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ABSTRACT 

Inverters are widely utilized in electric vehicle (EV) applications as a major 

voltage/current source for onboard battery chargers (OBC) and motor drive systems. The 

inverter performance is critical to the efficiency of EV system energy conversion and 

electronics system electro-magnetic interference (EMI) design. However, for AC systems, 

the bandwidth requirement is usually low compared with DC systems, and the control 

impact on the inverter differential-mode (DM) and common-mode (CM) performance are 

not well investigated.  With the wide-band gap (WBG) device era, the switching capability 

of power electronics devices drastically improved. The DM/CM impact that was brought 

by the WBG device-based inverter becomes more serious and has not been completely 

understood. 

This thesis provides an in-depth analysis of on-board inverter control strategies and 

the corresponding DM/CM impact on the EV system. The OBC inverter control under 

vehicle-to-load (V2L) mode will be documented first. A virtual resistance damping method 

minimizes the nonlinear load harmonics, and a neutral balancing method regulates the 

unbalanced load impact through the fourth leg. In the motor drive system, a generalized 

CM voltage analytical model and a current ripple prediction model are built for 

understanding the system CM and DM stress with respect to different modulation methods, 

covering both 2-level and 3-level topologies. A novel CM EMI damping modulation 

scheme is proposed for 6-phase inverter applications. The performance comparison 

between the proposed methods and the conventional solution is carried out. Each topic is 

supported by the corresponding hardware platform and experimental validation. 
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 INTRODUCTION 

 Background of Electric Vehicles 

1.1.1 EV Overview 

Benefiting from advances in battery technology, evolved automotive industry, 

electric grid automation, and artificial intelligent (AI)-driven autonomous techniques, the 

global electric vehicle (EV) adoption expanded significantly over the last decade. 

Supportive policies and technological advances have been evoked and proposed 

continuously for the EV market. Figure 1.1 shows the global EV stock statistics from IEA 

[1]. EV sales surged by an annual average of 60% in the 2014-19 period, with 7.2 million 

in 2019.  

According to the U.S. Bureau of Transportation Statistics [2], in 2020, EV sales 

had a fifth consecutive year of growth, as well as the demand. Multiple underlying reasons 

contribute to the tremendous development of the EV market, including traditional 

carmakers markets contracted, purchase subsidies policy for buying renewable energy 

vehicles, and growing consumer expectations of novel technology enhancement and new 

models.  

In addition, EVs are widely believed to be the solution that meets the environmental 

goals of reducing air pollution and addressing climate change. It is claimed that EVs could 

displace oil demand of 2 million barrels a day as early as 2023. Considering the growing 

energy crisis gradually becomes a consensus, the transportation electrification prospects 

are bright and optimistic.  
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Figure 1.1: Global electric car stock, 2010-19 [1]. 
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As shown in Figure 1.2, the typical electric structure of EVs could be generally 

divided into several parts: on-board charger (OBC), high-voltage battery, DC subsystem, 

motor drive system, and high-power propulsion motor. In OBCs and motor drive systems, 

the two major onboard power conversion devices, the inverters determine how EV interacts 

with the three-phase AC grid and three-phase AC motors.  As EVs are becoming a part of 

the power grid, the EV battery chargers should have the capability of ensuring the power 

quality of the grid [3, 4]. Meanwhile, to compete with traditional vehicles, the EV 

powertrain system should be upgraded with a higher power capability, smaller footprint, 

and longer durability. All the featured characteristics of EVs are highly determined by the 

power converter design, more specifically, the inverter. As the interface between AC and 

DC system, on the OBC side, the inverter plays the role of the power conversion and 

transfer between grid and DC bus or even forms its local grid during the power grid outage. 

On the motor drive side, the inverter determines the vehicle propulsion status and affects 

the motor lifespan if inappropriately designed or controlled. Therefore, the EV inverter 

design and control are crucial for the whole industry's advancements. 

1.1.2 EV Charger  

As the “fuel station” of EVs, the chargers are the key feature of EVs compared with 

traditional vehicles. During the development of charging techniques, the charger is 

specified into three categories: Level-1 (L1), Level-2 (L2), and DC fast charging (DCFC). 

L1 is slow charging (3.5-6.5 miles of driving range per hour charging) that is oriented to a 

long-time charging scenario (at home or work). L2 is considerably faster than L1 (14-35 

miles of driving range per hour charging), but must be installed in a charging station, which  
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Figure 1.2: Power electronics structure in an EV. 
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is the replacement of a traditional gas station. L1 and L2 charging use a universal connector 

(standard J1772 or Tesla connector) that can be plugged into any EV.  DCFC provides the 

fastest charging speed (up to 100 miles of driving range per half-hour charging) with a 

high-voltage DC connection, say 480 V DC. Mostly commonly used DCFC examples are  

CHAdeMO, CCS Combo, and Tesla Supercharger [5].  

Driven by the ambitious EV market development, the charging infrastructure 

construction and electric powertrain design become the major topics in EV-related 

applications, projects, and research. Figure 1.3 shows the SAE and Tesla charging 

infrastructure distribution in the U.S. as of May 2021 [6].  At the national level, there are 

25,000 DCFC and 98,000 L2 charging plugs available in the U.S., for a total of 123,000 

charging plugs. Despite the low installation in areas with a low population, the significant 

efforts and progress that have been made over the past decades in terms of charging stations 

indicate the new era of EVs has come.  

In addition, EV’s role has changed to be more than a vehicle to serve the travel 

demand. The battery property determines that the EVs can act as a distributed energy 

source. Considering the grid side demand, the OBC should be designed to have the ability 

for the grid-paralleled operation, outdoor usage, and household electricity supply during 

the blackout. The inverter in the EV charger must be specifically designed for flexibly 

dealing with multiple operation modes, such as grid-to-vehicle (G2V), vehicle-to-grid 

(V2G), vehicle-to-home (V2H), and vehicle-to-load (V2L). EVs in the future will be more 

like distributed energy storage units than only loads [7]. These features of EV operation 

modes provide new approaches for efficient and flexible energy utilization [8].  
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(a)

(b)  

Figure 1.3: Charging network comparison in the U.S.  

(a) SAE, (b) Tesla [6]. 
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1.1.3 EV Motor Drive System 

Across all sectors, electric motors account for approximately 40% of total U.S. 

electricity demands [9]. As EVs are developing, such a percentage is only going to be 

continuously rising. Different from traditional petrol vehicles, the EV propulsion system is 

dependent on the EV motor drive system. Many types of motors can be used to drive the 

vehicle, for example, DC motor (DCM), induction motor (IM), and permanent magnet 

synchronous motor (PMSM).  

For EV applications, the motor drive system design is required to have features like 

high power density, high efficiency in full operation range, high reliability, low cost and 

high torque in the low-speed range, constant power operation, and fast dynamic response. 

A conventional motor drive system for high-power applications is usually bulky and 

occupies significant space.  

With the trend of wide bandgap (WBG) devices, the efficiency and power density 

could be further boosted. According to Onsemi’s study, WBG devices, as the next 

generation of semiconductor devices, are featured in high-performance power conversion, 

thereby, are also promising in EVs. Figure 1.4 illustrates how WBG devices complement 

Si devices as well as offer new capabilities for power electronic applications [10]. EV 

traction and charging are the next target areas. 

