒𝑙𝑙𝑒𝑗𝑛𝜔𝑡

𝑛=∞

𝑛=−∞

 (5.6) 

Submitting (5.4) and (5.6) into (5.2), the Fourier series expansion of 𝑉𝑠 can be given as: 

𝑉𝑠(𝑡) = ∑ 𝑐𝑛𝑒𝑗𝑛𝜔𝑡

𝑛=∞

𝑛=−∞

 (5.7) 

where, 𝑐𝑛 (𝑛 = 1, 2, 3, … ) is the Fourier series coefficient of the inverter voltage 𝑉𝑠, given 

as: 

𝑐𝑛 = 𝐴𝐷 sinc (
𝑛𝜔𝜏

2
) sinc (

𝑛𝜔𝑡𝑟

2
) 𝑒

−𝑗𝑛𝜔(
𝜏+𝑡𝑟

2
)

(1 + 𝑒𝑗𝑛𝜔𝑡𝑑𝑤𝑒𝑙𝑙) (5.8) 

At the anti-resonance frequency 𝑓𝑜𝑠𝑐  of the cable-motor system, the Fourier series 

coefficient is: 

𝑐𝑛 = 𝐴𝐷 sinc(𝜋𝑓𝑜𝑠𝑐𝜏) sinc(𝜋𝑓𝑜𝑠𝑐𝑡𝑟) 𝑒−𝑗𝑛𝜋𝑓𝑜𝑠𝑐(𝜏+𝑡𝑟)(1 + 𝑒𝑗2𝜋𝑓𝑜𝑠𝑐𝑡𝑑𝑤𝑒𝑙𝑙) (5.9) 

From (5.9), it can be derived that 𝑐𝑛 = 0 when 𝑡𝑑𝑤𝑒𝑙𝑙 =
1

2𝑓𝑜𝑠𝑐
= 2𝑡𝑝, i.e., at this dwell time 

setting, there is no voltage component at the cable-motor’s anti-resonance frequency. That 

is, the motor terminal overvoltage can be entirely mitigated due to no excitation source 

evoking the oscillations at the cable anti-resonance frequency. 
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The above frequency domain analysis reveals the essence of the Q3L PWM scheme is 

attenuating the motor overvoltage oscillations at the excitation source. That is reshaping 

the PWM voltages feeding to the motor drive system by actively eliminating the 

components at the cable-motor’s anti-resonance frequency. 

5.2.3 The Impact of Dwell Time 

According to the above analysis, the effectiveness of the motor terminal overvoltage 

mitigation depends on the dwell time setting. However, there is not an analytical expression 

to quantify the impact of the dwell time on the motor terminal overvoltage. Therefore, the 

simulation study is conducted to qualitatively reveals the impact of dwell time on the motor 

terminal overvoltage oscillations. The detailed cable simulation model and its parameters 

can be found in Chapter 3. Note that the cable length is set as 10 m and the cable end is an 

open circuit to emulate the worst case for the RWP in the motor drive system. Figure 5.4 

compares the simulation results for different dwell time setting, where Figure 5.4 (a), (b) 

and (c) show the voltages of the inverter and motor when 𝑡𝑑𝑤𝑒𝑙𝑙 = 1.8𝑡𝑝, 𝑡𝑑𝑤𝑒𝑙𝑙 = 2𝑡𝑝 and 

𝑡𝑑𝑤𝑒𝑙𝑙 = 2.2𝑡𝑝, respectively. 

Referring to Figure 5.4, the motor terminal overvoltage can be mitigated completely only 

when the dwell time is set as the optimum dwell time 2𝑡𝑝. It is worth noting that the 

voltages cross point of the inverter and motor indicates the optimum dwell time setting, 

where the motor terminal voltage crosses the inverter voltage at the dwell time midway for 

the optimum dwell time setting. Referring to Figure 5.4 (a), 𝑡𝑑𝑤𝑒𝑙𝑙  is smaller than the 

optimum value, the voltages cross point is after the dwell time midway, where the 

maximum motor terminal voltage is about 1.4𝑉𝑑𝑐. Referring to Figure 5.4(c), when the 

dwell time is larger than the optimum dwell time, the voltage cross point of the inverter 

voltage and motor voltage is before the midway, where the maximum motor terminal 

voltage is about 1.4𝑉𝑑𝑐. 
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(a) 𝒕𝒅𝒘𝒆𝒍𝒍 = 𝟏. 𝟖 𝒕𝒑 

 

(b) 𝒕𝒅𝒘𝒆𝒍𝒍 = 𝟐. 𝟎 𝒕𝒑 

 

(c) 𝒕𝒅𝒘𝒆𝒍𝒍 = 𝟐. 𝟐 𝒕𝒑 

Figure 5.4 Simulation result of the inverter and motor voltages under the Q3L PWM scheme 

for different dwell time setting.  
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5.3 Implementation of the Q3L PWM Scheme using a T-type 

Inverter 

The Q3L PWM scheme can be implemented using a three-level inverter. Instead of 

operating the inverter at the conventional three-level mode, the inverter can generate the 

Q3L PWM voltage waveform by actively controlling the switching states at the switching 

transients. This section uses a T-type inverter as an application example of the Q3L PWM 

scheme. 

5.3.1 T-type Inverter 

Figure 5.5 depicts the circuit diagram of a three-phase SiC-based T-type inverter, where a 

standard two-level inverter is supplemented with three auxiliary branches between the dc-

link midpoint and the output terminals of each phase-leg [151]. The auxiliary branch 

usually consists of a pair of bidirectional switching devices in common source 

configuration, as shown in Figure 5.5. Note that the current flowing out from the inverter 

output nodes is denoted as positive. 

 

Figure 5.5 A three-phase SiC T-type inverter. 

The output voltage of the T-type inverter 𝑉𝑋𝑁 referred against the negative dc-link voltage, 

where X=A, B or C, has three different voltage states, i.e., the low, intermediate, and high 

voltage levels (0, 𝑉𝑑𝑐 ⁄ 2 , and 𝑉𝑑𝑐) depending on the switching state. Considering phase 

A as an example, the low voltage level can be produced by turning ON S3 and S4, the 

intermediate voltage level can be attained by turning ON S2 and S3, and the high voltage 

level can be achieved by turning ON S1 and S2. It is worth noting that the auxiliary branches 

of the T-type inverter only conduct the load current during the intermediate voltage level 

which is usually within several hundreds of nanoseconds (i.e., the dwell time). Therefore, 

the current rating of the switching devices in the auxiliary branch can be much lower than 
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that of the main switching devices. This is different from the case when the T-type inverter 

is operating in the standard three-level mode. Moreover, the auxiliary switching devices 

only block half of the dc-link voltage [136]. Thus, the switching devices of the auxiliary 

branches can be implemented with lower voltage and current rating switching devices when 

the T-type inverter is modulated under Q3L PWM scheme. 

5.3.2 The Implementation of the Q3L PWM Scheme 

Figure 5.6 illustrates how to generate the Q3L PWM voltage waveform for phase A, where 

2𝑡𝑝 is the optimum dwell time for the motor terminal overvoltage mitigation, and 𝑡𝑑𝑒𝑎𝑑 is 

the deadtime between S1 and S3 or S2 and S4. Figure 5.7 shows the output voltage of the T-

type inverter under the Q3L PWM scheme shown in Figure 5.6 for different current 

polarities, where Figure 5.7 (a) shows the case when the load current is positive and Figure 

5.7 (b) shows the opposite case. 

 

Figure 5.6 Gate signal generation of Q3L PWM in T-type inverters. 

Referring to Figure 5.7 (a), when the load current is positive, the dwell time of the 

intermediate voltage level of 𝑉𝐴𝑁 is dominated by the ON-time of S2. While for the opposite 

case, the intermediate voltage is dominated by S3 as shown in Figure 5.7 (b). Since both 

the ON-time of S2 and S3 are equal, i.e., 2𝑡𝑝, the dwell time for the intermediate voltage 

remains the same as 2𝑡𝑝 for both current directions. Therefore, the Q3L PWM scheme 

shown in Figure 5.6 is independent of the load current polarities. 
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(a) phase current is positive (b) phase current is negative 

Figure 5.7 Gate signals and output voltage of Q3L T-type inverter under different load 

current polarities.  

5.3.3 The Impact of Parasitic on the Overvoltage Mitigation 

According to Chapter 4, the switching transitions of the inverter output voltage are affected 

by the load current and parasitic capacitance of the switching devices, resulting in a non-

uniform motor terminal overvoltage envelope. This may affect the effectiveness of Q3L 

PWM scheme, where the switching transitions of the T-type inverter are affected by the 

load current and parasitic, resulting in inaccurate dwell time setting. Therefore, it is 

necessary to investigate the switching commutation process of the T-type inverter under 

the Q3L PWM scheme considering the impact of SiC parasitic elements and load current. 

The analysis is first conducted for a single-phase T-type inverter and then extended for a 

three-phase case. 

The commutation process can be divided into two switching transitions, i.e., the switching 

commutation of 𝑉𝐴𝑁 from zero to the intermediate voltage level 
𝑉𝑑𝑐

2
 and then to the positive 

dc-link voltage 𝑉𝑑𝑐 , and 𝑉𝐴𝑁  from 𝑉𝑑𝑐  to the intermediate voltage level 
𝑉𝑑𝑐

2
 and then to 

zero. In the following analysis, the load current is assumed to be positive and remain 

constant during the switching commutation processes. The switching commutation of 𝑉𝐴𝑁 

from zero to the intermediate voltage level 
𝑉𝑑𝑐

2
 and then to the positive dc-link voltage 𝑉𝑑𝑐 

can be divided into four intervals as illustrated in Figure 5.8 and the corresponding output 

voltage waveform is shown in Figure 5.9. 
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(a) 𝒕 < 𝒕𝟏 (b) 𝒕𝟏 ≤ 𝒕 < 𝒕𝟐 

  
(c) 𝒕𝟐 ≤ 𝒕 < 𝒕𝟒 (d) 𝒕𝟒 ≤ 𝒕 < 𝒕𝟓 

 

 

(e) 𝒕 ≥ 𝒕𝟓  

Figure 5.8 The switching commutation processes for VAN from 0 to Vdc when the load current 

is positive. 

Interval 1 (𝒕𝟏 ≤ 𝒕 < 𝒕𝟐) [Figure 5.8 (a) and Figure 5.8 (b)] referring to Figure 5.8 (a), 

before the switching interval, both S3 and S4 are ON, the current flows through the channel 

of S4, where S4 works in “synchronous rectification mode”. The inverter output voltage 

𝑉𝐴𝑁 is equal to zero, as shown in Figure 5.9. At a time instant 𝑡1, S4 is turned OFF as the 



 

Waveform Shaping to Combat the Motor Terminal Overvoltage: Q3L PWM Scheme 

 

80 

turn-OFF gate signal is applied to it, where the current starts to divert from the device 

channel to its antiparallel diode. Since the load current still flows thorough the lower main 

switch S4, the output voltage 𝑉𝐴𝑁 remains unchanged at zero. 

Interval 2 (𝒕𝟐 ≤ 𝒕 < 𝒕𝟒) [Figure 5.8 (c)] After a dead time 𝑡𝑑𝑒𝑎𝑑, i.e., 𝑡 = 𝑡2, the turn-ON 

gate signal is applied to S2, allowing the load current to divert from S4 to the auxiliary 

branch, as shown in Figure 5.8 (c). Meanwhile, the lower main switch S4 blocks half of the 

dc-link voltage, where 𝑉𝐴𝑁 is 𝑉𝑑𝑐/2 at 𝑡 = 𝑡3, as shown in Figure 5.9. It should be noted 

that the switching time for 𝑉𝐴𝑁 ascending from 0 to 𝑉𝑑𝑐/2 is only governed by the adopted 

gate resistance and the switching device’s characteristic. Since the switching speed is 

extremely fast, the rising edge of 𝑉𝐴𝑁 is denoted as a steep rising edge, as shown in Figure 

5.9. 

Interval 3 (𝒕𝟒 ≤ 𝒕 < 𝒕𝟓) [Figure 5.8 d)] After a dwell time 2𝑡𝑝, i.e., 𝑡 = 𝑡4, S3 is turned 

OFF as the turn-OFF gate signal is applied to it, where the current starts to divert from the 

device channel to its antiparallel diode. Since the auxiliary branches remains conducting, 

the output voltage 𝑉𝐴𝑁 is clamped at 𝑉𝑑𝑐/2 during this interval. 

Interval 4 (𝒕𝟓 ≤ 𝒕 < 𝒕𝟕) [Figure 5.8 (e)] At a time instant 𝑡5, the turn-ON gate signal is 

applied to S1 allowing the load current to divert from the auxiliary branch to S1 channel. 

Meanwhile, the lower main switch S4 blocks the entire dc-link voltage, where 𝑉𝐴𝑁 remains 

𝑉𝑑𝑐 after 𝑡6, as shown in Figure 5.9. It should be noted that the switching time for 𝑉𝐴𝑁 

traversing from 𝑉𝑑𝑐/2 to 𝑉𝑑𝑐 is only governed by the adopted gate driver resistance. Thus, 

the rising edge of 𝑉𝐴𝑁 from 𝑉𝑑𝑐/2 to 𝑉𝑑𝑐 can be denoted by a steep edge shown in Figure 

5.9. 

Referring to Figure 5.9, the rising edges of the voltage steps 𝑉𝑠1 and 𝑉𝑠2 have the same rise 

time 𝑡𝑟  which is governed by the adopted gate resistance and switching device’s 

characteristics. The effective dwell time remains 𝑡𝑑𝑤𝑒𝑙𝑙 = 2𝑡𝑝, which is the optimal dwell 

time for motor terminal overvoltage mitigation. 

The switching commutation of 𝑉𝐴𝑁 from 𝑉𝑑𝑐 to zero is affected by the parasitic capacitance 

of the switching devices and load current which can be divided into two scenarios according 

to the load current value, i.e., the high current region and low current region. 
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Figure 5.9 The output voltage during the commutation process for VAN from zero to Vdc 

when the phase current is positive. 

(a) High load current region 

The switching commutation process can be divided into four intervals, as elucidated in 

Figure 5.10. The corresponding output voltage waveform is shown in Figure 5.11 (a). 

Interval 1 (𝒕𝟖 ≤ 𝒕 < 𝒕𝟏𝟎) [Figure 5.10 (a) and (b)] At a time instant 𝑡8, S1 is instantly 

turned OFF as the turn-OFF gate signal is applied to it. Referring to Figure 5.10 (a), the 

voltage VAN does not promptly decrease due to the impact of parasitic capacitance, where 

the load current discharges the output capacitance of S3 and S4 while charges that of S1. 

Therefore, the voltage 𝑉𝐴𝑁 tardily decreases in a linear manner within a fall time 𝑡fall, as 

shown in Figure 5.11 (a). Referring to Figure 5.10 (b), at 𝑡9 the voltage VAN reaches 𝑉𝑑𝑐/2, 

the voltage across S3 is zero and the current starts to flow through its antiparallel diode. 