However, WBG devices increase switching frequency/speed to the motor, causing 

additional problems, such as electromagnetic interference (EMI) issue. If Si devices are 

replaced by WBG devices in all power conversion applications, the high switching 

frequency and high turn-on/off-speed (dv/dt) enabled by WBG devices could increase  
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Figure 1.4: WBG Application roadmap in different power conversion scenarios [10]. 
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common-mode (CM) noise emission in the system. Appropriate solutions are needed to 

limit CM EMI in power converters employing WBG devices. Otherwise, a larger CM EMI 

filter might be needed, which will ruin the benefits that WBG devices bring to the system 

in terms of size and volume reduction.  

Meanwhile, high voltage batteries became popular in EVs due to the benefit of 

faster charging and reduced loss. In [11], a comparison has been made between multiple 

EVs and traditional petrol-driven vehicles in terms of inter-city travel. As shown in Figure 

1.5, to have comparable travel time as petrol-driven vehicles, it is required to have a charger 

power of higher than 400 kW. With extreme fast charging techniques, the output voltage 

should be at least 800 V [12].  The high DC-link voltage not only enables the extremely 

fast charging but also leads to a smaller motor current for higher efficiency and smaller 

cables [13]. However, such high voltage blocking capability is critical to the device from 

both performance and cost points of view, because the high voltage switch is usually costly 

and lossy.  

One solution is the multilevel technique, given a multilevel system not only lowers 

the device voltage stress but also enhances the output power quality due to the finer 

waveform composition compared with the traditional 2-level system. 

 Research Objectives and Approaches 

1.2.1 Motivation 

Based on the introduction above, the onboard inverters for EV applications shall 

have the following features. 
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Figure 1.5: Intercity travel from Salt Lake City to Denver [11]. 
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(1) On the charger side, the inverter should be able to be operated in a vehicle-to-

load (V2L) mode to supply the external load, including dealing with unbalanced 

load for power quality control. 

(2) On the motor drive side, the inverter-caused common-mode (CM) noise should 

be reduced or eliminated. 

With the focus on the on-board inverter power quality and CM EMI performance 

regulation, this dissertation studies the effective methods for unbalanced load control and 

characterizes and improves the system CM EMI performance. The research explores the 

enhancement of onboard inverter performance and stimulates more related research in this 

area. 

1.2.2 Strategy 

To evaluate the V2L mode performance, three aspects need to be considered.  

(1) the topology selection, which needs to have the capability of both single-phase 

and three-phase operation modes.  

(2) Stabilize the DC-link when suppling the external loads.  

(3) The unbalanced load regulation method. 

To study the common-mode voltage (CMV) reduction method in a motor drive 

system, three aspects are noted.  

(1) Compare different schemes that could reduce the CMV. 

(2) Analytically characterize the CMV with respect to different modulation 

schemes.  

(3) Develop CMV reduction method in a multi-phase and multi-level structure. 
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 Dissertation Organization 

The dissertation is organized as follows:  

Chapter 1 introduces the research background, corresponding objectives, and 

challenges.  

Chapter 2 reviews the research activities in the corresponding areas including three-

phase inverter power quality control, motor drive method, and CM EMI reduction, as well 

as multiphase inverter development.  

Chapter 3 investigates the V2L mode operation for a three-phase inverter in an OBC 

as well as the power quality control method.  The DC-link capacitor voltage balancing, and 

unbalanced load control method will be introduced. 

Chapter 4 characterizes the CMV for a three-phase motor drive system based on 

the mathematical model with double Fourier integral (DFI). With the proposed CMV 

model, the performance of different CMV reduction PWMs will be compared. 

Chapter 5 extends the inverter to a six-phase level with a novel CMV cancellation 

method. The modulation range covers from the linear range to the overmodulation range. 

Chapter 6 validates the feasibility of the proposed CMV prediction model in the 3-

level system under different 3-level modulation schemes. The corresponding CM and DM 

performances are investigated and compared. 

Chapter 7 summarizes the accomplished work and contributions, as well as the 

detailed future work. 
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 LITERATURE REVIEW 

This chapter reviews the state-of-the-art of EV charger power quality control and 

EV motor drive system CM mitigation methods from multiple approaches, such as 

topologies, algorithms, and filters. Opportunities and challenges exist in these topics. 

 EV Charger Power Quality Control 

2.1.1 EV and Distributed Energy Resources 

EVs have been exhibiting a rapid development in the transportation industry, which 

is considered to operate at high efficiency thereby high miles per gallon. These promising 

features make EVs commercially competitive. In addition, as the substitution of fuel, EV 

batteries have a massive energy storage capacity, which could potentially be utilized as 

distributed energy sources or backup power supply for households or outdoor usage [7]. 

For example, recently, the recreational vehicle made by Ford Motor Company has applied 

this technology to provide electricity for various electric appliances. 

When operated under the V2L mode, the EV creates autonomous microgrids, which 

face challenges when operated under unbalanced and nonlinear loads. Different from the 

grid-tied application, the load voltage and frequency are not supported by the utility grid. 

The unbalanced voltage is rich in harmonics, which could cause severe problems on the 

devices, for example, load current vibration, over-voltage, overheating, etc. [14]. 

The existing power quality control and unbalanced load methods can be generally 

categorized into 3 types, active power filters, inverter topologies, and control techniques. 

Each of these methods will be reviewed in the next section. 



 

14 

 

2.1.2 General Approaches for Unbalanced Load Compensation  

2.1.2.1 Active Power Filter 

Theoretically, the caused low power quality problems could be damped by using 

active power filters (APFs) to compensate for the negative sequence and harmonic voltage 

[15]. There are three different approaches to categorize APFs, i.e., based on topology type, 

converter type, and phase (wire) count. 

As shown in Figure 2.1, the topology-based APF is categorized into the shunt APF 

(ShAPF), series APF (SeAPF), and hybrid APF (HAPF). APFs reduce the negative 

sequence harmonic voltage caused by the system resonance [16], which improves the 

terminal voltage quality of electrical utilities because of the high voltage utilization rate, as 

well as the high reactive power compensation to avoid voltage drop. However, installing 

APFs for each EV will be heavy and costly.  

2.1.2.2 Inverter Topology 

Instead of installing APFs, the topology selection and the corresponding control 

strategies for unbalanced load compensation are preferred. Most inverters have the neutral 

connected to the ground for safety concerns, where the zero-sequence current could 

circulate in the system. To eliminate the zero-sequence current, a Δ-Y transformer [17] or 

zigzag transformer [18] could be used as shown in Figure 2.2 and Figure 2.3. However, 

line frequency transformers are usually too heavy and costly to be desired in general 

applications. 

Different from the three-leg three-wire system, the four-wire structure offers more 

freedom. The fourth wire is connected from the neutral point to the middle point of the split  

 



 

15 

 

 

Figure 2.1: Topology-based APF. 

(a) ShAPF, (b) SeAPF, and (c) HAPF [15]. 

 

 

Figure 2.2: Structure of the converter-fed, islanded microgrid [17]. 

 

 

Figure 2.3: Schematic diagram of wind–hydro hybrid system [18]. 
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DC-link capacitors (three-leg four-wire) or the middle point of the additional phase leg 

(four-leg four-wire). These two types of four-wire topologies are shown in Figure 2.4.  

In the three-leg four-wire system, each leg could be controlled as three single-phase 

half-bridge inverters independently [19]. Therefore, the adjustment of each phase with 

SPWM will be straightforward and accordingly to the slightly unbalanced load. However, 

under severe unbalanced and nonlinear load, a large neutral current will flow through the 

neutral path and result in a perturbation in the control loop. Another issue of such a 

structure is the voltage unbalance of the two large DC-link capacitors connected in series 

[20].  

In [21], a three-phase inverter with split DC-link capacitors is proposed. Two three-

phase inverter topologies are proposed. As shown in Figure 2.5, one is with split DC-link 

capacitors, and another is with a neutral leg connection to the ground through a neutral 

inductor. For the split DC-link capacitors, the structure is simple, but the capacitance will 

be impractically high as all the neutral current will flow through the DC-link capacitors, 

especially under the unbalanced load, not to mention the likely neutral point shifting issue. 

For the neutral leg inverter, the neutral point is stabilized, and the voltage utilization rate 

is around 15% higher. However, the additional phase leg cannot be controlled 

independently to sustain the neutral point, which results in much-complicated control 

schemes, such as 3D space vector modulation [21-23].  

One concept is that the two topologies could be further combined to form a new 

topology. Inspired by this, as shown in Figure 2.6, reference [24] realizes the classical 

control of the combined topology. A simple controller modeling and design is proposed. 

The neutral point control is decoupled from the three-phase inverter. References [25] and 
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Figure 2.4: Three-phase topologies. 

Left: With split DC-link Capacitors, Right: With the four-leg. 

 

 

Figure 2.5 Three-phase Inverter neutral structure. 

Left: With Split DC-link Capacitors, Right: With a neutral leg [21]. 

 

 

Figure 2.6 Neutral point connection method of three-phase inverters. 

Left: 4-wire with split DC-link, Middle: 4-leg converter, Right: 4-leg 4-wire [24]. 
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[26] pointed out that even though we can use a three-phase four-leg inverter by simply 

adding one more bridge, the fourth leg is high-frequency operated. As a zero-sequence path 

is provided, the caused CM EMI noise will appear. Though for V2L, the CM noise is not 

the main concern.  

In [27], another discussion on the combination of the split dc-link and the fourth 

leg is performed as shown in Figure 2.7. A 9 kW three-phase four-wire inverter is designed 

with a split DC-link capacitor and neutral inductor. The optimized neutral inductor and 

filter inductor are proposed. The output voltage closed-loop control in the αβ0 frame is 

presented to suppress the 3rd order harmonics. However, the light load performance was 

not mentioned. In addition, the filter inductor is 3 mH and the neutral inductance is 2.8 mH, 

still relatively large due to the low-switching frequency. 

2.1.2.3 Unbalanced Load Control Strategies 

In this section, various control strategies aiming at unbalanced load compensation 

are described. Different compensation characteristics are achieved.  

For all three-phase structures, one general control strategy is symmetrical-

component-based.  This strategy originated from the symmetrical sequence decomposition 

[28]. According to the superposition principle, for any three-phase power system under 

both balanced and unbalanced conditions, the three-phase phasors could be formulated as 

a linear combination of three symmetrical sets of phasors through a complex linear 

transformation. One set of phasors has the same phase sequence as the original system 

(positive sequence), the second set has the reverse phase sequence (negative sequence), 

and the third set has the phasors in phase with each other (zero-sequence). As a result, three  

 



 

19 

 

 

 

Figure 2.7: Three-phase four-wire inverter with split DC-link capacitors. 

Top: Topology, Bottom: Control block diagrams [27]. 
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unbalanced phasors are converted into three independent phasor sets, which simplifies 

the asymmetric load analysis. 

In the conventional control strategy, the voltage and current are decomposed into 

dq0 components in a rotating reference frame. Under a balanced load, the d/q components 

are DC constants, and the 0 component is zero. Under an unbalanced load, the double line 

frequency disturbance will appear as the negative sequence in the d and q components 

while the zero sequence stays stationary.  

In [29], to control a four-leg inverter, a symmetrical sequence decomposition-based 

control method is proposed to independently regulate the output voltage and current. In the 

dq0 frame, each component is controlled accordingly as DC components [30]. According 

to the symmetrical component decomposition, the unbalanced voltage and current are 

decomposed into three sets of sequences, then transferred into the dq0 frame.  Through this 

process, the independent control is realized for three different sequences. As shown in 

Figure 2.8, the first channel controls the positive sequence of voltages and currents in a 

positive frame. The second channel regulates the negative sequence of voltages and 

currents in a negative frame. The third channel still compensates for the zero sequence 

components in a negative frame, which is realized by 120˚ spatially displacement of the 

zero-sequence [31]. Finally, the conventional PI controller is utilized in the voltage and 

current control loops. 

In [32], a load unbalance compensator (LUC) is proposed to control a three-phase 

four-leg inverter as shown in Figure 2.9(a). When unbalanced currents occur in the 

standalone microgrid, the corresponding unbalanced current is injected into the loads for 

compensation. With ABC/dq0 transformation, the positive and negative current sequences 
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Figure 2.8: Control strategy of a 4-leg inverter with symmetrical components [29]. 

 

 

 

Figure 2.9: A three-phase 4-leg inverter with the unbalance compensator. 

Top: Topology, Bottom: Control algorithm [32]. 
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of the unbalance current have AC harmonics in the dq reference frame. As shown in Figure 

2.9(b), this could be extracted with a low pass filter. PI controllers are used to eliminate dq 

current components. A feed-forward loop considering grid voltage and inductance voltage 

is applied to improve the steady-state and dynamic performance. 

Compared with coordinates transformation, which controls the three-phase as one 

reference, regulating each phase as an independent reference is also possible and more 

straightforward. Such a method is named the per-phase control method. As each phase 

voltage and current are controlled independently, each phase should have a common 

reference point, therefore, it is only valid in the three-phase four-wire inverters, where 

there’s a neutral line.  

Some recent research literature on V2L includes the fuzzy logic control in V2L 

applications [34] which introduces the priority of charging and discharging when using EV 

batteries to support the grid. Bidirectional V2G and V2L chargers are proposed in [35], as 

shown in Figure 2.10(a), a single-phase battery charger diagram with bi-directional 

capability. By scanning a sine table as the reference voltage, a voltage mode controller is 

designed by adjusting the duty-cycle value of the PWM modulator. In [36], a similar 

topology is proposed but with two types of AC output standards (120 V for normal 

households and 240 V for heavy-duty loads) by a split-phase transformer. As shown in 

Figure 2.10(b), by controlling the phase-leg A and B with two identical capacitor current 

loops, where each current loop owns a voltage outer loop with a PR controller. Each current 

loop output will control one half-bridge while the neutral branch is switching with a 50% 

duty cycle. However, such a control strategy is simple but vulnerable to electric faults, 

further fault analysis and system dynamic response are not performed. In addition, the 
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Figure 2.10: Bidirectional charger topologies. 