Then VAN is clamped to 𝑉𝑑𝑐/2. The fall time 𝑡𝑓 is given by: 

𝑡𝑓 =
3𝐶𝑐𝑜𝑠𝑠𝑉𝑑𝑐

2𝐼𝑙𝑜𝑎𝑑
 (5.10) 

Note that the output parasitic capacitance of the switching devices is assumed to be the 

same for all the switching devices in the T-type inverter. According to (5.10) for a given 

inverter the fall time depends on the instantaneous load current 𝐼𝑙𝑜𝑎𝑑. 
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(a) 𝒕𝟖 ≤ 𝒕 < 𝒕𝟗 (b) 𝒕𝟗 ≤ 𝒕 < 𝒕𝟏𝟎 

  

(c) 𝒕𝟏𝟎 ≤ 𝒕 < 𝒕𝟏𝟏 (d) 𝒕𝟏𝟏 ≤ 𝒕 < 𝒕𝟏𝟐 

  

(e) 𝒕𝟏𝟐 ≤ 𝒕 < 𝒕𝟏𝟑 (f) 𝒕 ≥ 𝒕𝟏𝟑 

Figure 5.10 The commutation processes for VAN from Vdc to zero when the load current is 

positive. 

Interval 2 (𝒕𝟏𝟎 ≤ 𝒕 < 𝒕𝟏𝟏) [Figure 5.10 (c)] After a dead time 𝑡𝑑𝑒𝑎𝑑, i.e., 𝑡 = 𝑡10, the turn-

ON gate signal is applied to S3 allowing the current to divert from its body diode to the 

channel. Due to the auxiliary branches remains conducting the load current, the output 

voltage 𝑉𝐴𝑁 remains unchanged at 𝑉𝑑𝑐/2, as shown in Figure 5.11 (a). 
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Interval 3 (𝒕𝟏𝟏 ≤ 𝒕 < 𝒕𝟏𝟑) [Figure 5.10 (d) and (e)] After a dwell time 2𝑡𝑝, i.e., 𝑡 = 𝑡11, 

S2 begins to be turned OFF as the turn-OFF gate signal is applied to it. However, as seen 

in Figure 5.10 (d) the voltage 𝑉𝐴𝑁  does not promptly decrease where the load current 

discharges the output capacitance of S4 while charges that of S1 and S2. Thus, the voltage 

𝑉AN  tardily decreases in a linear manner within a fall time 𝑡fall , as given by (5.10). 

Referring to Figure 5.10 (e) and Figure 5.11, at 𝑡12, VAN reaches 0 and the current starts to 

flow through the antiparallel diode of S4. 

Interval 9 (𝒕 ≥ 𝒕𝟏𝟑) [Figure 5.10 (e)] At 𝑡13, the turn-ON gate signal is applied to S4 

allowing the load current to divert from the body diode to the S4 device channel, where S4 

works in “synchronous rectification mode”, the output voltage 𝑉𝐴𝑁  is equal to zero, as 

shown in Figure 5.11. 

From above commutation process, the output voltage 𝑉𝐴𝑁  is clamped to 𝑉𝑑𝑐/2  before 

turning on S3, and becomes equal to zero after turning on S4, the duration of the intermediate 

level 𝑡𝑑𝑤𝑒𝑙𝑙 = 2𝑡𝑝, which is the optimal dwell time for the Q3L PWM. Theoretically, the 

motor terminal overvoltage can be entirely mitigated at the high current region. 

(b) Low load current region 

According to (5.10), when the inverter operates at low current region, the fall time 𝑡𝑓 would 

be significantly longer, the corresponding output voltage 𝑉𝐴𝑁 is shown in Figure 5.11 (b). 

The whole process can be divided into four intervals and the interval label is denoted by 1’ 

to 4’ distinguishing them from the high load current case. 

Interval 1’ (𝒕𝟖 ≤ 𝒕 < 𝒕𝟏𝟎) [Figure 5.10 (a)] This interval is similar to interval 1. According 

to (5.10), the fall time would be much longer when the load current is close to zero. 

Therefore, the output voltage 𝑉𝐴𝑁 is larger than 𝑉𝑑𝑐/2 at 𝑡10, where the energy stored in 

the output capacitance of S3 has not been fully transferred to the auxiliary branch before 

𝑡10 as shown in Figure 5.10 (a). 

Interval 2’ (𝒕𝟏𝟎 ≤ 𝒕 < 𝒕𝟏𝟏) [Figure 5.10 (c)] As can be noticed, at a time instant 𝑡10 the 

channel of the S3 turns on before the drain-source voltage of S3 reduces to zero, the drain-

source residual voltage across the equivalent parasitic device capacitance discharge 

through its channel and then the voltage is clamped to 𝑉𝑑𝑐/2 at 𝑡10
′ . Then the auxiliary 

branch remains conducting the load current, the output voltage 𝑉𝐴𝑁 remains unchanged at 
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𝑉𝑑𝑐/2 . It should be noted that the fall time 𝑡𝑓2 = 𝑡11 − 𝑡10  is controlled by the gate 

resistance and the switching devices’ characteristics. 

Interval 3’ ( 𝒕𝟏𝟏 ≤ 𝒕 < 𝒕𝟏𝟑 ) [Figure 5.10 (d)] This interval is similar to interval 3. 

According to (5.10), the fall time would be much longer when the load current is close to 

zero. Therefore, the output voltage 𝑉𝐴𝑁 is larger than 0 at 𝑡13, where the energy stored in 

the output capacitance of S4 has not been fully transferred to the lower switch S4 before 𝑡13 

as shown in Figure 5.10 (d). 

Interval 4’ (𝒕 ≥ 𝒕𝟏𝟑) [Figure 5.10 (e)] As shown, when the turn-ON gate signal is applied 

to S4 at 𝑡13, the output voltage 𝑉𝐴𝑁 is still larger than 0, resulting in the residual drain-

source voltage across the equivalent parasitic device capacitance being discharged 

thorough the channel of S4 and then the voltage is clamped to 0. 

Accordingly, when the load current is positive, the output voltage waveform of the T-type 

inverter under the Q3L PWM scheme is shown in Figure 5.12 (a), where the rising edge 

(blue line) is only governed by the adopted gate resistance and switching devices’ 

characteristics, while the falling edge (red line) is affected by the parasitic of switching 

devices and the load current. Oppositely, i.e., when the load current is negative, the rising 

edge (red line) is affected by the parasitic of switching devices and load current while 

falling edge is governed by the adopted gate resistance, as shown in Figure 5.12 (b). It 

should be noted that the red solid lines indicate the inverter operation at high-current region 

while the red dotted lines indicate the low-current region. Therefore, when the load current 

is close to zero, the Q3L PWM cannot entirely mitigate the motor terminal overvoltage 

oscillations due to the impact of the parasitic capacitance of the switching devices and load 

current. 

Comparing Figure 5.12 to Figure 4.3, the rising and falling edges of the output voltage 𝑉𝐴𝑁 

of T-type inverter show the similar characteristics of the two-level inverters. Therefore, the 

line voltage 𝑉𝐴𝐵 of the three-phase T-type inverter under the Q3L PWM scheme is similar 

to the two-level counterpart. Figure 5.13 shows the inverter’s voltage waveforms at 

different operation regions according to the load current polarities. The characteristics of 

the line voltage 𝑉𝐴𝐵 of the T-type inverter under the Q3L PWM can be summarized as 

follows: 

In region I (Figure 5.13 (a)) and region III (Figure 5.13 (d)), the Q3L PWM can completely 

mitigate the motor terminal overvoltage oscillations because the effective dwell time is the 
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optimal one as the switching transitions of the output voltage are governed by the gate 

resistance and switching devices’ characteristics. 

In regions II and IV, the motor terminal overvoltage mitigation ability of the Q3L PWM 

scheme would be affected by the parasitic elements of the switching devices and the load 

current. Specifically, in region II when 𝑉𝐴𝐵 < 0 (Figure 5.13 (b)) and 𝑖𝐴 is close to zero, or 

when 𝑉𝐴𝐵 > 0 (Figure 5.13 (c)) and 𝑖𝐵  is close to zero, the Q3L PWM scheme cannot 

entirely mitigate the motor terminal overvoltage oscillations. Whereas, in region IV when 

𝑉𝐴𝐵 > 0 (Figure 5.13 (e)) and 𝑖𝐴 is close to zero, or when the line 𝑉𝐴𝐵 < 0 (Figure 5.13 (f)) 

and 𝑖𝐵  is close to zero, the Q3L PWM cannot entirely mitigate the motor terminal 

overvoltage oscillations either. 

  

(a) high load current region (b) low load current region 

Figure 5.11 The output voltage VAN during the commutation process from Vdc to zero. 

  
(a) (b) 

Figure 5.12 The output voltage of the T-type inverter under Q3L PWM when the load 

current is (a) positive and (b) negative. 



 

Waveform Shaping to Combat the Motor Terminal Overvoltage: Q3L PWM Scheme 

 

86 

 
 

(a) region I (b) region II when 𝑽𝑨𝑵 > 𝑽𝑩𝑵 

 
 

(c) region II when 𝑽𝑨𝑵 <  𝑽𝑩𝑵 (d) region III 

 

 

(e) region IV when 𝑽𝑨𝑵 > 𝑽𝑩𝑵 (f) region IV when 𝑽𝑨𝑵 <  𝑽𝑩𝑵 

Figure 5.13 Switching transitions of the line voltage VAB of T-Type inverter under the Q3L 

PWM in different current regions. 
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5.3.4 Experimental Results 

To verify the theoretical analysis, a three-phase T-type inverter based on SiC MOSFETs 

(C2M0040120D) from Wolfspeed is built in the laboratory. Figure 5.14 shows the 

experimental setup, where a three-phase SiC T-type inverter supplies a three-phase four-

core 7.5 kW induction motor through 12.5m long power, four-core 13 AWG unshielded 

PVC cables. The dc-link voltage is 400V. Note that the SiC MOSFETs are driven by gate 

drivers with 25 Ω gate resistance. 

The inverter is first operated as a standard two-level inverter under the conventional SPWM 

and then under the Q3L PWM scheme. Note that the two-level inverter can be easily 

achieved by disabling the auxiliary branches of the T-type inverter without any hardware 

modification. The dwell time for the T-type inverter is set as 2𝑡𝑝, where 𝑡𝑝 is measured by 

the experiment. The detailed experimental parameters are given in Table 5.1. The voltages 

and currents are measured using high bandwidth oscilloscope MSO-X 3054A from 

Keysight Technologies. The differential voltage probes from Pico Technology (TA042, 

100MHz, 1kV) and the current probe from Agilent Technologies (N2783A, 100MHz, 30A) 

are utilized for the voltage and current measurement. 

Figure 5.15 shows the line voltages at the inverter side and the motor terminals when the 

motor is supplied by the two-level inverter, where Figure 5.15 (a) shows the voltages for 

one switching cycle and Figure 5.15 (b) and (c) show zoomed-in views for the rising and 

falling edges, respectively. Referring to Figure 5.15, there is a significantly overvoltage 

oscillations at the motor terminals due to the RWP in the motor drive system, where the 

motor terminal voltage oscillates in a damped manner and the maximum overvoltage is 

about 2 pu for both the rising and falling transitions. 

 

Figure 5.14 The experimental setup. 
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(a) switching cycle view transition 

  

(b) a zoomed view at the rising (c) a zoomed view at the falling transition 

Figure 5.15 Inverter and motor line voltages under two-level SPWM. 

Table 5.1 Main experimental parameters.  

Symbol Value Symbol Value 

Dwell time (𝑡𝑑𝑤𝑒𝑙𝑙) 220ns Switching frequency  20 kHz 

Dead time (𝑡𝑑𝑒𝑎𝑑)  300ns Fundamental frequency 50 Hz 

 

With the adoption of the Q3L PWM scheme, Figure 5.16 (a) shows the line voltages at the 

inverter side and motor terminals for one switching cycle. As shown, the Q3L PWM can 

effectively attenuate the motor terminal overvoltage, where the maximum motor terminal 

voltage is limited within 1.15 p.u for both rising and falling transitions. Figure 5.16 (b) and 

(c) further show the zoomed-in views of the motor terminal voltage in response to Q3L 

voltage waveform at the rising and falling edges, respectively. It is worth noting that while 

the motor is supplied by the Q3L voltage waveform, the voltage at the motor terminals 

shows a two-level waveform, as shown in Figure 5.16. 
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(a) switching cycles view transition 

  

(b) a zoomed view at the rising (c) a zoomed view at the falling transition 

Figure 5.16 Inverter and motor line voltages under the Q3L PWM. 

Figure 5.17 shows the experimental result for two fundamentals, where Figure 5.17 (a) 

shows the inverter output line voltage 𝑉𝑖𝑛𝑣  (from phase A to phase B), and the 

corresponding motor line voltage 𝑉𝑚, when the motor is supplied by the hard-switching 

inverter and Figure 5.17 (b) shows inverter output current of phase A and B (𝑖𝐴 and 𝑖𝐵), the 

inverter output line voltage 𝑉𝑖𝑛𝑣 (from phase A to phase B), and the corresponding motor 

line voltage 𝑉𝑚, when the motor is supplied by the three-phase SiC-based T-type inverter 

under the Q3L PWM scheme, for two fundamental cycles. 

Referring to Figure 5.17 (a), the motor terminal voltage is about 2.0 pu in the fundamental 

cycles when the motor is supplied by the hard-switching inverter. With the adoption of the 

Q3L PWM scheme, the motor terminal voltage is limited to 1.15 pu for most of the 

fundamental cycles, as shown in Figure 5.17 (b). However, there is a voltage hump when 

the load current is close to zero, where the maximum motor terminal overvoltage is about 

1.37 pu. This is because the dwell time is not the optimal value as a result of the parasitic 

capacitance of the switching devices and load current, as previously analysed. 
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(a)  

 

(b) 

Figure 5.17 Switching The line voltages at the inverter side 𝑽𝒊𝒏𝒗 and motor terminals 𝑽𝒎 

in (a) the hard-switching inverter-fed system (b) the Q3L T-type inverter-fed system. 

Figure 5.18-Figure 5.21 show zoomed views at the switching transitions verifying the 

theoretical analysis of the voltage waveforms during different operation regions, where 

Figure 5.18 shows the experimental results for region I, where the load currents for phase 

A and B are about 4A and -5A, respectively. Figure 5.19 shows the experimental results 

for region III, where the load currents for phase A and B are about -3A and 5A, respectively. 

Figure 5.20 shows the results for region II, where the load currents for phase A and B are 

about 1A and 4A, respectively. Figure 5.21 shows the results for region IV, where the load 

currents for phase A and B are about -1A and -4.5A, respectively. As noticed, the 

experimental measured waveforms show good agreement with the theoretical counterpart 

presented in Figure 5.13. 
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(a) rising transition 

 

(b) falling transition 

Figure 5.18 Phase currents 𝒊𝑨 and 𝒊𝑩, and the line voltages at the inverter side 𝑽𝒊𝒏𝒗 and 

motor terminals 𝑽𝒎 under the Q3L PWM during the switching transitions in region I. 

Referring to Figure 5.18, in the region I, the inverter line voltage 𝑉𝑖𝑛𝑣 has different rise and 

fall times, where the rise time 𝑡𝑟 is about 50 ns while the fall time 𝑡𝑓𝑎𝑙𝑙 is about 100 ns. 