Top: Single-phase bidirectional converter, 

Bottom: Three-phase bi-directional charger [40, 41]. 
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single-phase structure has limited power supply capacity and flexibility to external load 

supply. 

Digital filtering is one important solution to secure power quality. A notch filter, 

also known as virtual damping, has been studied by many publications. In [33], the author 

presents a control technique suitable for AC generators by adding a virtual bleeding resistor. 

As well as a repetitive-based voltage harmonics abatement to enhance the quality of the 

output voltage. Reference [34] based on the standalone voltage-source inverter (VSI) with 

an LC filter, applied a virtual resistor in the system to damp resonance and enhance the 

quality of the output voltage. However, there is no analysis for the three-phase unbalanced 

load. The dynamic performance is not addressed either. To suppress harmonics of the 

output voltage and current, a notch filter is widely used in inverter applications, which was 

initially implemented in [35], where genetic algorithms have been adopted to fine-tune the 

notch filter. In [36], a novel active damping control strategy with a notch filter is proposed 

and the design method of notch parameters is also given. In [37], the adaptive notch filter 

was used only for decomposing the current of nonlinear loads into harmonics, active, and 

reactive current. Reference power generation by an inverter under ideal grid voltages using 

an adaptive notch filter (ANF) is presented in [38]. Chilipi et al. in [39] proposed the notch 

filter-based control scheme for reference power generation and power quality control, 

which is not vulnerable to grid voltage distortions and can always ensure clean and 

balanced grid current. The control scheme is shown in Figure 2.11, where an ANF is 

inserted to the positive and negative sequence control loop. Again, the question remains on 

how to apply notch filters in V2H/V2L mode, especially in the unbalanced load condition. 

Which is less addressed and is one of the scopes of this dissertation. 
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Figure 2.11: ANF control diagram. 

(a) ANF, (b) ANF-based positive and negative sequence components extractor [39]. 
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 Motor Drive System and CMV Mitigation 

2.2.1 Motor Drive System and the Origin of CMV 

As the heart of EVs, the motor drive system has to operate in a harsh environment 

with the humidity of up to 85% and the ambient temperature ranging from -40 and 135 °C 

[42]. With a high driving duty cycle, wide constant-power range, and high torque density, 

the motor lifetime is critical. As a major cause of motor lifetime shortening, CMV in 

electric drives generates leakage current, which consequently results in EMI problems, 

power loss, and damage to motor insulation.  

A three-phase voltage source inverter (VSI) is commonly used in AC motor drive 

systems, driving permanent magnet synchronous motors (PMSMs) or induction motors 

[43]. A conventional 2-level three-phase inverter-fed motor drive system containing 6 

switches (S1~S6) with two complementary switches per leg is shown in Figure 2.12.  

The motor case and the middle point of the DC-link are typically grounded to the 

chassis for safety [44]. Between the AC neutral and grounding chassis, the parasitic 

capacitor (Cs) and the cable-to-ground parasitics provide the path for the CM current 

(CMC). Thus, the CM noise is a type of electrical noise that has been induced by power 

electronics converters with respect to the reference ground [45]. Ever since the PWM 

inverter is implemented in variable-speed motor drives (VSD), the CM EMI issue drew a 

lot of attention due to the significant EMI emission and negative effect on the motor drive 

system [46, 47]. It becomes only worse with the fast-switching WBG devices. In a 

conventional 2-level drive system, the CMV could be generally formulated as:  
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Figure 2.12: Three-phase two-level VSI motor drive system. 
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  ��� = (��� + ��� + ���)/3 (2.1) 

The CMV contains a number of harmonic components. These CM components not 

only lead to signal distortion in the local system but also interfere with other devices 

through common ground and cause disturbance [48]. In the motor drive system, the shaft 

voltage resulting from the CMV source can problematic. A shaft current path in the motor 

system is shown in Figure 2.13. Typically, the motor bearings are oil-lubricated, which has 

insulation between the shaft and bearings. However, in the high-voltage application, 

especially in the motor starting process, if the lubricant film has not well covered the 

bearings, the shaft voltage will break down the film and generate significant-high current. 

Due to the small metal contacting surface between bearings and shaft, the current density 

is high enough to partially damage and melt the surface, the spilled high-temperature 

melted bearing alloy will cause a series of small pits on the inner surface of the bearing 

rings, thereby wearing the mechanical structures and subsequently causing the insulation 

failure and shortening the motor lifetime, also known as premature failures.  

As WBG devices gradually become the alternatives for Si devices, the operating 

frequency also inevitably increases to achieve better power density and efficiency. 

However, the increased EMI issue is also coming with it. To meet the strict EMC 

regulations to be compatible with complex electronics systems in EVs and prolong the 

motor lifetime, plenty of work has been done on the CM noise mitigation techniques in the 

past 30 years. Some of which have been widely recognized and implemented in industrial 

applications. The existing CM noise (CMN) mitigation methods for the DC-fed motor drive 

can be generally classified into 5 categories: CM filters, gate drive techniques, modulation 

schemes, inverter topologies, and PCB layout, as organized in Figure 2.14. 
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Figure 2.13: Motor shaft current path. 
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Figure 2.14: CM EMI noise mitigation methods categorization. 
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2.2.2 General Approaches for CM EMI Mitigation 

2.1.2.1 CM Filters 

CM filters are widely adopted in most power electronics converters to alleviate the 

CM EMI issue [49-54]. The typical solution is to install CM choke and Y-capacitor in the 

CM path to adjust the CM impedance, thereby providing CMC re-distribution or 

attenuation. As a result, less noise will appear on the motor side or EMI measurement parts 

(e.g., line impedance stabilization network (LISN)). 

Generally, there are two types of CM filters: passive CM filters and active CM 

filters. Passive CM filters, just as the name implies, consist of passive components. The 

basic passive components are CM inductors (also known as CM choke), CM capacitors 

(also known as Y-cap), and CM transformers. Figure 2.15 gives the general circuit diagram 

of each component. 

By using the combination of the CM filter components, various CM filter 

topologies are created. The most conventional topology with CM filter implemented for 

motor drives is as shown in Figure 2.16 [55, 56]. There are two CM filters, one on the DC- 

and the other on the AC side, respectively. Between the DC input and DC bus, the LC-type 

CM filter could help to attenuate the DC-side CMN on the LISN to meet the required 

standard. A three-phase CM choke is installed in the AC line to reduce the CMC flowing 

through the three-phase path and motor. 

Figure 2.16 shows the single-stage CM filter insertion. In reality, according to 

specific EMI standards, the CM filter could be two or three stages. With different 

combinations, the multi-stage filters can be named C-, LC-, LCL-, or LCLC-type.  
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Figure 2.15: Circuit diagram of three major passive CM filters.   

Left: CM inductor, Middle: CM capacitor, Right: CM transformer. 

 

 

Figure 2.16: Typical motor drive system with CM filters incorporated [56]. 
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Passive CM filters are quite easy to implement and design, as well as exhibit high 

reliability [57]. However, CM filters are all inserted in the power flow path, which will 

inevitably undertake the same power stress as the inverter and motor. This will not only 

generate significant losses but also result in bulky and heavy passive components. 