This is because the rising time is only governed by the gate driver and switching devices’ 

characteristics while the falling time is affected by the parasitic capacitance of SiC 

MOSFETs and load current. 

However, in region III (Figure 5.19), the inverter line voltage 𝑉𝑖𝑛𝑣  shows the opposite 

trend. As can be noticed, the inverter line voltage 𝑉𝑖𝑛𝑣 < 0 and the rise time (60 ns) is 

longer than the fall time (50 ns). Common to Figure 5.18 and Figure 5.19, the maximum 

motor terminal overvoltage is maintained within 1.15 pu because the dwell time is the 

optimal value where the rising and falling edges of the line voltage are governed by the 

gate resistance. 
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(a) rising transition 

 

(b) falling transition 

Figure 5.19 Phase currents 𝒊𝑨 and 𝒊𝑩, and the line voltages at the inverter side 𝑽𝒊𝒏𝒗 and 

motor terminals 𝑽𝒎 under the Q3L PWM during the switching transitions in region III. 

Figure 5.20 shows the experimental results in region II when the inverter line voltage 

𝑉𝑖𝑛𝑣 < 0, where the rising edge and falling edge are shown in Figure 5.20 (a) and (b), 

respectively. As can be noticed, both rise and fall times of 𝑉𝑖𝑛𝑣  are longer than the 

switching time. Referring to Figure 5.20 (a), the rising edges have three different rise times 

resulting in a non-optimal dwell time setting, causing an increased motor terminal 

overvoltage, where the maximum overvoltage is 1.37 pu. This is because both rise and fall 

times are affected by the parasitic capacitance of switching devices and load current, as 

previously analysed. Note that compared with the theoretical analysis in Figure 5.13 (b), 

𝑡𝑓4  does not show up in Figure 5.20 (a). This occurs because the theoretical analysis 

assumes the inverter output current remains constant, while in fact the high 𝑑𝑣/𝑑𝑡 of the 

output voltage charges and discharges the parasitic capacitance of the cable resulting in a 

variable current during the switching transients. Referring to Figure 5.20 (a), 𝑖𝐴 changes 
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from positive to negative, i.e., the inverter operation region switches from region II (𝑖𝐴 >

0 , 𝑖𝐵 > 0 ) to region III ( 𝑖𝐴 < 0 , 𝑖𝐵 > 0 ). Therefore, 𝑡𝑓4  does not show up in the 

experimental result, i.e., the falling edges (𝑡𝑓1, 𝑡𝑓2) show a similar pattern with that in 

region II, and the falling edge (𝑡𝑓3) shows a similar pattern with that in region III. Similar 

experimental results can be observed in region IV, as depicted in Figure 5.21. 

 

(a) rising transition 

 

(b) falling transition when 𝑽𝒊𝒏𝒗 < 𝟎. 

Figure 5.20 Phase currents 𝒊𝑨 and 𝒊𝑩, and the line voltages at the inverter side 𝑽𝒊𝒏𝒗 and 

motor terminals 𝑽𝒎 under the Q3L PWM during the switching transitions in region II. 
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(a) rising transition 

 

(b) falling transition when 𝑽𝒊𝒏𝒗 > 𝟎 

Figure 5.21 Phase currents 𝒊𝑨 and 𝒊𝑩, and the line voltages at the inverter side 𝑽𝒊𝒏𝒗 and 

motor terminals 𝑽𝒎 under the Q3L PWM during the switching transitions in region IV. 

5.4 Implementation of the Q3L PWM using a Module-parallel 

Inverter 

The above section shows the motor terminal overvoltage can be effectively mitigated when 

the T-type inverter is modulated under the Q3L PWM. The power rating of the inverter is 

limited by the adopted switching devices’ current rating. However, inverters with high 

power rating are expected in the future application. For example, the 100-500kW power 

inverter for electric vehicles and the megawatts power inverter for the electric airplanes are 

highly demanded. 

To achieve such high-power rating, the dc-link voltage and the switching devices’ current 

rating need to be increased. However, the dc-link voltage is fixed for most of application, 

for example, a nominal 800V dc-link voltage is being considered for next generation EVs 
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[2]. Therefore, improving the current rating of switching devices is an inevitable approach. 

Since the current rating of commercial SiC chip is within 100 A, parallel connection of SiC 

MOSFETs would be an approach to improve the exiting switching devices’ current 

capacity [82], [152]. Furthermore, parallel connection of switching devices is a cost-

effective approach even in low power application since the high-current devices are 

generally more expensive than equivalently rated parallel-connected low-current 

counterparts. For example, at the time of writing, the C3M0016120D (1200V/115A, $70.4) 

is 37% more expensive than two C3M0032120D (1200V/62A, $ 25.7) from Wolfspeed 

[153]. 

However, paralleling SiC devices is a challenging approach due to the imbalance current 

among parallel SiC MOSFETs [152]. Owing to the unavoidable switching times mismatch 

and/or characteristic difference among the parallel devices, both the steady-state and 

transient currents will not be equally shared among the devices, resulting in overcurrent 

and overtemperature. This adversely affects the inverter reliability and limits the current 

rating of the devices. Therefore, several approaches have been proposed to overcome the 

imbalance current among the switching devices. For example, [154] use active gate drivers 

to handle the imbalance current. However, it requires high-band current sensors and 

feedback control, where it increases the implement complexity. Moreover, paralleling 

multi-chips also poses challenges on the gate driver design, where a very-high current 

output capability is required to drive the parallel chips to achieve simultaneous turn-ON 

and turn-OFF while providing a very fast switching speed. 

Instead of using the chip-parallel method to extend the power rating of the power inverter, 

a module-parallel power inverter is proposed in this chapter. In addition to extend the power 

rating of the power inverter, the module-parallel power inverter can generate the Q3L PWM 

voltage waveform to mitigate the motor terminal overvoltage oscillations. 

5.4.1 The Module-parallel Power Inverter 

Figure 5.22 shows the circuit schematic of a three-phase SiC module-parallel power 

inverter where each phase consists of two bridge-legs connected using two identical 

inductors. This inverter can be further extended to multiple bridge-legs parallel inverter 

depending on the switching devices’ current rating and the required power level of the 

inverter. For simplify, the two bridge-leg parallel inverter shown in Figure 5.22 is studied 

in this PhD work. Note that the inductors shown in Figure 5.22 can be either the coupled 
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or uncoupled inductor. The coupled inductor is employed herein because it can 

significantly reduce the core loss and size, comparing with the uncoupled one. 

A2

A1

Sa1

Sa2

Sa3

Sa4

Vdc

A
B

C
o La1

La2

 
Figure 5.22 Three-phase SiC bridge-leg parallel inverter. 

5.4.2 The Implementation of the Q3L PWM Scheme 

Referring to Figure 5.22, the inverter output voltage 𝑉𝐴𝑁 for phase A is pertinent to the 

output voltages (𝑉𝐴𝑁1 and 𝑉𝐴𝑁2) of bridge-legs 𝐴1 and 𝐴2, as: 

𝑉𝐴𝑁 =
𝑉𝐴𝑁1 + 𝑉𝐴𝑁2

2
 (5.11) 

Accordingly, the Q3L voltage waveform can be realized by inserting a time shift 𝑡𝑑𝑤𝑒𝑙𝑙 

between the output voltage of the bridge-legs (𝐴1 and 𝐴2). Figure 5.23 illustrates the gate 

signal generation for the switching devices in phase A, where a modulation signal is 

compared with two identical triangular carrier signals but shifted by 𝑡𝑑𝑤𝑒𝑙𝑙. 

 
Figure 5.23 Q3L wave generation using module-parallel inverter. 
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Figure 5.24 illustrates the detailed switching transitions considering the devices’ parasitic 

elements, when the output current is positive, where Figure 5.24 (a)-(e) illustrate the 

commutation process of the output voltage from 0V to 𝑉𝑑𝑐 , while the opposite case is 

shown in Figure 5.24 (f)-(j). The corresponding waveforms for the commutation processes 

are shown in Figure 5.25. The phase current 𝑖𝐴 is assumed to be equally distributed among 

the bridge-legs (A1 and A2) when the commutation starts. 

It is worth noting that for a single bridge-leg, the commutation process for the output 

voltage traversing from 0V to 𝑉dc is governed by the gate resistance of the adopted gate 

driver, while the opposite commutation process is affected by the load current and parasitic 

elements as analysed in Chapter IV. Referring to Figure 5.24 (a)-(c), the output voltage 

𝑉𝐴𝑁1 ascends from zero to 𝑉𝑑𝑐 when the turn-ON gate signal is applied to the top switch. 

Therefore, the output voltage 𝑉𝐴𝑁1 is denoted by the steep rising edge, as shown in Figure 

5.25. According to (5.11), the inverter output voltage 𝑉𝐴𝑁 becomes 𝑉𝑑𝑐/2 with the voltage 

slew rate halved. Meanwhile, the inductor current 𝑖𝐿𝐴1 starts to increase and while 𝑖𝐿𝐴2 

decreases, with the same current slew rate, as: 

𝑑𝑖𝐿𝐴1

𝑑𝑡
= −

𝑑𝑖𝐿𝐴2

𝑑𝑡
=

𝑉𝑑𝑐

2𝐿
 (5.12) 

The same commutation processes are applicable to the bridge-leg A2 as shown in Figure 

5.24 (d) and (e). The output voltage 𝑉𝐴2 starts to increase from zero to 𝑉𝑑𝑐 when the turn-

ON signal is applied to 𝑆𝐴𝐻2, as shown in Figure 5.24 (d) and (e). According to (11), the 

inverter output voltage 𝑉𝐴𝑁 traverses from 𝑉𝑑𝑐/2 to 𝑉𝑑𝑐, as shown in Figure 5.25. After the 

switching transitions, the inductor current remains fixed due to the voltage across the 

inductors is zero. Referring to Figure 5.25, the duration of the intermediate voltage level of 

the inverter output voltage 𝑉𝐴𝑁 depends on the time shift between the gate signal for 𝑆𝐴𝐻1 

and 𝑆𝐴𝐻2. 

Considering the opposite case, the output voltage traverses from 𝑉𝑑𝑐 to zero. Figure 5.24 

(f)-(h) show the commutation process for bridge-leg A1 from the top switch to the bottom 

switch. Since the commutation is affected by the load current and parasitic elements of the 

devices, the voltage 𝑉𝐴𝑁1 tardily decreases in a linear manner within a fall time 𝑡𝑓𝑎𝑙𝑙, as 

show in Figure 5.25. 𝑡𝑓𝑎𝑙𝑙 is given by: 

𝑡𝑓𝑎𝑙𝑙 =
2𝐶𝑐𝑜𝑠𝑠𝑉𝑑𝑐

𝑖𝑙𝑜𝑎𝑑
 (5.13) 
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(i) 𝒕𝟏𝟎 ≤ 𝒕 < 𝒕𝟏𝟏 (j) 𝒕𝟏𝟏 ≤ 𝒕 < 𝒕𝟏𝟐 

Figure 5.24 Switching commutation process of the module-parallel power 

inverter. 
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Figure 5.25 The gate signals, the output voltages (VAN1 and VAN2) and currents (iLa1 and 

iLa2) for bridge-legs (A1 and A2), the inverter output voltage during switching transitions. 

The output voltage 𝑉𝐴𝑁1 remains 𝑉𝑑𝑐/2 after the current fully traverse to the bottom switch 

of the bridge leg A1. Meanwhile, the inductor current 𝑖𝐿𝐴1 decreases and 𝑖𝐿𝐴2 increases 

respectively with the same current slew rate as (5.12). 

After a dwell time 𝑡𝑑𝑤𝑒𝑙𝑙, the same commutation processes are applied to bridge-leg A2, 

resulting in the output voltage traverses from 𝑉𝑑𝑐/2  to zero, as seen in Figure 5.24 (h)-(i). 

After the switching commutation, the inverter voltage is zero voltage and the currents flow 

through the coupled inductor resumes the same again, as shown in Figure 5.25. 

In summary, the main idea of the module-parallel converter under the Q3L PWM is 

applying the gate signal for one bridge-leg prior to the other bridge-leg by 𝑡𝑑𝑤𝑒𝑙𝑙. The 

inverter can generate the Q3L voltage waveform for both the rising and falling edges. 

Referring to Figure 5.25, the current flows through the bridge-leg A1 is higher than that of 

bridge-leg A2 during the switching transient, resulting in higher power loss and 

temperature rise in bridge-leg A1 than A2. Besides, due to inevitable characteristic 

difference among the switching devices, the current flows through the two bridge-legs 

would be unequal under the steady state, resulting in different steady state loss and 
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temperature rise among the bridge-legs. The above issues would result in core saturation 

and thermal unbalance among the switching devices reducing the power rating. Therefore, 

the current sharing among the bridge-legs should be actively controlled. 

Figure 5.26 shows a flow chart for the active current balancing approach for phase A, where 

the inductor currents are measured and accordingly decide which bridge-leg is triggered 

first before the switching transition. For example, if the 𝑖𝐿𝐴1 > 𝑖𝐿𝐴2, the bridge-leg A2 will 

be switched first. 

 

Figure 5.26 Flow chart for active current control. 

5.4.3 Experimental Results 

In order to verify above analysis, a single-phase bridge-leg parallel inverter based on 

Wolfspeed E3M0065090D SiC MOSFETs is built in the laboratory. To reduce the core 

loss and keep the same inductance among the bridge-leg, a coupled inductor with bifilar 

winding structure is used and the inductance 9.5 µH. Note that the effectiveness of the Q3L 

PWM on motor terminal overvoltage mitigation mechanism has been experimentally 

verified with the T-type converter in Section 5.3.4. Therefore, in this section only feasibility 

of the Q3L PWM using the module-parallel inverter is experimentally verified. 

Figure 5.27 shows the voltages at nodes A1, A2 and A, where 𝑉𝐴𝑁1 and 𝑉𝐴𝑁2 are the output 

voltage of bridge-legs A1 and A2, 𝑉𝐴𝑁 is the output voltage of module-parallel inverter, 

respectively. As can be noticed, while the output voltage of each bridge-leg shows a two-



 

Waveform Shaping to Combat the Motor Terminal Overvoltage: Q3L PWM Scheme 

101 

level voltage waveform, the module-parallel inverter generates a Q3L voltage waveform. 

In addition, the slew rate of 𝑉𝐴𝑁 is half of 𝑉𝐴𝑁1 and 𝑉𝐴𝑁2, as shown in Figure 5.27. 

 

Figure 5.27 Output voltages of the bridge-legs A1 and A2, and the module-parallel 

inverter. 

5.5 Conclusion 

This chapter has investigated the active waveform shaping, i.e., Q3L PWM scheme, to 

mitigate the motor terminal overvoltage oscillations due to the RWP in SiC-based long 

cable-fed motor drive system. A general idea of overvoltage oscillations mitigation 

mechanism in the motor drive system has been discussed in both time domain and 

frequency domain. The detailed implementation of the Q3L PWM scheme using a T-type 

inverter has been presented. In addition, this chapter has proposed a module-parallel 

inverter based Q3L PWM to mitigate the motor terminal overvoltage oscillations and 

extend the devices’ current rating. The conclusions of this chapter are the following: 

• The motor terminal overvoltage oscillations can be significantly attenuated when 

the rise and fall times of the PWM voltage pulses are shaped as Q3L PWM with 

the dwell time 𝑡𝑑𝑤𝑒𝑙𝑙 = 2𝑡𝑝. 

• The essence of the overvoltage mitigation mechanism of the Q3L PWM scheme is 

eliminating the excitation source for the overvoltage oscillations by actively 

shaping the voltages feeding to the drive system, i.e., the component of the 

excitation source at the anti-resonance frequency of the cable-motor system is zero. 

Since there is no excitation source to cause the overvoltage oscillations, the motor 

terminal overvoltage oscillations can be significantly mitigated. 
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• The parasitic elements of the switching devices and load current may adversely 

affect the ability of the Q3L T-type converter to mitigate the motor terminal 

overvoltage oscillations in certain cases, due to the variation in the switching rise 

and fall times. 

• The proposed Q3L module-parallel inverter can generate the Q3L PWM voltage 

for the motor terminal overvoltage oscillations mitigation as well as elevating the 

current capacity of switching devices. 
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Chapter 6  

Waveform Shaping to Combat the 

Motor Terminal Overvoltage: Soft-

Switching Voltage Slew Rate (𝒅𝒗/𝒅𝒕) 

Profiling 

This chapter aims to meet Research Objective 4 with the following subtasks listed below: 

RO 4.1 Derive the optimum rise and fall times for entirely mitigation of the motor 

terminal overvoltage. 

RO 4.2 Reveal the essence of the overvoltage mitigation mechanism of the proposed 

voltage slew rate profiling in both time domain and frequency domain. 

RO 4.3 Experimental demonstration of the voltage slew rate profiling concept with a 

SiC-based soft-switching inverter, i.e., the auxiliary resonant commutated pole inverter 

(ARCPI). 

The main content of this chapter has been published by the author in the following 

publication: 

W. Zhou, M. Diab, X. Yuan, and C. Wei, “Mitigation of Motor Overvoltage in SiC-Based 

Drives using Soft-Switching Voltage Slew-Rate (𝑑𝑣/𝑑𝑡) Profiling’’ IEEE Transactions on 

Power Electronics, vol. 37, no. 8, pp. 9612-9628, Aug. 2022, doi: 

10.1109/TPEL.2022.3157395. 

6.1 Introduction 

As a rule of thumb, increasing the rise and fall times of inverter output voltages using 

𝑑𝑣/𝑑𝑡  limiter is an effective method to suppress the motor terminal overvoltage 

oscillations due to the RWP in SiC-based adjustable speed drive system [125]. The 

mainstream 𝑑𝑣/𝑑𝑡 limiter is using the passive 𝑑𝑣/𝑑𝑡 filters such as the RLC 𝑑𝑣/𝑑𝑡 filter 
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at the inverter side to reduce the 𝑑𝑣/𝑑𝑡 of the PWM voltage pulses feeding to the motor 

drive system [126]. Despite their effectiveness, the passive 𝑑𝑣/𝑑𝑡  filters have 

disadvantages such as increasing the size, power loss, and cost of the motor drive system, 

countering the benefits of using SiC switching devices in motor drive system [32], [134]. 

Furthermore, how to design the optimum rise and fall times for different cable length? What 

is the essence of the overvoltage mitigation mechanism by limiting the 𝑑𝑣/𝑑𝑡? What is the 

limitation of these methods? After searching through a body of literature, it was found that 

the answers to these questions are not reported in literature. 

To fill these gaps, this chapter investigates these questions and proposes a soft-switching 

voltage slew rate (𝑑𝑣/𝑑𝑡) profiling approach to mitigate the motor terminal overvoltage 

oscillations in long cable-fed adjustable speed drives. The auxiliary resonant commutated 

pole inverter (ARCPI) is used as an example of the soft-switching inverter to 

experimentally verify the effectiveness of the proposed approach. 

6.2 The Concept of the Voltage Slew Rate Profiling 

6.2.1 Analysis in Time Domain 

Figure 6.1 illustrates the voltage reflection process and corresponding voltage waveforms 

of the voltage slew rate profiling approach using a bounced diagram, where it assumes the 

rise time of the inverter output voltage 𝑡𝑟 = 4𝑡𝑝, the amplitude is 𝑉𝑑𝑐, and the reflection 

coefficients 𝛤𝑠 = −1 and 𝛤𝑚 = 1, i.e., the voltage pulses experience full reflection at the 

inverter side and motor terminals. 

Referring to Figure 6.1, the rising edge of the inverter output voltage 𝑉𝑠 can be divided into 

four identical voltage segments (𝑉𝑠1, 𝑉𝑠2, 𝑉𝑠3 and 𝑉𝑠4), where the amplitude is 0.25𝑉𝑑𝑐 and 

the rise time is 𝑡𝑝 for each segment. The voltage reflection process can be divided into four 

intervals, as shown in Figure 6.1. 

Interval 1 (𝟎 < 𝒕 ≤ 𝟐𝒕𝒑) At 𝑡 = 0, the first segment of the inverter voltage 𝑉𝑠1 starts to 

propagate from the inverter side to the motor terminals through power cables where the 

inverter voltage 𝑉𝑠1 ramps up from zero to 0.25𝑉𝑑𝑐 within a rise time 𝑡𝑝. At 𝑡 = 𝑡𝑝, the 

leading edge of 𝑉𝑠1 arrives at the motor terminals and experiences a voltage reflection due 

to the characteristic impedance mismatch between the power cable and motor. Meanwhile, 

the second segment of the inverter voltage 𝑉𝑠2 starts to propagate from the inverter side to 

the motor terminals though power cables. At 𝑡 = 2𝑡𝑝, the full voltage 𝑉𝑠1 arrives at the 
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motor terminals and experiences a voltage reflection. Since the reflected coefficient at the 

motor terminals 𝛤𝑚 = 1, the amplitude of the reflected voltage 𝑉𝑚1
−  is 0.25𝑉𝑑𝑐. Therefore, 

after the first voltage reflection interval, the motor terminal voltage rises from 0 𝑉  to 

0.5𝑉𝑑𝑐, as shown in Figure 6.1. 

 

Figure 6.1 A bounced diagram of the voltage slew rate profiling approach. 

Interval 2 (𝟐𝒕𝒑 < 𝒕 ≤ 𝟑𝒕𝒑) After the first voltage reflection, the reflected voltage 𝑉𝑚1
−  

propagates from the motor terminals toward the inverter side. Referring to Figure 6.1, at 

𝑡 = 2𝑡𝑝, the leading edge of 𝑉𝑠2 arrives at the motor terminals and experiences a voltage 

reflection due to the characteristic impedance mismatch between the cable and motor. At a 

time 3𝑡𝑝, the full voltage 𝑉𝑠2 arrives at the motor terminals and experiences a full voltage 

reflection, where the amplitude of the resultant reflected voltage 𝑉𝑚2
−  is 0.25𝑉𝑑𝑐 . 

Therefore, after the second voltage reflection the motor terminal voltage increases from 

0.5𝑉𝑑𝑐 to 𝑉𝑑𝑐, as shown in Figure 6.1. 

It is worth noting that, at 𝑡 = 3𝑡𝑝, the full reflected voltage 𝑉𝑚1
−  arrives at the inverter side 

and experiences a voltage reflection due to the characteristic impedance mismatch between 
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the power cable and inverter. Since 𝑉𝑚1
− = 0.25𝑉𝑑𝑐 and the reflection coefficient at the 

inverter side 𝛤𝑠 = −1, the reflected voltage 𝑉𝑠1
−  is −0.25𝑉𝑑𝑐. Referring to Figure 6.1, at 

𝑡 = 3𝑡𝑝, the third voltage segment 𝑉𝑠3 with an amplitude 0.25𝑉𝑑𝑐 starts to propagate from 

the inverter side to the motor side, the voltage 𝑉𝑠3 will be countered by the reflected voltage 

𝑉𝑠1
− . 

Interval 3 (𝟑𝒕𝒑 < 𝒕 ≤ 𝟒𝒕𝒑 ) At 𝑡 = 4𝑡𝑝 , the full reflected voltage 𝑉𝑚2
−  arrives at the 

inverter side and experiences a voltage reflection due to the characteristic impedance 

mismatch between the power cable and inverter. Since 𝑉𝑚2
− = 0.25𝑉𝑑𝑐 and the reflection 

coefficient at the inverter side 𝛤𝑠 = −1, the reflected voltage 𝑉𝑠2
−  is −0.25𝑉𝑑𝑐. Referring to 

Figure 6.1, at 𝑡 = 4𝑡𝑝, the fourth voltage segment 𝑉𝑠4 with an amplitude 0.25𝑉𝑑𝑐 starts to 

propagate from the inverter side to the motor terminals, the voltage 𝑉𝑠4 will be countered 

by the reflected voltage 𝑉𝑠2
− . 

Interval 4 (𝒕 > 𝟒𝒕𝒑) Referring to Figure 6.1, there is no voltage propagating to the motor 

terminals after 4𝑡𝑝. Therefore, the motor terminal voltage remains constant at 𝑉𝑑𝑐. 

According to the voltage reflection process discussed above, the reflected voltage 𝑉𝑠1
−  

caused by 𝑉𝑠1 is counterbalanced by the third segment of the inverter voltage 𝑉𝑠3 at the 

inverter side, and the reflected voltage 𝑉𝑠2
−  caused by 𝑉𝑠2 is counterbalanced by the fourth 

segment of the inverter voltage 𝑉𝑠4 at the inverter side. After the reflected process, the 

motor terminal voltage remains constant at 𝑉𝑑𝑐. Therefore, the motor terminals will not 

experience overvoltage oscillations when the rise time is set as 4𝑡𝑝. 

Referring to Figure 6.1, the rise time 𝑡𝑟𝑚  of the motor terminal voltage is half of the 

inverter output voltage, i.e., 𝑡𝑟𝑚 = 0.5𝑡𝑟 = 2𝑡𝑝, and the motor terminal voltage 𝑉𝑚 crosses 

the inverter voltage 𝑉𝑠 at the switching rise time midway. It should be noted that this is an 

indicator to judge whether the rise time is the optimum rise time to entirely mitigate the 

motor terminal overvoltage oscillations associated with the voltage reflection. When the 

rise time 𝑡𝑟 is lower than the optimum rise time 4𝑡𝑝, the motor terminal voltage 𝑉𝑚 crosses 

𝑉𝑠 before the midway of 𝑉𝑠. While for the opposite case, i.e., the rise time 𝑡𝑟 is longer than 

the optimum rise time, the motor terminal voltage 𝑉𝑚 crosses 𝑉𝑠 after the midway of 𝑉𝑠. 

Common to both cases, the motor terminal overvoltage oscillations due to the RWP are 

partially mitigated. 
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Although Figure 6.1 only illustrates the voltage slew rate profiling concept at the rising 

switching transition by actively shaping the rise time 𝑡𝑟 = 4𝑡𝑝, the same results can be 

obtained at the falling switching transition when the fall time 𝑡𝑓 = 𝑡𝑟 = 4𝑡𝑝. 

For a given adjustable speed drive system, the motor terminal overvoltage is proportional 

to the inverter voltage, i.e., the excitation source. Therefore, the motor terminal overvoltage 

mitigation mechanism of the voltage slew rate profiling can be further analysed using the 

superposition principle in time domain, as illustrated in Figure 6.2, where the inverter 

output voltage 𝑉𝑠 consists of two identical voltage steps 𝑉𝑠1 and 𝑉𝑠2 with the rise time 𝑡𝑟 

and amplitude 0.5𝑉𝑑𝑐. 

 

Figure 6.2 Overvoltage mitigation mechanism of the voltage slew-rate profiling approach 

in time domain using the superposition principle. 

Referring to Figure 6.2, the two voltage steps 𝑉𝑠1 and 𝑉𝑠2 propagate from the inverter side 

to the motor terminals experiencing voltage reflections due to the characteristic impedance 
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mismatch between the cable and motor in the motor drive system. The inverter output 

voltage 𝑉𝑠 can be given by the two voltages 𝑉𝑠1 and 𝑉𝑠2, as: 

𝑉𝑠 = 𝑉𝑠1 + 𝑉𝑠2 (6.1) 

where, the amplitudes of 𝑉𝑠1 and 𝑉𝑠2 are 0.5𝑉𝑑𝑐. 

Accordingly, the resultant motor terminal voltage 𝑉𝑚 can be given as: 

𝑉𝑚 = 𝑉𝑚1 + 𝑉𝑚2 (6.2) 

where, 𝑉𝑚1 and 𝑉𝑚2 are the consequent motor terminal voltages of 𝑉𝑠1 and 𝑉𝑠2 due to the 

RWP in the motor drive system, respectively. With unity reflection coefficient at the motor 

terminals, the voltage pulses 𝑉𝑠1 and 𝑉𝑠2 experience full voltage reflection once arriving at 

the motor terminals. Therefore, the voltage magnitude of 𝑉𝑚1 and 𝑉𝑚2 is 𝑉𝑑𝑐, i.e., double 

the voltage magnitude of 𝑉𝑠1 and 𝑉𝑠2, while the voltage oscillation frequency is 1 4𝑡𝑝⁄ . 

If the rise times of 𝑉𝑠1  and 𝑉𝑠2  are 2𝑡𝑝 , i.e., 𝑉𝑠2  lags 𝑉𝑠1  by 2𝑡𝑝 , the motor terminal 

overvoltage oscillations caused by 𝑉𝑠1  and 𝑉𝑠2  can be counterbalanced altogether, as 

demonstrated in Figure 6.2. Thus, the amplitude of the motor terminal voltage 𝑉𝑚 is the 

same with the inverter voltage 𝑉𝑠. Therefore, the motor terminals will not experience the 

overvoltage oscillations due to the RWP in the motor drive system. 

6.2.2 Analysis in Frequency Domain 

To reveal the essence of motor terminal overvoltage mitigation mechanism of the proposed 

voltage slew rate profiling approach, a frequency domain analysis is conducted in this 

section. 

The inverter output voltage of one phase-leg with fixed duty cycle can typically be 

represented by a periodic trapezoidal waveform, as shown in Figure 6.3, which is the 

fundamental element to construct the inverter output PWM voltage waveform. Note that 𝐴 

is the amplitude of the trapezoidal waveform, 𝜏 is the average pulse width measured at half 

the pulse amplitude, 𝑇 is the switching period, and 𝑡𝑟 and 𝑡𝑓 are the rise and fall times, 

respectively. For simplicity, the trapezoid shown in Figure 6.3 is assumed to be 

symmetrical (i.e., 𝑡𝑟 = 𝑡𝑓) with a constant duty ratio (𝐷 = 𝜏/𝑇). 
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Figure 6.3 Trapezoidal pulse-train. 