Generally, the properly designed CM filter will still take up 10% - 25% of the overall motor 

drive system volume [44, 58, 59]. Therefore, although WBG devices enable higher system 

operating frequency and reduce the size of the passive components, the increased CMN 

also requires a larger CM filter, discounting the benefits of system size shrinking enabled 

by WBG devices and imposing a significant penalty on the system power density. 

As for active CM filters, different from passive CM filters, active CM filters not 

only contain passive components but also have semiconductor devices [60-62]. Such a 

combination is a promising approach to overcome bulky passive filters because the stop 

frequency of passive filters should be set as high as needed to secure a wide range of EMI 

filtering. Figure 2.17 show the implementation of feedforward type voltage-detecting and 

current-detecting active CM filters respectively.  

In the voltage-detecting type, the stepped-down CMV is detected on the AC line 

through a voltage divider. The detected voltage is then fed to a class-AB amplifier with 

diode biasing, which is designed with a unity gain, i.e., a voltage follower. The advantages 

of such voltage detection are high efficiency and low crossover distortion. The amplified 

voltage signal is received by a voltage CM transformer (CMT), with its secondary winding 

in series connected in the DC loop. Therefore, with a proper design of the voltage-divider 

ratio and CMT turns, the CMV can be canceled out by injecting an opposite signal in the 

CM path. The disadvantage of this implementation is mainly concerned with high voltage  
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Figure 2.17: Implementation of feedforward CM noise voltage cancellation [62]. 

Top: CM voltage cancellation, Bottom: CM current cancellation. 
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applications, where the primary winding of the CMT can be very big to avoid the large 

magnetizing current, while the secondary side winding inductance will also be large due to 

the high turn ratio of the CMT. As a result, the size and weight of the CMT will be 

significant. In the current-detecting type, the CMC is detected on the DC line through a 

current CMT, the sampled current will generate a voltage drop on the paralleled resistor 

R1, which will then be fed into the amplifying stage. Such that induces current on the 

output resistor R2 and send back to the input side for comparison. The excessive current is 

injected into the ground through the grounding capacitor C for CMC cancellation. Note 

that the grounding point is connected to the DC bus middle point and all Y-cap common 

points. Compared to the voltage cancellation method, the current CMT only needs 1 turn 

on the primary winding, resulting in a significant reduction in the size and weight of voltage 

CMT. 

In summary, active CM filters consist of both passive components and active 

switches. With appropriate compensation control on the switching devices, the passive 

components do not need to be as bulky as using passive filters only. Usually, active filters 

reduce low-frequency EMI noise, and passive filters reduce high-frequency EMI noise. 

The hybrid combination enables the size and weight reduction compared to the filters that 

use passive components only because the passive filter does not need to be designed to 

cover a wider frequency range. However, the design of active filters introduces the 

complexity of system control because of the requirement of precision, attenuation, and 

quick response. Some active filtering methods are also subject to the system rating as they 

require corresponding current or voltage detection, which introduce considerable power 

loss.  
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2.1.2.2 Gate Driving Techniques 

For power switching devices, the gate drive profile directly determines the 

corresponding switching behavior, thereby affecting the CMV spectrum of the inverter. 

Direct adjustment of the turn-on/off gate resistances could reduce the di/dt for the switching 

transient, therefore, limiting the voltage overshoot and reverse recovery issue, as well as 

the conductive EMI noise reduction [63, 64]. However, the optimization of the gate 

resistance also brings significant performance degradation in switching speed and 

switching loss because of the slowed switching transient (dv/dt). Therefore, active gate 

drive (AGD) techniques have been carefully studied in the literature [65-68]. The main 

idea of AGD is to trim or smoothen the switching transient.  

Gate drive techniques serve for switching devices, thereby also related to the CM 

EMI emission. It is known that the fast-switching capability of WBG devices enables size 

shrinking of passive components, however, leads to high dv/dt as well as the CM EMI, 

which could be even more severe for a medium voltage motor drive system [69]. Reference 

[70] did the comparison of CM EMI emission between GaN HEMT-, SiC MOSFETs- and 

Si IGBTs-based drive systems in the conductive EMI range. The switching speed 

comparison between SiC and Si, GaN, and Si are shown in Figure 2.18. WBG devices have 

superior switching speed. However, in the measured conductive CM EMI spectrum, as 

shown in Figure 2.19, WBG devices only emit a few decibels more noise than Si devices. 

Virtually no difference can be observed in most of the frequency ranges. In contrast, the 

spectrum of higher switching frequency is higher than that of the lower switching 

frequency curve over the whole testing frequency range. When expanding the spectrum to 

the radiative frequency span, as illustrated in Figure 2.20, the GaN-based drive eventually  
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Figure 2.18: Switching node voltage comparison.  

Left: Si IGBT vs. SiC MOSFET,  Right: Si IGBT vs. GaN HEMT [70]. 

 

 

Figure 2.19: CM EMI emissions comparison.  

Left: Si IGBT vs. SiC MOSFET, Right: Si IGBT vs. GaN HEMT [70]. 

 

 

Figure 2.20: Comparison between the CM EMI emissions of Si MOSFET and GaN 

HEMT-based drives at an extended frequency range [70]. 
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has higher EMI emission than the Si-based drive beyond 30 MHz. However, in motor drive 

applications, only conductive EMI is concerned, i.e., the influence of dv/dt on the CMN 

spectrum is very limited in the conductive EMI range where the motor drive is concerned, 

whereas the impact of switching frequency is more prominent. 

According to the review, limiting the switching speed does not help much with the 

CM EMI noise mitigation. In fact, reducing high dv/dt to reshape the switching profile is a 

conflict to enable fast switching devices in the modern power electronics area. Therefore, 

this dissertation will skip the detailed review of this approach. A direct conclusion of the 

gate-drive-based CM reduction technique is given instead. The gate drive techniques 

aiming at EMI reduction will sacrifice the switching loss and increase application 

difficulties. While its actual impact on the CMN spectrum is barely limited in the radiative 

EMI range. Thus, promoting the AGD techniques to industrial applications is still 

challenging. 

2.1.2.3 Modulation 

CMV originates from the switching behavior of the inverter, i.e., the PWM 

switching pattern has a significant impact on the inverter CMV. Therefore, a series of 

improvements to the PWM schemes were proposed for motor drives [71]. The distinct 

competitive advantage of the PWM schemes based on CMV reduction is that no extra 

circuit is needed, except for the improvement of software control.  

Typically, there are two different categories of CMN reduction PWM techniques. 

One is named reduced CMV PWM (RCMV-PWM), which is realized by avoiding the 

usage of zero-state vectors in the space vector PWM (SVPWM) technique, resulting in the 

CMV amplitude reduction from Vdc/2 to Vdc/6, where Vdc is the DC bus voltage. Another 
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type is named random PWM (RPWM), which could average out the peak value of the CMN 

spectrum by randomly determining the switching period and switching patterns. The 

random PWM techniques were carried out for harmonics reduction for the inverter output 

voltage in the very beginning which reduces the susceptibility of the system to vibration 

and acoustic noise in the supplied drive systems. Since this literature review is focused on 

the CM EMI noise reduction rather than DM noise, the RPWM part will not be addressed.  