According to the properties of the Fourier series, the trapezoidal waveform illustrated in 

Figure 6.3 can be expressed as: 

𝑉(𝑡) = ∑ 𝑐𝑛𝑒𝑗𝑛𝜔𝑡

𝑛=∞

𝑛=−∞

 (6.3) 

where, 𝜔 is the switching frequency of the PWM waveform and 𝑐𝑛 (𝑛 = 1, 2, 3, … ) is the 

Fourier series coefficient. Note that 𝑐𝑛 can be given in complex exponential form, as [23]: 

𝑐𝑛 = 𝐴𝐷 sinc (
𝑛𝜔𝜏

2
) sinc (

𝑛𝜔𝑡𝑟

2
) 𝑒

−𝑗𝑛𝜔(
𝜏+𝑡𝑟

2
)
 (6.4) 

where, sinc(𝑥) denotes sin(𝑥)/𝑥. 

At the anti-resonance frequency 𝑓𝑜𝑠𝑐  of the cable-motor system, the Fourier series 

coefficient is: 

𝑐𝑛 = 𝐴𝐷 sinc(𝜋𝑓𝑜𝑠𝑐𝜏) sinc(𝜋𝑓𝑜𝑠𝑐𝑡𝑟) 𝑒−𝑗𝜋𝑓𝑜𝑠𝑐(𝜏+𝑡𝑟) (6.5) 

From (6.5), it can be derived that when 𝑡𝑟 = 1 𝑓𝑜𝑠𝑐⁄ , the coefficient 𝑐𝑛 = 0, i.e., at this rise 

and fall times setting there is no voltage component at the cable anti-resonance frequency. 

Therefore, the motor terminal overvoltage oscillations can be entirely mitigated because 

there is no excitation source to produce the resonance at the cable anti-resonance frequency. 

Since the anti-resonance frequency 𝑓𝑜𝑠𝑐 = 1/4𝑡𝑝, the optimal rise and fall times 𝑡𝑟_𝑜𝑝𝑡 for 

the motor terminal overvoltage mitigation can be given as: 

𝑡𝑟_𝑜𝑝𝑡 = 4𝑡𝑝  (6.6) 
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6.3 Simulation Study 

To evaluate the proposed voltage slew rate profiling approach for motor terminal 

overvoltage mitigation, a cable-motor model based on MATLAB/Simulink is built to 

predict the motor terminal overvoltage in the long cable-fed motor drive system at different 

inverter switching rise and fall times, i.e., 𝑡𝑟 = 𝑡𝑝 , 𝑡𝑟 = 3𝑡𝑝 , 𝑡𝑟 = 4𝑡𝑝 , and 𝑡𝑟 = 5𝑡𝑝 , 

respectively. The detailed cable simulation model and its parameters can be found in 

Chapter III. The inverter output voltage is emulated by the PWM voltage pulse-train with 

adjustable rise and fall times. It is worth noting that in order to emulate the worst case of 

the drive system, the motor side is regarded as an open circuit, where the reflected 

coefficient at the motor terminals 𝛤𝑚 = 1, the voltages are fully reflected. The simulation 

results are shown in Figure 6.4. 

  

(a) 𝒕𝒓 = 𝒕𝒑 (b) 𝒕𝒓 = 𝟑𝒕𝒑 

  

(c) 𝒕𝒓 = 𝟒𝒕𝒑 (d) 𝒕𝒓 = 𝟓𝒕𝒑 

Figure 6.4 Inverter and motor voltage waveforms at different rise time setting. In order to 

emulate the worst case of the drive system, the motor side is regarded as an open circuit. 

The cable length lc=10m, the wave propagation time tp = 51ns.  
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In Figure 6.4 (a), the rise time of the inverter output voltage is set as 𝑡𝑝 to show the voltage 

reflection phenomenon at the motor terminals due to the impedance mismatch between the 

cable and motor. As shown, the motor terminals experience significant overvoltage 

oscillations due to the RWP when the rise time equals the wave propagation time (i.e., 𝑡𝑟 =

𝑡𝑝), where the peak motor voltage is 2 pu, the oscillation frequency is 1/4𝑡𝑝. 

With the rise time increasing, the motor terminal overvoltage oscillations can be partially 

or completely mitigated as evidenced in Figure 6.4 (b)-(d). Referring to Figure 6.4 (b), 

when the rise time is increased to triple the wave propagation time, i.e., 𝑡𝑟 = 3𝑡𝑝, the motor 

terminal overvoltage oscillations can be partially attenuated, where the peak motor terminal 

voltage is 1.4 pu, the oscillation frequency remains unchanged at 1/4𝑡𝑝. In Figure 6.4 (c), 

the rise time is set as the optimum rise time, i.e., 𝑡𝑟 = 4𝑡𝑝, the motor terminal overvoltage 

can be completely mitigated with negligible oscillations. However, if the rise time is further 

increased, the motor terminal overvoltage is partially attenuated to 1.25pu as shown in 

Figure 6.4 (d), where the rise time 𝑡𝑟 = 5𝑡𝑝. 

It is worth noting that the voltages cross point of the inverter and motor implies the 

optimum setting of the rise time. Figure 6.4 (b) shows the case that the switching rise time 

are set slower than the optimum rise time (i.e., 𝑡𝑟 = 3𝑡𝑝), the motor terminal voltage 𝑉𝑚 

crosses the inverter voltage 𝑉𝑠 before the midpoint. Oppositely, the motor terminal voltage 

𝑉𝑚 crosses the inverter voltage 𝑉𝑠 after the midpoint, as shown in Figure 6.4 (d). With the 

optimal setting of the rise time (i.e., 𝑡𝑟 = 4𝑡𝑝), the motor terminal voltage 𝑉𝑚 crosses the 

inverter voltage 𝑉𝑠 at the midpoint, as shown in Figure 6.4 (c). 

Figure 6.5 shows the simulation results of the maximum motor terminal voltage variation 

at different rise and fall times, where the rise and fall times are set as integer multiples of 

the wave propagation time. Referring to Figure 6.5, overall, the motor terminal 

overvoltage decreases with the rise time. It is worth noting that there is almost no motor 

terminal overvoltage when 𝑡𝑟 = 4𝑛𝑡𝑝 (𝑛 = 1, 2, 3, … ). This is because at these specific 

rise times, there is no excitation source to produce the resonant at the cable anti-resonance 

frequency, as previously analysed. 
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Figure 6.5 Variation of the maximum motor terminal voltage with the rise time. 

6.4 Implementation of the Voltage Slew Rate Profiling with the 

Auxiliary Resonant Commutated Pole Inverter 

The proposed voltage slew rate profiling can be implemented using soft-switching inverters 

because their output voltage can be actively profiled due to the resonance of the resonant 

circuit in these inverters. In general, the output voltage of the soft-switching inverter is part 

of a sinusoidal waveform due to the resonance in the inverter. 

While several soft-switching inverter topologies have been proposed in literature, they can 

be classified into two categories, i.e., the resonant dc-link inverters (RDCIs) and 

commutated pole inverters (CPIs) [155], [156]. Compared with RDCIs, CPIs are easier to 

control and have higher efficiency where they are more common in literature [68], [69], 

[156]. One example of the CPIs is the ARCPI that was proposed in the 1990s [157]. The 

ARCPI has become a popular soft-switching inverter topology due to its advantages such 

as simple structure, easy to control, and high degree of PWM compatibility [156]. A 

multitude of papers have reported the modelling, control and protection of the ARCPI 

[158]–[165]. 

However, their main focuses are on improving the system efficiency and reliability, the 

profiled 𝑑𝑣/𝑑𝑡 is merely treated as a by-product. In contrast, this PhD work selects the 

ARCPI as a candidate soft-switching inverter topology using its controllable 𝑑𝑣/𝑑𝑡 

characteristic by actively profiling the rise and fall times as 4𝑡𝑝 to implement the voltage 

slew rate profiling approach for motor terminal overvoltage oscillations mitigation. 
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Therefore, this PhD work explores new function of the ARCPI without sacrificing its soft-

switching advantages. 

Figure 6.6 illustrates the circuit diagram of a single-phase SiC-based ARCPI, where it is 

composed of a main branch and an auxiliary branch [68]. As shown, the main branch 

consists of a standard half bridge phase-leg (S1 and S4) and two resonant capacitors (Cr1 and 

Cr4), where Cr1 = Cr4 = Cr. The auxiliary resonant branch is composed of a pair of auxiliary 

switches (S2 and S3) that are in common source configuration, and a resonant inductor (Lr). 

The main branch is interconnected with the auxiliary branch between the dc-bus middle 

point O and the output node A [26]. Note that two clamping diodes (Dc1 and Dc2) are not 

the main part of the ARCPI which are only used to protect the auxiliary switches against 

overvoltage caused by the resonance between the inductor 𝐿𝑟 and the parasitic capacitance 

of the auxiliary switches [68]. The three-phase ARCPI version can be realized by 

employing three phase-legs with the three auxiliary resonant circuits sharing the same dc-

bus middle point O [156]. 

 

Figure 6.6 A single-phase SiC-based ARCPI circuit diagram. 

6.4.1 Principle of Operations 

The ARCPI operation process has been extensively described in literature [26], [68], [156]. 

Here, only the basic operation process will be recalled. 

Figure 6.7 illustrates the turn-ON transitions when the inverter output current 𝑖𝑝ℎ𝑎𝑠𝑒 > 0, 

i.e., the switching commutation process from the bottom main switch S4 to the top main 

switch S1. The waveforms of the gate driver signal, the resonant inductor current 𝑖𝐿𝑟, and 

the inverter output voltage 𝑉𝑝𝑜𝑙𝑒 during the turn-ON transitions are shown in Figure 6.8. 

Note that the auxiliary switch S2 is involved in the commutation process from S4 to S1, 

while the auxiliary switch S3 is involved in the opposite commutation process regardless of 
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the load current polarity. Since the switching commutation process is very short (typical 

within 1μs), the inverter output current 𝑖𝑝ℎ𝑎𝑠𝑒  is assumed to be constant 𝐼𝑝ℎ𝑎𝑠𝑒  in the 

following analysis. 

Referring to Figure 6.7 and Figure 6.8, the turn-ON commutation process can be divided 

into four intervals, i.e., the ramp up interval, resonant interval, soft-switching interval, and 

ramp down interval, which will be analysed in detail in the following part. 

 
 

(a) 𝒕𝟎 ≤ 𝒕 < 𝒕𝟏 (d) 𝒕𝟑 ≤ 𝒕 < 𝒕𝟒 

  

(b) 𝒕𝟏 ≤ 𝒕 < 𝒕𝟐 (e) 𝒕𝟒 ≤ 𝒕 < 𝒕𝟓 

  

(c) 𝒕𝟐 ≤ 𝒕 < 𝒕𝟑 (f) 𝒕𝟓 ≤ 𝒕 < 𝒕𝟔 

Figure 6.7 The turn-ON switching commutation process of the ARCPI when the load 

current is positive. 
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Figure 6.8 The gate signals, the resonant inductor current iLr, and the output voltage Vpole 

during the turn-ON commutation process when the load current is positive. 

Ramp up interval (𝒕𝟏 ≤ 𝒕 < 𝒕𝟑) [Figure 6.7 (b) and (c)] Referring to Figure 6.7 (a), before 

the turn-ON commutation process, the load current flows through the bottom main switch 

S4, the inverter output voltage is 0V. At time 𝑡1, the auxiliary switch S2 is turned-ON as 

shown in Figure 6.7 (b) and Figure 6.8. Since the auxiliary switch S2 is in series with the 

resonant inductor 𝐿𝑟, S2 is turned-ON under zero current switching (ZCS). The resonant 

inductor current 𝑖𝐿𝑟 starts to increase linearly with the voltage 𝑉𝑑𝑐/2 being imposed to the 

resonant inductor 𝐿𝑟, as shown in Figure 6.8. The amplitude of the inductor current can be 

calculated as a function of the resonant inductance 𝐿𝑟, the dc-link voltage 𝑉𝑑𝑐 and the ramp 

up time 𝑡𝑟𝑎𝑚𝑝, as: 

𝑖𝐿𝑟 =
𝑉𝑑𝑐

2𝐿𝑟
𝑡𝑟𝑎𝑚𝑝 (6.7) 

Meanwhile, the bottom main switch current 𝑖𝑆4 decreases at the same rate as (6.7). At time 

𝑡 = 𝑡2, the inductor current 𝑖𝐿𝑟 exceeds the phase current and then continues to ramp up. 

Note that S4 conducts the difference of 𝑖𝐿𝑟 − 𝑖𝑝ℎ𝑎𝑠𝑒, as shown in Figure 6.7 (c).  

When 𝑡 = 𝑡3 , the inductor current reaches to the prescribed trip current 𝐼𝑡𝑟𝑖𝑝_𝑜𝑛 . The 

difference between the trip current and the inverter output current is denoted as the boost 

current 𝐼𝑏𝑜𝑜𝑠𝑡_𝑜𝑛, which is given as: 
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𝐼𝑏𝑜𝑜𝑠𝑡_𝑜𝑛 = 𝐼𝑡𝑟𝑖𝑝_𝑜𝑛 − 𝐼𝑝ℎ𝑎𝑠𝑒 (6.8) 

The boost current is used to counter the power loss in the auxiliary branch and provide 

enough energy for the imminent resonance process which is necessary to guarantee the 

success of the resonance process [156]. The boost current affects the rise and fall times of 

the output voltages for a given ARCPI [166]. 

According to (6.7), for a prescribed 𝐼𝑡𝑟𝑖𝑝_𝑜𝑛, the ramp up time 𝑡𝑟𝑎𝑚𝑝_𝑜𝑛  can be calculated 

as: 

𝑡𝑟𝑎𝑚𝑝_𝑜𝑛 =
2𝐿𝑟𝐼𝑡𝑟𝑖𝑝_𝑜𝑛

𝑉𝑑𝑐
 (6.9) 

Resonant interval (𝒕𝟑 ≤ 𝒕 < 𝒕𝟒) [Figure 6.7 (d)] At time 𝑡3, S4 is turned OFF and the 

resonant inductor 𝐿𝑟 resonates with the two resonant capacitors Cr1 and Cr4 simultaneously. 

Referring to Figure 6.8, during this interval the resonant capacitors Cr1 and Cr4 are charged 

and discharged in a sinusoidal manner, respectively. Therefore, the inverter output voltage 

𝑉𝑝𝑜𝑙𝑒 starts ascending from 0V to the dc-link voltage 𝑉𝑑𝑐 in a resonant manner and then it 

is clamped by the antiparallel diode of the main switch S1 after the time 𝑡4. 

In fact, the resonant interval 𝑡𝑟𝑒𝑠_𝑜𝑛 is the rise time of the output voltage 𝑉𝑝𝑜𝑙𝑒, which can 

be calculated as [156]: 

𝑡𝑟𝑒𝑠_𝑜𝑛 =  
2

𝜔𝑟
𝑡𝑎𝑛−1 (

𝑉𝑑𝑐

2𝑍𝑟(𝐼𝑡𝑟𝑖𝑝_𝑜𝑛 − 𝐼𝑝ℎ𝑎𝑠𝑒)
) (6.10) 

where 𝜔𝑟  and 𝑍𝑟  are the resonant angular frequency and resonant impedance of the 

ARCPI, and are given as: 

𝜔𝑟 = √
1

2𝐿𝑟𝐶𝑟
 (6.11) 

𝑍𝑟 = √
𝐿𝑟

2𝐶𝑟
 

(6.12) 

Therefore, the rise time of the inverter output voltage is determined by the boost current 

and resonant impedance of the ARCPI. Since it makes no sense to change the hardware 

(i.e., 𝐿𝑟 and 𝐶𝑟) of the ARCPI once designed, the rise time can be adjusted by controlling 
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the value of the boost current according to (6.10). A higher boost current would result in a 

shorter rise time. This is because the sinusoids oscillate to more extreme peaks with more 

energy providing to the resonant circuit, the resonance delivers extreme and shorter output 

voltage edges. According to (6.10), when 
𝑉𝑑𝑐

𝐼𝑡𝑟𝑖𝑝_𝑜𝑛−𝐼𝑝ℎ𝑎𝑠𝑒
 keeps fixed, the rising time of the 

output voltage 𝑉𝑝𝑜𝑙𝑒 can remain constant regardless of the dc-link voltage. 