The essential approach of RCMV-PWM is using active switching states (V1-V6) 

only but avoiding zero-state vectors (000 or 111) so that the peak value of the CMV could 

be reduced from Vdc/2 to Vdc/6. Various kinds of RCMV-PWMs have been proposed based 

on the zero-vector replacement [72-76]. 

Reference [77] has proposed an RCMV-PWM method that uses only three odd 

states (V1, V3, V5) or three even states (V2, V4, V6) to synthesize the reference voltage 

vector. Because this modulation method uses three states that have a 120º difference from 

each other instead of using the states that are close to the reference in SVPWM, it is named 

remote state PWM (RSPWM). As shown in Figure 2.21(left), compared to the conventional 

SVM, the sector division frame has been rotated by 30 º for the proposed RCMV-PWM. 

Thus, the CMV in odd sectors (1, 3, 5) is maintained at –Vdc/6, while in the even sector (2, 

4, 6) the CMV remains at +Vdc/6. Therefore, RSPWM successfully avoids ±Vdc/2 peak 

CMV and achieves CMV reduction.  

The limitations and challenges of this RCMV-PWM are obvious. As shown in 

Figure 2.21(right), under this new space vector pattern, the linear modulation range is 

reduced and limited below 0.58. Moreover, the state will inevitably suffer the odd-to-odd 

or even-to-even transition, which will make two phase legs switch simultaneously. When  
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Figure 2.21: Space vectors of RSPWM proposed in [77].  

Left: Sector division, Right: Linearity range.  
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considering the dead-time, the asynchronization of two phase-legs will generate 

unexpected CMV spikes during the transition [78]. 

In [79], another RCMV-PWM has been proposed and named near state PWM 

(NSPWM). The NSPWM utilizes 3 space vectors to synthesize the reference voltage, 

including the vector closest to the reference voltage and its two adjacent vectors. The sector 

division that is specially defined for NSPWM is as shown in Figure 2.22, which is 

essentially a conventional sector division frame with 30º rotation. 

The shortcoming for NSPWM is also evident. NSPWM is linear only in 0.61-0.907, 

and in the lower linear range, NSPWM produces higher harmonic components, i.e., higher 

current THD than conventional PWM methods (SVPWM, SPWM). The generated bipolar 

line-to-line voltage will also increase the current ripple, resulting in potential winding 

insulation failure [80]. In addition, it causes excessive overvoltage at the motor terminal, 

especially when there’s a long cable connection between the motor and the inverter. 

According to the reflected-wave phenomenon, the terminal voltage might exceed twice the 

DC-link voltage [81].  

The most widely recognized RCMV-PWM so far is active zero state PWM 

(AZSPWM) [82, 83]. Compared with SVPWM, AZSPWM still uses the two boundary 

voltage vectors for the sector that the reference vector locates to synthesize the command 

vector, while equivalently synthesizing the “active zero” switching states with two second 

nearest vectors with equal duty ratio. As shown in Figure 2.23, compared with other 

RCMV-PWM methods, the consequence of such modulation schemes appearing on the 

pulse pattern is essentially the inverse alignment of the pulse with the medium-duty cycle 

among three phases, which shaves the CMV peak to ±Vdc/6. The biggest difference  
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Figure 2.22: Space vectors of NSPWM proposed in [79].  

Left: Sectors division, Right: Linearity range.  
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Figure 2.23: PWM pulse pattern of SVPWM, AZSPWM1, and NSPWM and the 

corresponding CMV [82].  
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between AZSPWM and the aforementioned RCMV-PWM schemes is that AZSPWM can 

still access the full vector plane as SVPWM does. However, the switching pattern of 

AZSPWM will result in increased phase current ripple, especially at the zero-crossing 

section, and it still suffers from the bipolar line-to-line voltage as well. 

Different RCMV-PWM has their advantages and limits. Researchers are thinking 

about a combination of different modulation schemes to make the best use of the 

advantages and bypass the disadvantages. By comparing the performance of various 

RCMV-PWM with respect to modulation index, Reference [72] finds out that NSPWM 

shows the best performance for high modulation index cases but is unfeasible out of that 

region, while AZSPWM exhibits superiority in the low modulation index range. Therefore, 

a combined modulation scheme is proposed to use NSPWM and AZSPWM for different 

modulation indexes and set the boundary at 0.61. It takes the benefits of both modulation 

schemes while playing away from the shortcomings. To be more specific, it guarantees the 

linearity range for more effective usage of DC bus voltage and achieves CMV reduction 

with acceptable DM ripple. 

Prior literature has empirically or experimentally shown that AZSPWM has a lower 

CMV than conventional SVPWM, but the side effects of AZSPWM have not been 

formulated [132] with regard to the potential CMV reduction limits caused by the 

increasing sideband components [133], and the higher phase current THD due to larger 

winding current ripple. Even the previous literature has observed such limitations, without 

an analytical model it is hard to show the overall pros and cons of various PWMs, 

especially when their performance is highly dependent on the modulation index. An 

analytical model of CMV and phase-current ripple, instead of a simulation-based model, is 
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highly demanded to optimize the performance of the overall motor drive system, which is 

one of the focuses of this dissertation. 

In summary, all existing RCMV-PWM schemes need a trade-off between CMV 

amplitude reduction and phase current distortion. Moreover, these RCMV-PWM schemes 

will suffer from the bipolar line-to-line voltage, limited linearity range, and CMV spikes 

introduced by the simultaneous switching of two phase legs, making it more challenging 

in real practice. One last thing to be pointed out is the reduction of CMV peak with RCMV-

PWM does not necessarily mean CMC across the whole frequency range is reduced. As 

shown in Figure 2.24, since the step change of the CMV waveforms during the transition 

remains as Vdc/6, the attenuation on the high-frequency CMC is not obvious because the 

caused CMC response keeps the same profile with fixed CMV step change. From the whole 

switching period point of view, the CMC impact is the same.  

2.1.2.4 Topology 

The inverter topology is where the CMV output. Properly selecting the topology 

can improve the CMV profile fundamentally. The most widely implemented topology in 

motor drives is the conventional 2-level VSI, in which the output of each phase leg could 

only be either the positive or negative DC-link voltage, i.e., ±1/2Vdc with respect to the 

ground. The CMV of a 2-level inverter can be formulated as the average of all phase leg 

outputs. There are only four possible values for CMV depending on the switching states, 

i.e., ±1/6Vdc or ±1/2Vdc. It is believed that by modifying the inverter topology, the CMV 

could be reduced or even be nulled fundamentally if more voltage potential could be 

introduced. To explore this concept, the CMV reduction and cancellation with novel   
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Figure 2.24: CMC reduction performance comparison.  
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inverter topologies have been studied, such as multi-level inverters, soft-switching 

inverters, etc. 

Multi-level inverters (MLIs) are initially investigated almost 40 years ago [84]. The 

main purpose is to reduce the output current THD and lower the voltage blocking 

requirements for switching devices which makes MLIs very popular in medium voltage 

applications. Subsequently, people found the ability of CMN suppression for MLIs is also 

superior to 2-level inverters [85-89]. Because of the increased number of voltage levels in 

MLIs, the options for CMV levels are also more flexible with more switching states being 

introduced. 