Soft-switching interval (𝒕𝟒 ≤ 𝒕 < 𝒕𝟓) [Figure 6.7 (e)] After 𝑡4, the voltage across the main 

switch S1 is clamped to zero by its antiparallel diode, as shown in Figure 6.7 (e). The 

resonant inductor current decreases in a linear manner since −𝑉𝑑𝑐/2 is applied to 𝐿𝑟. S1 

can be turned on under zero voltage switching (ZVS) before the inductor current reaches 

𝐼𝑝ℎ𝑎𝑠𝑒 again. Therefore, the voltage and current of S1 are completely decoupled with zero 

switching loss theoretically, as shown in Figure 6.8. 

Ramp down interval (𝒕 > 𝒕𝟓) [Figure 6.7 (f)] After 𝑡5, the inductor current 𝑖𝐿𝑟 continues 

to decrease in a linear manner. Once the inductor current reaches zero, the auxiliary switch 

S3 can be turned OFF to complete the switching commutation process. 

Similar switching commutation processes apply to the turn-OFF switching transitions. 

Figure 6.9 shows the waveforms for the turn-OFF commutation process. Note that the boost 

current 𝐼𝑏𝑜𝑜𝑠𝑡_𝑜𝑓𝑓  during the turn-OFF transition is different from that of the turn-ON 

transition, where 𝐼𝑏𝑜𝑜𝑠𝑡_𝑜𝑓𝑓  is given as [26], [68], [156]: 

𝐼𝑏𝑜𝑜𝑠𝑡_𝑜𝑓𝑓 = 𝐼𝑡𝑟𝑖𝑝_𝑜𝑓𝑓 + 𝐼𝑝ℎ𝑎𝑠𝑒 (6.13) 

where, 𝐼𝑡𝑟𝑖𝑝_𝑜𝑓𝑓 is the tripped current for the turn-OFF process. 

The resonant interval of the turn-OFF switching process can be calculated as: 

𝑡𝑟𝑒𝑠_𝑜𝑓𝑓 =  
2

𝜔𝑟
𝑡𝑎𝑛−1 (

𝑉𝑑𝑐

2𝑍𝑟(𝐼𝑡𝑟𝑖𝑝_𝑜𝑓𝑓 + 𝐼𝑝ℎ𝑎𝑠𝑒)
) (6.14) 

According to (6.14), when 
𝑉𝑑𝑐

𝐼𝑡𝑟𝑖𝑝_𝑜𝑓𝑓+𝐼𝑝ℎ𝑎𝑠𝑒
 keeps fixed, the falling time of the output voltage 

𝑉𝑝𝑜𝑙𝑒 can remain constant regardless of the dc-link voltage. 

Overall, all the main switches of the ARCPI achieve ZVS and all the auxiliary switches 

achieve ZCS as analysed in above commutation process. Therefore, there is no switching 
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losses in the ARCPI, theoretically. The voltage and current of the main switches are 

decoupled and the output voltage waveform is smoothed and shaped in a sinusoidal manner. 

t

t
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Figure 6.9 The gate signals, the resonant inductor current iLr, and the output voltage Vpole 

during the turn-OFF process when the load current is positive. 

6.4.2 The Control of the ARCPI 

According to the switching commutation process discussed above, the rise and fall times 

of the inverter output voltage can be actively profiled by controlling how much boost 

current is put into the resonant circuit [156]. There are two classical control methods, i.e., 

the fixed-timing control and variable-timing control [166]. The fixed-timing control keeps 

the ramp-up/down interval fixed, while the variable-timing control varies ramp-up/down 

interval according to the load current throughout the fundamental cycle [26]. 

Figure 6.10 shows the trip current 𝐼𝑡𝑟𝑖𝑝_𝑜𝑛 during the turn-ON transitions for the fixed-

timing control and the variable-timing control when 𝑖𝑝ℎ𝑎𝑠𝑒 > 0 . As can be noticed, 

compared with the fixed-timing control, the variable-timing control has a lower trip current 

because it adjusts the trip current according to the load current in the fundamental cycle. 

This means it would increase the control complexity. On the other hand, the variable-timing 

control has a constant rise time for the inverter output voltage in the fundamental cycle as 

benefits, as shown in Figure 6.11. 

Since the proposed voltage slew rate profiling approach needs to set the rise time of the 

inverter output voltage as the optimum time 4𝑡𝑝 to mitigate the motor terminal overvoltage 
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oscillations, only the variable timing control is suitable to carry out the voltage slew rate 

profiling approach.  

 

Figure 6.10 The trip current for the variable-timing control and fixed-timing control in the 

fundament cycle, where Lr = 2.7μH, Cr = 8.2nF, Vdc = 500V. 

 

Figure 6.11 The resonant interval for the variable-timing control and fixed-timing control 

in the fundament cycle, where Lr = 2.7μH, Cr = 8.2nF, Vdc = 500V. 

6.4.3 Parameters Design 

To verify the voltage slew rate profiling approach for the motor terminal overvoltage 

mitigation, a three-phase ARCPI prototype is designed and built in the laboratory. A case 
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study for a three-phase SiC ARCPI supplying a motor through 12m long, 12 AWG cable 

is considered in this PhD work. Due to the limitation of the laboratory, a 500V, 5kW 

ARCPI prototype is designed. The maximum modulation index is assumed to be 0.83 and 

the power factor is assumed to be 0.88 (inductive), where such a circuit condition leads to 

a maximum load current 𝐼𝑝𝑒𝑎𝑘 = 18 A. Note that there is no physical limitation for the 

maximum modulation index, i.e., the modulation index is just related to the load current 

level. For the 12m long, 12 AWG cable length, the wave propagation time 𝑡𝑝 is about 73 

ns. The wave propagation time can be determined using the methods presented in the 

Appendix.  

Figure 6.12 illustrates the design flow diagram. As shown, the flow diagram consists of 

five processes, where it begins with the key parameters defining such the dc-link voltage, 

the required output power rating, and cable parameters. 

 

Figure 6.12 A The flow chart for the ARCPI design. 

1) Selection of the rise/fall times 

To mitigate the motor terminal overvoltage at both rising and falling edges, the rise time 

and fall times are designed to be the optimum rise and fall times 4𝑡𝑝, i.e., 𝑡𝑟 = 292 ns. 

2) Selection of the trip current 
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According to the switching commutation process, the auxiliary switches experience the 

highest current stress in the ARCPI. The maximum current in the auxiliary branch 𝐼𝑎𝑢𝑥_𝑝𝑘 

is calculate, as [156]: 

𝐼𝑎𝑢𝑥_𝑝𝑘 = 𝐼𝑝𝑒𝑎𝑘 + √(
𝑉𝑑𝑐

2𝑍𝑟
)

2

+ (𝐼𝑡𝑟𝑖𝑝_𝑜𝑛 − 𝐼𝑝𝑒𝑎𝑘)
2
 (6.15) 

The amplitude 𝐼𝑎𝑢𝑥_𝑝𝑘 indicates the devices’ current stress and power loss in the auxiliary 

branches during the switching commutation process. According to (6.15), a larger trip 

current and small resonant impedance leads to higher current stress for the auxiliary 

switches and causes higher conduction loss in the auxiliary branches. Thus, a smaller trip 

current and larger resonant impedance 𝑍𝑟 are recommended for the design to reduce the 

switching devices’ current stress and the power loss in the auxiliary branches. 

According to (6.10) and (6.14), to achieve the same rise and fall times for the output 

voltage, the following condition should be satisfied: 

𝐼𝑡𝑟𝑖𝑝_𝑜𝑛 − 𝐼𝑝ℎ𝑎𝑠𝑒 =  𝐼𝑡𝑟𝑖𝑝_𝑜𝑓𝑓 + 𝐼𝑝ℎ𝑎𝑠𝑒 (6.16) 

Since 𝐼𝑡𝑟𝑖𝑝_𝑜𝑛 ≥ 0 and 𝐼𝑡𝑟𝑖𝑝_𝑜𝑓𝑓 ≥ 0, the minimum boost current can be achieved when 

𝐼𝑡𝑟𝑖𝑝_𝑜𝑓𝑓 = 0 at the maximum load condition 𝐼𝑝𝑒𝑎𝑘. Therefore, the minimum boost current 

can be given as: 

𝐼𝑏𝑜𝑜𝑠𝑡_𝑜𝑛 = 𝐼𝑏𝑜𝑜𝑠𝑡_𝑜𝑓𝑓 =  𝐼𝑝𝑒𝑎𝑘 (6.17) 

3) Selection of the resonant circuit parameters 

Figure 6.13 shows the relationship between the resonant capacitance 𝐶𝑟  and resonant 

inductance 𝐿𝑟 when the rise time 𝑡𝑟 = 292𝑛𝑠. As can be noticed, 𝐶𝑟 decreases with 𝐿𝑟, 

i.e., the resonant impedance 𝑍𝑟 increases with the resonant inductance 𝐿𝑟. Since a larger 

𝑍𝑟 can reduce the maximum current in the auxiliary branch 𝐼𝑎𝑢𝑥_𝑝𝑘, a larger inductance is 

recommended for the design. However, a larger inductance results in longer ramp up time 

which may limit the maximum switching frequency and reduce the dc-link utilization ratio. 

Considering the trade-off between the maximum current in the auxiliary branch and the 

total duration for the switching process, the maximum ramp up time 𝑡𝑟𝑎𝑚𝑝_𝑜𝑛 is set as 

400ns. 
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According to (6.7), the resonant inductance can be designed as: 

𝐿r =
𝑉dc𝑡ramp_on

4𝐼phase_max
 (6.18) 

Therefore, when 𝑡ramp_on = 400ns, the resonant inductance is 𝐿r = 2.7 μH. 

Substituting the optimum rise time 𝑡𝑜𝑝𝑡  = 292 𝑛𝑠 and 𝐼𝑏𝑜𝑜𝑠𝑡_𝑜𝑛 = 18 A, 𝐿r = 2.7 μH into 

(6.10), results in 𝐶𝑟 = 9.2 nF. Due to the availability of the capacitor, the capacitance of 

8.2 nF is selected. Note that, the resonant circuit parameters are designed under the ideal 

conditions. The resonant interval is affected by the parasitic resistance in the resonant 

circuit and the turn-ON and turn-OFF delay of the switches [156] . Therefore, the boost 

current should be tuned to get the designed rise and fall times during the experiment. 

Therefore, the parameters of the ARCPI are shown in Table 6.1 

 

Figure 6.13 The relationship between the resonant capacitance Cr and resonant inductance 

Lr for the designed rise time. 

Table 6.1 The ARCPI parameters. 

Symbol Value 

Resonant inductance (𝐿𝑟) 2.7 μH 

Resonant capacitance (𝐶𝑟) 8.2 nF 
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6.5 Experimental Verification 

6.5.1 Experimental Set-up 

In order to prove the effectiveness of the proposed soft-switching voltage slew rate 

profiling, a three-phase SiC-based ARCPI is used to supply a motor through a long cable, 

as shown in Figure 6.14. It worth noting that the magnetic flux is confined in the semi-

closed slot region and no flux links the rotor at the high frequency region [167], [168]. 

Therefore, there is no significant difference for the characteristic impedance between the 

stator and the standard motor at the high frequency region [168]. Henceforth, only the stator 

winding is employed to perform the experimental study. The main parameters of the motor 

are given in Table 6.2. 

 

Figure 6.14 Experimental setup. 

The resonant parameters of the ARCPI are shown in Table 6.1, which is designed according 

to the process present in Section 6.4.3. The SiC MOSFETs (C2M0040120D from 

Wolfspeed) are driven using gate drivers with -5/+15V driving voltage, 25 Ω gate 

resistance. The gate drivers are implemented with an isolated DC/DC converter 

(MGJ2D051500SC, input: 5V output: -5/+15V), an optocoupler (ACPL-W484), and a 

driver (IXDN609SI). Note that the gate driver is an existing driver in the laboratory that 

the author used for the experimental work. The driving voltage can also be -5/+20V to 

achieve better performance for the MOSFETs (C2M0040120D). The main parameters of 

the cable are given in Table 6.3. 

The experimental results obtained under the ARCPI are compared with the hard-switching 

inverter, and the hard-switching inverter + RLC 𝑑𝑣/𝑑𝑡 filter. The hard-switching inverter 
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can be easily realized by disabling the auxiliary branches of the ARCPI. Figure 6.15 shows 

the circuit schematic of the hard-switching inverter + RLC 𝑑𝑣/𝑑𝑡 filter, where the filter is 

installed at the inverter output node. The filter parameters (𝐿𝑓, 𝐶𝑓, and 𝑅𝑓) are shown in 

Table 6.4, which are designed using the method presented in [133]. 

Table 6.2 The motor parameters. 

 Symbol Value Symbol Value 

Motor 
Motor type Induction motor  Pole number 4 

Phase number 3 Power rating  2.2kW 

Table 6.3 The cable parameters. 

 Symbol Value 

Cable 

length (𝑙𝑐) 12 m 

Cable gauge 12 AWG 

Cable per meter inductance (𝐿𝑐) 0.26 μH 

Cable per meter capacitance (𝐶𝑐) 104.7 pF 

 

Table 6.4 The dv/dt filter parameters. 

 Symbol Value 

𝑑𝑣/𝑑𝑡 

filter 

Filter inductance (𝐿𝑓) 2.7 μH 

Filter capacitance (𝐶𝑓) 22 nF 

Filter damping resistance (𝑅𝑓) 25 Ω 

 

 

Figure 6.15 The RLC filter for SiC-based adjustable speed drives. 



 

Waveform Shaping to Combat the Motor Terminal Overvoltage: Soft-Switching Voltage Slew Rate (𝒅𝒗/𝒅𝒕) Profiling 

125 

 

Figure 6.16 The flow chart of the variable-timing control method for the ARCPI. 
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The inverter is controlled by a control board which consists of a DSP (TI TMS320F28335), 

an FPGA (XILINX XC3S400), and two ADCs (AD7667), as shown in Figure 6.14. The 

ARCPI is modulated using the variable-timing control method, as shown in Figure 6.16. It 

should be noted that the ramp up/down times and the auxiliary time are calculated in the 

DSP, where the ramp times is calculated using (6.9) based on the instantaneous measured 

load current. The auxiliary time is the total commutation time. Both the ARCPI and hard-

switching inverter are modulated with 50 Hz and 20 kHz as the fundament and switching 

frequencies, respectively. To protect the stator and limit the maximum load current, the dc-

link voltage is set as 300 V. 