By adding two more switches per phase leg, the 3-level inverter could be obtained. 

The major types of 3-level inverters are neutral point clamped (NPC) type,  T-type [90], 

and flying capacitor type [91]. As shown in Figure 2.25, with a 3-level inverter topology, 

an extra voltage level, zero, could be introduced, i.e., the output voltage for each phase can 

vary from three potential values, Vdc/2, 0, –Vdc/2. Hence, there are 27 space vectors in total, 

as shown in Figure 2.26 [92], where 1, 0, –1 represent the phase voltage is positive DC-

bus, 0, and negative DC-bus, respectively.  

For the “inner” 7 vectors, there are multiple (2 or 3) possible switching states lead 

to the same space vectors, leaving enough redundancy for manipulation of different 

switching states combinations. In addition, the CMV potential levels have been expanded 

to 0, ±Vdc/6, ±Vdc/3, and ±Vdc/2, and still can access the full modulation range.  

The benefits that a 3-level inverter could bring to CMV reduction are summarized 

below:  
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Figure 2.25: 3-level VSI for motor drives.  

Left: Neutral point clamped inverter, 

Middle: T-type inverter [90], 

Right: Flying capacitor inverter [91].  

 

 

Figure 2.26: Output voltage vector diagram of the 3-L NPC inverter [92].  
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(1) The step-change for CMV is only Vdc/6 instead of Vdc/3 in the 2-level inverter, 

resulting in lower CM voltage spectral amplitude.  

(2) The zero vectors (111 and 000) that generate maximum CMV (Vdc/2) in a 2-

level inverter does not necessarily to be used in a 3-level inverter so that the 

peak CMV can be shaved to Vdc/3.  

(3) As the 3-level inverter provides great flexibility in choosing switching states, 

it is possible to always choose switching states with lower CMV contribution, 

whereas keeping the same output current quality. 

As aforementioned, there is a possibility that by properly assigning the space vector 

combinations, the CMV can be eliminated. Reference [93] has validated this concept to 

achieve zero CMV generation with only 7 vectors. These 7 vectors generate zero CMV, 

which form a space vector frame as shown in Figure 2.27. Note that in this method, the 

transition of different states does not introduce simultaneous the switching on 2 phase legs, 

though the maximum modulation index is reduced to 86.6% of the conventional SVM for 

the 2-level inverter. The experimental result is shown in Figure 2.28, where the DC-link 

voltage is 750 V and the modulation index equals 0.58. The CMV reduction is significant. 

Some other MLI topologies are investigated in [94-96] with the same principles 

applied. The higher number of levels could make even better CM performance for the same 

reason presented above. However, the greater number of levels might not be suitable for 

real application. One obvious disadvantage of MLIs is more than twice the number of 

switches compared to conventional 2-level inverters. Accordingly, gate signals, gate 

drivers, and the complexity of the control strategy will only increase the cost of  
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Figure 2.27: 7 switching states with zero CMV [93]. 

 

  

Figure 2.28: Multilevel inverter CMV [93]. 

Left: with conventional SVM, Right: with proposed zero-CMV SVM [93]. 

 



 

49 

 

manufacturing. Designers have to weigh these advantages and disadvantages in MLSs 

when selecting the topology, the number of voltage levels, device types, etc. 

As discussed in Chapter 1 of this proposal, the dv/dt strongly affects the CM EMI 

emission. In soft-switching inverters (SSI), the soft-switching transition is realized by the 

extra resonance between the parasitic and auxiliary components, which significantly slows 

the dv/dt, yielding the reduction of the high-frequency EMI noises. 

As aforementioned, due to the physical limitation, the traditional center-aligned 

pulse width modulation (PWM) generates CMV varying between ±Vdc/6 or ±Vdc/2 in a 

three-phase two-level inverter. These values show that the CMV can never be zero. In the 

past decades, motors with a phase number higher than three, such as dual-three-phase 

motors (DTMs), have drawn the attention of the EV industry as the three-phase system 

cannot eliminate the CMV [97, 98]. Figure 2.29 shows one type of the DTM driven by dual 

inverters, where the neutral points for two sets of three-phase windings are separated with 

a winding angle difference of 30°. Such motors show advantages over conventional three-

phase motors in terms of reliability; power density; fault tolerance; torque pulsations; and 

current stress, thereby becoming popular in safety-critical and high-power applications 

[99-104]. 

Compared to the DTM drive with a single neutral point [105, 106], a neutral-point-

separated DTM provides more flexibility on the control for each set of winding, therefore 

reducing the control complexity. In terms of the CMV performance, as the phase count is 

an even number, by imposing Vdc/2 to one phase and -Vdc/2 to the other, there exists the 

possibility to eliminate the CMV [107, 108]. 
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Figure 2.29 The drive system for a DTM. 
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A number of papers can be found investigating the CMV elimination for VSDs. In 

[109], a CMV elimination modulation scheme is proposed for a dual three-phase permanent 

magnet synchronous motor (PMSM). As shown in Figure 2.30, the proposed PWM shifting 

techniques realized an end-to-end cyclic PWM sequence to achieve CMV cancelation 

between two sets of three-phase windings. However, the algorithm is much more complex 

than the CSVM, and the proposed modulation method shows a limited linearity range, 

where the high modulation and overmodulation scenarios are not considered.  

In [110], a CMV suppression strategy for synchronized SVM in the overmodulation 

region is proposed. However, due to three-phase structure limitations, the result can only 

restrict the peak CMV to a fixed Vdc/6 level without the possibility for further reduction. 

In [111], the authors present an SVPWM algorithm for five-phase converters operating in 

the overmodulation region with forbidden zero vectors. Nevertheless, the zero vectors 

usage in the overmodulation range has already been gradually decreased. Avoiding zero 

vectors brings less effectiveness to the CMV reduction in this range. In addition, the odd 

phase number cannot effectively reduce the CMV.  Multilevel inverters are proposed in 

[112, 113] with the CMV reduction in the overmodulation region. However, the cost of 

switches for three-level and five-level inverters is much higher than the conventional six-

phase structure, which is more preferred in automotive applications [114].  

Instead of direct pulse shifting, a sawtooth carrier-based modulation is proposed in 

[115] for the asymmetrical DTM, which is intuitive but difficult to implement in digital 

controllers. As shown in Figure 2.31, the proposed sawtooth carriers for each phase in the 

same three-phase set are the same, while mirror-symmetrical in one carrier cycle for the 

two different three-phase sets. This could reduce both the peak amplitude and optimize the  
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Figure 2.30: Principle of the proposed end-to-end cyclic sequence of PWM signal.  

(a) End-to-end connection sequence for the six-phase PWM signal, 

(b) One of the PWM signal patterns to cancel out the generalized total CMV [109]. 

 

 

Figure 2.31 Carriers in one switching cycle. 

(a) SPWM, (b) PSSPWM-1, (c) PS-SPWM-2, (d) proposed SC-SPWM [115]. 
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frequency distribution of the CMV in frequency span. The results show that the proposed 

modulation has the best performance in CMV reduction on amplitude and changing 

frequency among these four SPWM methods but leads to a higher phase current distortion. 