6.5.2 Experimental Results 

Figure 6.17 compares the experimental results in the fundamental cycles when the motor 

is supplied by the hard-switching inverter, the hard-switching inverter + 𝑑𝑣/𝑑𝑡 filter and 

the ARCPI, respectively. Note that 𝐼𝑎 and 𝐼𝑏 are the phase currents measured at the inverter 

output nodes A and B, 𝑉𝑠 and 𝑉𝑚 are the line voltages measured at the inverter side and 

motor terminals, respectively. 

Referring to Figure 6.17 (a), there is a significant overvoltage at the motor terminals due to 

the RWP when the motor is supplied by the hard-switching inverter, where the maximum 

overvoltage is about 2.0 pu. In addition, there are high-frequency harmonics of the inverter 

output current. This is because the high 𝑑𝑣/𝑑𝑡 of the PWM voltage pulses charges and 

discharges the power cable parasitic capacitance during the switching transient, resulting 

in high spike currents. 

With the adoption of the 𝑑𝑣/𝑑𝑡 filter, the motor terminal overvoltage can be limited within 

1.35 pu, as shown in Figure 6.17 (b). Although the 𝑑𝑣/𝑑𝑡 filter can effectively attenuate 

the motor terminal overvoltage, it results in the highest output current at the inverter side 

among the three inverters. The reason is that besides the load current, a large spike current 

flows through the 𝑑𝑣/𝑑𝑡 filter during the switching transients. This can be proved in Figure 

6.18, where it shows the inverter output current 𝐼𝐴 measured at the inverter output node, 

the corresponding load current 𝐼𝑙𝑜𝑎𝑑 measured at the filter output node, the inverter output 

voltage 𝑉𝑠 and the filter output voltage 𝑉𝑓 for one switching cycle. It should be noted that 

to clearly show the additional current caused by the 𝑑𝑣/𝑑𝑡 filter, the experimental result 

shown in Figure 6.18 is captured when the load current is closed to zero. 
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Referring to Figure 6.18, the inverter output current is much higher than the load current 

for both the turn-ON and turn-OFF transients. Since the 𝑑𝑣/𝑑𝑡  filter leads to higher 

inverter output current, the inverter power loss will be accordingly increased. Furthermore, 

the filter results in additional power loss, deteriorating the system’s power efficiency. It is 

worth noting that the inverter output current of the hard-switching inverter + 𝑑𝑣/𝑑𝑡 filter 

can be reduced using a larger inductance. However, it would reduce the effective voltage 

applied to the motor because the voltage drops across the 𝑑𝑣/𝑑𝑡 filter are proportional to 

the filter inductance, i.e., a larger inductance leads to higher voltage drops. Considering the 

trade-off between the current flowing through the 𝑑𝑣/𝑑𝑡 filter and the resultant voltage 

drops across the filter, the inductance is selected as 2.7 μH. 

In contrast, the motor terminal overvoltage can be entirely attenuated when the ARCPI is 

adopted, as shown in Figure 6.17 (c), where the rise and fall times are set as the optimum 

time 4𝑡𝑝 in the fundamental cycle. Compared with output currents of the hard-switching 

inverter in Figure 6.17 (a) and the output currents of the hard-switching inverter + 𝑑𝑣/𝑑𝑡 

filter in Figure 6.17 (b), the output current of the ARCPI is the cleanest. This is because the 

ARCPI is a soft-switching inverter with slowed and smoothed output voltages, as analysed 

in the above section. It should be noted that both the 𝑑𝑣/𝑑𝑡 filter and the ARCPI can 

effectively mitigate the motor terminal overvoltage because the rise and fall times of the 

voltage feeding to the motor are prolonged. This will be analysed in detailed in the 

following section. 

Figure 6.19-Figure 6.21 shows the experimental results for one switching cycle when the 

motor is supplied by the hard-switching inverter, the hard-switching inverter + 𝑑𝑣/𝑑𝑡  

filter and the ARCPI, respectively. Referring to Figure 6.19 (a), the motor terminal voltage 

oscillates in a damped manner when the motor is supplied by the hard-switching inverter, 

where the maximum motor terminal voltage is about 1.95 pu for both the rising and falling 

edges. The motor terminal overvoltage is due to the RWP caused by the high 𝑑𝑣/𝑑𝑡 and 

the impedance mismatch in the motor drive system, as previously analysed. The extended 

view of this switching cycle showing how the motor terminal voltage oscillations during 

the rising and falling transitions are given in Figure 6.19 (b) and (c), respectively. Note that 

the time delay between the inverter output voltage 𝑉𝑠 and the motor terminal voltage 𝑉𝑚 is 

the wave propagation time from the inverter side to the motor terminals. 
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(a) 

 

(b) 

 

(c) 

Figure 6.17 Experimental results of the phase currents and line voltage at the inverter sides 

and motor terminals for two fundamental cycles when the motor is supplied by (a) the hard-

switching inverter and (b) the hard-switching inverter + dv/dt filter and (c) the ARCPI. 
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Figure 6.18 The load current Iload, the inverter output current IA, the inverter output voltage 

Vs and the filter output voltage Vf during the switching transient for the hard-switching 

inverter + dv/dt filter. 

 

(a) one switching cycle view 

  

(b) extended view at rising transitions (c) extended view at the falling transitions. 

Figure 6.19 Inverter and motor voltages when the motor is supplied by the hard-switching 

inverter.  
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Figure 6.20 shows the experimental results for one switching cycle when the motor is 

supplied by the hard-switching inverter + 𝑑𝑣/𝑑𝑡 filter, where the voltages are measured at 

the inverter output node, the filter output node, and the motor terminals. Referring to Figure 

6.20 (a), with the adoption of the 𝑑𝑣/𝑑𝑡 filter, the inverter output voltage 𝑉𝑠 is slowed as 

𝑉𝑓 for both rising and falling edges, where the rise and fall times are about 400ns. However, 

the filter output voltage is a bit higher than that of the inverter, which is about 1.32 pu. The 

motor terminal overvoltage is limited to 1.35 pu due to the prolonged rising and falling 

edges of 𝑉𝑓. This is highlighted in Figure 6.19 (b) and (c) showing the extended view during 

the rising and falling edges, respectively. 

 

(a) one switching cycle view 

  

(b) rising transitions (c) falling transitions 

Figure 6.20 Inverter output voltage Vs, the filter output voltage Vf and motor voltage Vm 

when the motor is supplied by the hard-switching inverter + dv/dt fitler. 

With the adoption of the ARCPI, Figure 6.21 shows the ARCPI and motor terminal 

voltages for one switching cycle. Since the ARCPI is operated under the variable timing 

control, the rising and falling time of the output voltage of the inverter remains fixed as 4𝑡𝑝 
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regardless of the load current. Referring to Figure 6.21 (a), the motor terminal overvoltage 

oscillations are completely attenuated due to the prolonged rise/fall times of the output 

voltage. The enlarged view during the rising and falling edges for this switching cycle is 

shown in Figure 6.21 (b) and (c), respectively. It worth noting that the inverter voltage 𝑉𝑠 

equals 𝑉𝑚 at the midway.  

 

(a) one switching cycle view 

  

(b) extended view at rising transitions (c) extended view at the falling transitions. 

Figure 6.21 Inverter and motor voltages when the motor is supplied by the ARCPI. 

Comparing Figure 6.20 with Figure 6.21, while the rise and fall times for both inverters are 

set as the optimum value, i.e., 4𝑡𝑝, the motor terminal overvoltage is partially mitigated 

when the motor is supplied by the hard-switching inverter + 𝑑𝑣/𝑑𝑡 filter. This is because 

the output voltage of the hard-switching inverter + 𝑑𝑣/𝑑𝑡 filter is slightly higher than that 

of the ARCPI, as shown in Figure 6.20. 

Figure 6.22 shows the inverter and motor terminal voltages when the rise and fall times of 

the inverter output voltages are longer than the optimum time, where Figure 6.22 (a) and 
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(b) show the rising and falling edges of the output voltage of the ARCPI, respectively. As 

shown, the motor terminal overvoltage is partial mitigated for both rising and falling edges, 

where the maximum motor terminal voltage is about 1.33 pu. It is worth noting that the 

inverter voltage output voltage 𝑉𝑠 equals the motor terminal voltage 𝑉𝑚 after the midway. 

 

(a) view at the rising edge 

 

(b) view at the falling transitions 

Figure 6.22 Inverter and motor voltages when the rise and fall times are faster than the 

optimum value. 

Besides the motor overvoltage mitigation, the soft-switching voltage slew rate profiling 

approach inherits the advantages of the ARCPI including EMI performance improvement 

and switching loss reduction, as evidenced in Figure 6.23-Figure 6.26. 

Figure 6.23 shows the rising edge of the output voltage 𝑉𝑝𝑜𝑙𝑒 of the ARCPI under different 

dc-link voltage, where the dc-link voltage is set as 100V, 200V and 300V, respectively. As 
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shown, while the dc-link varies, the rising time of the output voltage 𝑉𝑝𝑜𝑙𝑒 of the ARCPI 

keeps fixed.  

 

Figure 6.23 The rising edge of the output voltage of the ARCPI at different dc-link 

voltage. 

Figure 6.24 compares the frequency spectrum of the motor terminal voltage when the motor 

is supplied by the hard-switching inverter and the ARCPI. As can be noticed, while at the 

low frequency region, both inverter shows similar frequency spectrum, the ARCPI exhibits 

less frequency harmonics content above 1MHz than the hard-switching inverter. This is 

because the output voltages of the ARCPI have smoother and longer edges, as shown in 

Figure 6.21, than that of the hard-switching inverter, as shown in Figure 6.19. Specifically, 

compared with the hard-switching inverter, the ARCPI can achieve about 20 dB frequency 

harmonic attenuation at 1MHz. In addition, the high frequency voltage oscillations due to 

the RWP in the motor drive system, further deteriorates the EMI performance of the hard-

switching inverter. For example, the protuberances of the frequency spectrum at 2.7 MHz 

are caused by the high frequency overvoltage oscillations, as shown in Figure 6.19, while 

the ARCPI can successfully attenuate it, as shown in Figure 6.24. 



 

Waveform Shaping to Combat the Motor Terminal Overvoltage: Soft-Switching Voltage 

Slew Rate (𝒅𝒗/𝒅𝒕) Profiling 

 

134 

 

 

 

Figure 6.24 Frequency spectrum of the motor voltage using the hard-switching inverter and 

the ARCPI. 

Figure 6.25 shows the switching device’s voltage and current during the switching 

transient, where Figure 6.25 (a) and (b) show the experimental result for the hard-switching 

inverter and the ARCPI, respectively.  

Referring to Figure 6.25 (a), the switching device’s voltage and current of the hard-

switching inverter are coupled, yielding substantial switching losses during the switching 

transients. However, the device’s voltage and current of the ARCPI are decoupled during 

the switching transients which can reduce the switching loss, as shown in Figure 6.25 (b). 

Therefore, the ARCPI would have a higher system efficiency than the hard-switching 

inverter theoretically. 

Figure 6.26 compares the efficiency of the ARCPI and the hard-switching inverter + 𝑑𝑣/𝑑𝑡 

filter. Note that the efficiency calculation has been performed while connecting an RL load 

to the inverter through long cables, where the load resistance 𝑅𝑝ℎ𝑎𝑠𝑒 = 11𝛺 and the load 

inductance 𝐿𝑝ℎ𝑎𝑠𝑒 = 5𝑚𝐻. The motor is replaced with the RL load because the motor 

stator consumes very small active power which cannot reflect the efficiency at different 

power level. 
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(a) 

 

(b) 

Figure 6.25 The device current and voltage during the turn-off switching transients of (a) 

the hard-switching converter and (b) the ARCPI. 

Owing to the output current and voltage have a very high 𝑑𝑣/𝑑𝑡  and high frequency 

oscillations, the conventional method using a power analyser to measure the power 

efficiency is inaccurate. Therefore, high bandwidth voltage and current probes are used to 

measure the accurate current and voltage waveforms and to calculate the power efficiency. 

Since the efficiency are measured under same conditions, the experimental error caused by 

the measurement equipment should be the same for the ARCPI and the hard-switching 

inverter + RLC 𝑑𝑣/𝑑𝑡 filter. Note that other measurement such as the calorimeter can be 

used to improve the improve the measurement accuracy.  
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Figure 6.26 The efficiency at different load conditions. 

 

The differential voltage probes (TA042, 100MHz, 1kV) from Pico Technology and the 

current probe (N2783A, 100MHz, 30A) from Agilent Technologies are utilised for the 

voltage and current measurement. The results are recoded using the bandwidth and high 

sampling rate oscilloscope HD08000 (1GHz, 2.5-GSa/s) from Teledyne LeCroy. To ensure 

the measurement accuracy, all the probes are calibrated, i.e., all the channels are de-skewed 

and the offset is compensated before the measurement. The efficiency η is calculated by 

measuring the three-phase load voltages (𝑣𝑎, 𝑣𝑏, and 𝑣𝑐) and currents (𝑖𝑎, 𝑖𝑏, and 𝑖𝑐), and 

the dc link voltage 𝑉𝑑𝑐 and current 𝐼𝑑𝑐 for one fundamental cycle (𝑇). The efficiency can 

then be expressed as: 

𝜂 =
∫ 𝑣𝑎𝑖𝑎

𝑇

0
+ ∫ 𝑣𝑏𝑖𝑏

𝑇

0
+ ∫ 𝑣𝑐𝑖𝑐

𝑇

0

𝑉𝑑𝑐𝐼𝑑𝑐𝑇
 (6.19) 

Referring to Figure 6.26, the ARCPI has higher efficiency than the hard-switching inverter 

+ 𝑑𝑣/𝑑𝑡  filter, where the maximum efficiency of the ARCPI is about 99%, while the 

maximum efficiency of the hard-switching inverter + 𝑑𝑣/𝑑𝑡 is about 95%. The ARCPI 

exhibits higher efficiency at different power range because the ARCPI can mitigate the 

switching loss of the main switching devices, as evidenced in Figure 6.25. For the hard-

switching inverter + 𝑑𝑣/𝑑𝑡 filter, the filter causes higher current for the inverter, as shown 

in Figure 6.18, which increases the power loss for the hard-switching inverter. Moreover, 

the filter itself contributes with additional power loss to the system. 
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6.6 Conclusion 

This chapter has proposed a soft-switching voltage slew rate profiling approach to mitigate 

the motor terminal overvoltage oscillations due to the RWP in SiC-based long cable-fed 

motor drive system. A general idea of overvoltage oscillations mitigation mechanism in the 

motor drive system has been discussed in both time domain and frequency domain. The 

effectiveness of the proposed soft-switching voltage slew rate profiling approach has been 

experimentally verified with the SiC ARCPI long cabled-fed motor drive system. The 

conclusions of this chapter are the following: 

• Besides the characteristic impedance mismatch between the cable and motor, the 

rise and fall times of the PWM voltage pulses feeding to the motor drive system 

affect the motor terminal overvoltage oscillations. Generally, for a given cable 

length the maximum motor terminal overvoltage decreases with larger rise and fall 

times. 

• The motor terminal overvoltage oscillations can be entirely attenuated when the 

rise and fall times of the PWM voltage pulses are set as integer multiples of the 

cable-motor’s anti-resonance period, i.e., 4𝑛𝑡𝑝. Note that 4𝑡𝑝 is denoted as the 

optimum rise and fall times for the motor terminal overvoltage mitigation. 

• The philosophy used to tackle the overvoltage issue is eliminating the excitation 

source for the overvoltage oscillations by shaping the voltages feeding to the drive 

system, i.e., the component of the excitation source at the anti-resonance frequency 

of the cable-motor system is zero. Since there is no excitation source to cause the 

overvoltage oscillations, the motor terminal overvoltage oscillations can be 

entirely mitigated. 

• In addition to the motor overvoltage mitigation, the proposed soft-switching 

voltage profiling approach inherits the characteristics of the soft-switching inverter 

such as lower EMI and higher power efficiency, compared with the conventional 

hard-switching inverter counterpart. 

 

 





 

Conclusion and Potential Future Work 

139 

Chapter 7  

Conclusion and Potential Future 

Work 

7.1 Thesis Summary 

This PhD thesis has systematically investigated the RWP in inverter-fed motors with fast-

switching WBG converters and proposed the active waveform shaping techniques to 

mitigate the motor terminal overvoltage without compromising the benefits of WBG 

devices. This thesis consists of both theoretical analysis and detailed experimental 

verification. The four research objectives set out in Chapter 1 have been met. 

Chapter 2 reviewed existing research literature relating to the PhD work. The limitations 

of existing literature and research opportunities have been identified. 

Chapter 3 and Chapter 4 thoroughly investigated the RWP in WBG based cable-fed motor 

drive system. Chapter 3 has investigated the RWP in both time domain and frequency 

domain. The relationship between the time domain and frequency domain of the RWP has 

been revealed, which is the foundation for developing active waveform shaping techniques 

including the Q3L PWM and the voltage slew rate (𝑑𝑣/𝑑𝑡) profiling to mitigate motor 

terminal overvoltage oscillations. Chapter 4 has investigated the motor terminal 

overvoltage oscillations in a three-phase motor drive system, considering the impacts of 

parasitic capacitance of the switching devices and load current during the switching 

transitions. Also, the analysis has been experimentally verified in this chapter. 

Chapter 5 developed the Q3L PWM scheme for motor terminal overvoltage mitigation. 

The essence of the overvoltage mitigation mechanism of the Q3L PWM scheme has been 

investigated in both time domain and frequency domain for the first time. The impact of 

parasitic capacitance of switching device in SiC T-type inverter on the motor terminal 

overvoltage mitigation has been analysed and experimentally verified. Furthermore, the 

Q3L PWM has been extended to the module-parallel inverter which can mitigate the motor 

terminal overvoltage as well as extend the switching devices current capacity. In addition, 
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the SiC T-type inverter and module-parallel inverter has been built to experimentally 

implement the Q3L PWM scheme. 

Chapter 6 has proposed the soft-switching voltage slew rate (𝑑𝑣/𝑑𝑡) profiling to mitigate 

the motor terminal overvoltage. The essence of overvoltage mitigation mechanism of the 

voltage slew rate profiling have been investigated in both time domain and frequency 

domain for the first time. The ARCPI has been built to experimentally verify the 

effectiveness of the proposed approach. 

7.2 Conclusions 

The key conclusions associated with the research objectives are summarised as: 

Research Objective 1: Gain deep understanding of the RWP and crystallize the underlying 

cause of motor terminal overvoltage oscillations in cable-fed motors using fast-switching 

SiC inverters, providing the foundation for developing overvoltage mitigation techniques 

through active waveform shaping. 

• The motor overvoltage oscillations are due to the RWP in the long cable-fed motor 

drive system, caused by the high steep voltage (high 𝑑𝑣/𝑑𝑡) PWM pulses and the 

impedance mismatch in the motor drive system. Three typical motor overvoltages 

can be observed, i.e., the CM overvoltage between each phase and ground at the 

motor terminals, the DM overvoltage between phases at the motor terminals, and 

the CM overvoltage between the netrual point and ground at the motor neutral 

point. 

• The overvoltage oscillation frequency can be obtained by the wave propagation 

time 𝑡𝑝 in the cable or the anti-resonance frequency of the motor drive system. In 

fact, the motor overvoltage oscillations are due to the resonance in the motor drive 

system caused by an excitation source. 

• The motor overvoltage oscillations are more common and severe in SiC-based 

cable-fed motor drive system due to the fast-switching speed. With switching 

frequency and modulation index increasing, the motor terminal overvoltage would 

exceed two times the inverter voltage.  

Research Objective 2: Investigate the impact of parasitic of switching devices on motor 

terminal overvoltage in cable-fed motors using SiC inverters. 
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• The conventional method using the DPT to investigate the RWP is not precise 

enough to reveal the actual case. It may overestimate or underestimate the motor 

terminal overvoltage oscillations. The motor terminal overvoltage shows non-

uniform distribution due to the rise and fall times of the output voltage of SiC-

based inverters varies in different current region. 

• The switching cycles, where the rise and fall times of the inverter output voltage 

are affected by the load current and parasitic capacitance of the switching devices. 

When the phase currents have the same polarity, the motor terminal overvoltage is 

only affected by the adopted gate resistance and the switching devices’ 

characteristics. Whereas, when phase currents have different polarities, the motor 

terminal overvoltage is affected either by the gate resistance and the switching 

devices’ characteristic or the load current value and device parasitic capacitance.  

Research Objective 3: Address the motor terminal overvoltage oscillations due to the RWP 

in motor drive system at source by using the active waveform shaping technique, i.e., quasi-

three-level (Q3L) PWM scheme. 

• The motor terminal overvoltage oscillations can be significantly attenuated when 

the rise and fall times of the PWM voltage pulses are shaped as Q3L PWM with 

the dwell time 𝑡𝑑𝑤𝑒𝑙𝑙 = 2𝑡𝑝. 

• The essence of the overvoltage mitigation mechanism of the Q3L PWM scheme is 

eliminating the excitation source for the overvoltage oscillations by actively 

shaping the voltages feeding to the drive system, i.e., the component of the 

excitation source at the anti-resonance frequency of the cable-motor system is zero. 

Since there is no excitation source to cause the overvoltage oscillations, the motor 

terminal overvoltage oscillations can be significantly mitigated.  

• The parasitic elements of the switching devices and load current may adversely 

affect the ability of the Q3L T-type converter to mitigate the motor terminal 

overvoltage oscillations in certain cases, due to the variation in the switching rise 

and fall times.  

• The proposed Q3L module-parallel inverter can generate the Q3L PWM voltage 

for the motor terminal overvoltage oscillations mitigation as well as elevate the 

current capacity of switching devices. 
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Research Objective 4: Address the motor terminal overvoltage oscillations at source using 

the active waveform shaping technique, i.e., soft-switching voltage slew rate (𝑑𝑣/𝑑𝑡) 

profiling without compromising the benefits of SiC devices. 

• Besides the characteristic impedance mismatch between the cable and motor, the 

rise and fall times of the PWM voltage pulses feeding to the motor drive system 

affect the motor terminal overvoltage oscillations. Generally, for a given cable 

length the maximum motor terminal overvoltage decreases with the rise and fall 

times of the PWM voltage pulses. 

• The motor terminal overvoltage oscillations can be entirely attenuated when the 

rise and fall times of the PWM voltage pulses are set as integer multiples of the 

cable-motor’s anti-resonance period, i.e., 4𝑛𝑡𝑝. Note that 4𝑡𝑝 is denoted as the 

optimum rise and fall times for the motor terminal overvoltage mitigation. 

• The philosophy used to tackle the overvoltage issue is eliminating the excitation 

source for the overvoltage oscillations by shaping the voltages feeding to the drive 

system, i.e., the component of the excitation source at the anti-resonance frequency 

of the cable-motor system is zero. Since there is no excitation source to cause the 

overvoltage oscillations, the motor terminal overvoltage oscillations can be 

entirely mitigated. 

• In addition to the motor overvoltage mitigation, the proposed soft-switching 

voltage profiling approach inherits the characterises of the soft-switching inverter 

such as lower EMI and higher power efficiency, compared with the conventional 

hard-switching inverter counterpart.  

7.3 Future Work 

While this PhD work has successfully mitigated the motor terminal overvoltage due to the 

RWP in SiC based cable-fed motor drive system, there are several other interesting topics 

and potential future work need to be carried out to fully use WBG devices in adjustable 

speed drive systems.  

7.3.1 Evaluation of Waveform Shaping Techniques on Motor Stator Winding Voltage 

Distribution 

It is well established in literature that in inverter-fed motor drive systems, the fast-switched 

PWM voltage pulses result in non-uniform voltage distribution within motor stator 

windings. This overstress is further exacerbated when long power cables are used to 

connect the inverter to the motor. This PhD work has successfully attenuated the motor 
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terminal overvoltage using active waveform shaping techniques. The voltage stress on the 

stator winding can be alleviated. However, how these overvoltage mitigation techniques 

affect the voltage distribution within the motor stator windings is still unknow. The 

systematically evaluation of the uneven voltage distribution within stator windings using 

different active waveform shaping techniques should be conducted. 

7.3.2 Mitigation of Motor Neutral Point Overvoltage Oscillations 

In addition to the motor terminal (CM and DM) overvoltage oscillations, the motor neutral 

point also experiences overvoltage oscillations. The motor neutral point overvoltage 

oscillations arise from the propagation of the voltage pulses through the motor winding 

itself which emulates the same effect of long cables. Since the motor neutral point is 

normally floating, the inverter CM voltage pulses travelling through the motor winding 

encounter an infinite impedance (open circuit) between the neutral point and ground. The 

mismatch between the motor CM impedance and the neutral-to-ground infinite impedance 

causes the inverter CM voltage pulses to experience voltage reflection at the motor stator 

neutral point. This results in overvoltage that externally manifests at the motor neutral-to-

ground voltage with peak voltage stress at the coils close to the neutral point. This 

overvoltage phenomenon is characterized by an oscillatory response at the motor winding 

antiresonance frequency which depends on the motor geometry and stator winding 

connection. The neutral point overvoltage oscillations also significantly affect the lifetime 

of the motor drive system. However, this issue has been scarcely addressed in literature 

with no adequate investigation of appropriate mitigation strategies. To improve the 

reliability and lifetime of the motor drive system, the motor neutral point oscillation should 

be mitigated. 

7.3.3 Evaluation of Partial Discharge Activity  

The overvoltage stress on the motor stator winding reduces the lifetime of the motor 

because when the voltage stress across the motor stator windings exceeds the PD Inception 

Voltage (PDIV), it would increase the possibility to incept PDs. Therefore, the overvoltage 

stress across motor winding turns accelerates the winding insulation aging through 

inception of PDs that progressively yield to the degradation and local heating of organic 

coatings of random-wound motor coils. However, to the best of the auther’s knowledge, 

how the proposed active waveform shaping techniques affect the PD activity of the motor 

is still unknown. Therefore, further work can be conducted to systematically evaluate the 

PD activities with/without motor overvoltage mitigation techniques. 
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Appendix 1 

Cable Parameter Measurement 

Method 

A1.1 Cable per Meter Capacitance (𝑪𝒄) and Inductance (𝑳𝒄) 

In general, the cable’s 𝐿𝑐 and 𝐶𝑐 are not listed in the datasheet. These parameters can be 

extracted from the short-circuit and open-circuit impedance measurements. Figure A1.1 

illustrates the measurement schematics, where Figure A1.1(a) and (b) show the 

measurement schematic for short-circuit and open-circuit, respectively. 

Figure A1.2 shows the impedance for 1m sample cable, where Figure A1.2 (a)and (b) show 

the impedance for short-circuit and open-circuit, respectively. 𝐿𝑐 can be determined from 

the 20dB/decade slope of short-circuit impedance as shown in Figure A1.2 (a). Whereas, 

𝐶𝑐 can be determined from the -20dB/decade slope of open-circuit impedance as shown in 

Figure A1.2 (b). 

 

(a) 

 

(b) 

Figure A1.1 Measurement schematic for cable (a) short-circuit impedance and (b) open-

circuit impedance. 
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(a) 

 

(a) 

Figure A1.2 Measurement schematic for cable (a) short-circuit impedance and (b) open-

circuit impedance. 

 

A1.2 Wave Propagation Time Calculation 

In addition to calculating wave propagation time according to the cable’s 𝐿𝑐 and 𝐶𝑐, the 

wave propagation time can be obtained using the experimental methods. 

A1.2.1 Method I 

Using an oscilloscope to measure the propagation delay between the incident voltage 

(inverter voltage 𝑉𝑠) and the resultant voltage (motor terminal voltage 𝑉𝑚). Since the time 

shift is the wave propagation time (𝑡𝑝), the ideal rise time can be calculated as 4𝑡𝑝. Note 

that this method can be used in the lab before the deployment of the drives since the inverter 

and the motor are usually placed in separated location in real applications, where it is 
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difficult to measure the inverter voltage and the motor voltage at the same time. In general, 

the long cable is looped together to calculate the wave propagation time due to the limited 

space in the lab. In fact, there is no significant difference between the looped cable and 

straight cable. 

Figure A1.3 compares the experimental results for the long cable-fed motor drive system 

when the cable is looped and not looped, where 𝑉𝑚−𝑟𝑖𝑛𝑔 𝑐𝑜𝑖𝑙𝑒𝑑 𝑐𝑎𝑏𝑙𝑒 and 𝑉𝑚−𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 𝑐𝑎𝑏𝑙𝑒 

are the motor voltage using the ring coiled (looped) cable and straight cable, respectively. 

As shown, the wave propagation time 𝑡𝑝 does not vary too much for the two cases.  

 

Figure A1.3 The voltages of the inverter and motor when the cable is straight and looped. 

 

A1.2.2 Method II 

Measuring the cable’s first anti-resonance frequency, which corresponds to 1/4𝑡𝑝 , as 

shown in Figure A1.4, then the optimal time can be calculated. Note that the cable’s first 

anti-resonance frequency can be obtained by measuring its common mode (CM) impedance 

using an impedance analyzer. Figure A1.5 shows how to measure the CM impedance, 

where Figure A1.5 (a) and (b) show the single-phase and three-phase cases, respectively. 

Referring to Figure A1.5 (a), for the single-phase case, the live and neutral terminals are 

shorted-circuited into a common terminal from both ends while the cable CM impedance 

is obtained by measuring the impedance between the common terminal and the cable earth 

wire in open-circuit configuration. Referring to Figure A1.5 (b), for three-phase case, the 

equivalent CM circuit is formed as a two-port network with the paralleled three-phase and 

ground wire. Therefore, the CM impedance can be obtained by measuring the impedance 

of the two-port network in open-circuit configuration, as shown in Figure A1.5 (b). 
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Figure A1.4 The CM impedance of ring-coiled cable and straight cable. 

 

 

 

(a) 

 

(b) 

Figure A1.5 Cable CM impedance measurement schematic for (a) single phase case and (b) 

three-phase case.. 

 

 