Besides, the linearity range is still limited. 

Given different space vectors yield different CMV levels, some modulation 

methods are proposed in [116, 117] to use specific space vector combinations for the CMV 

cancelation, where the limited vector usage constrains the vector plane, resulting in a 

limited linearity range. In [118], a new active zero state PWM (AZSPWM) for a six-phase 

system is proposed where the CMV is reduced by 1/3 in the full linearity modulation range. 

Nevertheless, the side effects of AZSPWM, i.e., a much higher phase current ripple exist 

and are yet to be solved according to the previous review. Besides, AZSPWM cannot 

eliminate CMV, making it unable to fully utilize the benefit of the DTMs. In [119, 120], 

the differential-mode performance improvement for DTMs is investigated. The solutions 

focus more on the motor control algorithms instead of the modulation mechanism, where 

the CM performance is not addressed.  

2.1.2.5 Circuitry layout 

Since the EMI noise is strongly susceptible to the signal propagation path, the PCB 

parasitics will play an important role in noise spectrum manipulation. Driven by this idea, 

a large amount of research work on system parasitic characterization has been carried out, 

which typically concentrates on layout optimization and parasitic cancellation [119-125], 

and proper adjustment of the circuit orientation to cancel the electric and magnetic field 

coupling [121-123]. As a fundamental skill of all electrical engineers, this part will not be 

addressed in detail. 
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In summary, the PCB layout optimization methods are useful but very limited. In 

actual application, the design is usually restricted by various limitations. For example, the 

size, shape, weight, or even PCB layer count. Taking all these constraints into account, the 

PCB design might be already close to the optimal design for specific circumstances with 

not much room for improvement.  

2.1.2.6 Summary 

Based on the general review above, major CM EMI noise mitigation methods in 

the three-phase motor drive system have been investigated. Each of them has its intrinsic 

limitations and disadvantages. A summative comparison of each CM EMI noise reduction 

approach will be listed in this chapter. 

(1) CM filters are the most widely adopted solution for nearly all kinds of motor 

drives. To obtain higher CMC attenuation, the CM chokes need to provide 

higher impedance, which results in more coil turns, larger core cross-sectional 

area, higher magnetic material permeability, and even more stages of filtering. 

These essentially determine that as the desired cutoff frequency increases, the 

larger core is inevitably needed. The bulky size and heavy weight make the 

system power density drop and become lossy and costly as well. The 

cooperation of passive and active filters can help shrink the passive components 

and gain better EMI filtering performance in a wider frequency range. However, 

the additional active switches and control circuits may make the situation more 

complex. 

(2) AGDs for CMN mitigation count on reshaping the switching profile. By 

reducing the sharp dv/dt or di/dt edge, the high-frequency CM EMI noise could 
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be limited. However, it comes with the penalty of higher switching loss because 

of slower switching speed. It has been proven that the impact on CM EMI noise 

mitigation is very limited other than the high-frequency range. In addition, its 

basic idea of avoiding high dv/dt is going against the mainstream trends of 

modern power semiconductor devices development and does not seem a good 

match to WBG devices. 

(3) Modulation schemes with CMV reduction capability are the most advantageous 

solutions compared to all other approaches. No extra hardware effort needs to 

be paid but just a revision on the PWM patterns. Hence saving space, loss, and 

cost. The drawbacks for the PWM schemes based CMV reduction typically 

appear in the limited modulation index range and potential quality degradation 

on the DM signals (i.e., higher THD of output phase current). In addition, the 

contribution to the high-frequency noise spectrum mitigation and CMC EMI 

mitigation is limited. 

(4) Inverter topologies with CMN reduction considerations are the most promising 

solution for modern motor drive systems for multiple reasons. First, compared 

with the approaches above, the added circuit part typically consists of switches, 

which do not consume the system space as much as CM filters do. Second, the 

fast-switching capabilities of WBG devices greatly reduce the penalty on power 

loss introduced by auxiliary circuits. Third, unlike the RCMV-PWM methods, 

topology-based CMN reduction does not affect the DM signals, so the system 

output quality is guaranteed. The only barrier to these topologies’ practical 
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implementation is the increased control complexity on both algorithms and 

increased gate driver numbers. 

(5) PCB layout optimization techniques are very cost-effective since they can be 

realized without extra hardware installation or any software modification, but 

just more attention to the physical components layout. However, because the 

work is done in such an experience-based part, the strategies that can play are 

very limited for specific designs. Its case dependence makes it lack generality 

and cannot be considered the major solution for CMN mitigation in the motor 

drive system. 

 Existing Research Interests 

According to the literature review in this chapter, some existing research interests 

could be summarized in the following aspects. 

For the inverter on the EV charger sides:  

(1) When dealing with load unbalance issues, a neutral path is necessary.  

(2) DC-link capacitor balancing control is important for a stable neutral referent 

point. 

(3) Digital filtering is needed to regulate load unbalance scenarios. 

For the inverter on the EV motor drive sides:  

(1) CM EMI reduction is a must for the next generation of EV with WBG devices. 

(2) Different CM EMI mitigation approaches have their effectiveness in certain 

aspects. Overall, choosing appropriate modulation methods and inverter 

topology turned out to be a more balanced and preferred option.  
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(3) An analytical model of a specific modulation scheme is needed to determine 

the corresponding CMV reduction performance and the potential DM impact. 

(4) Using a six-phase structure could potentially eliminate the CMV, but further 

study is required to expand the linearity range. 

(5) Using multilevel structure to reduce the CMV, including the CM analytical 

modeling. 

This dissertation will focus on the summarized research opportunities, one is 

enhancing the steady-state performance of a three-phase four-wire inverter at the V2L 

mode. The other is analytically characterizing the CM and DM performance of specific 

modulation methods for both two-level and three-level inverters and investigating the 

CMV elimination approach in the six-phase motor drive system. 
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 THREE-PHASE INVERTER  

POWER QUALITY MODELING AND CONTROL 

This chapter concentrates on modeling and control strategy development of the 

V2L feature of the EV charger regarding the unbalanced load regulation and load harmonic 

suppression. 

In the V2L mode, the onboard power electronics devices will have various load 

conditions as sources. For example, when operating in V2L mode, the vehicle is needed to 

provide a single-phase or three-phase AC source for external electrical appliances. To 

convert the energy from batteries to loads, there is a chance that the external loads are 

unbalanced due to multiple single-phase usage or false connection. The neutral point 

stability and output harmonic are likely to lose control. To safely operate in V2L mode, 

dealing with the unbalanced load becomes important. In some cases, multiple nonlinear 

loads will introduce considerably high harmonic contents when the operating point meets 

the system resonant point. Dealing with system output harmonic is also a task. 

The structure of this chapter is organized as follows. The first section will introduce 

the proposed model of the V2L structure. Then, the neutral-point voltage control under the 

unbalanced load case will be introduced and analyzed theoretically. The third section will 

evaluate the proposed virtual resistor damping method with respect to different load type. 

In the fourth section, comprehensive simulation validation will be performed. Finally, the 

proof-of-concept prototype is fabricated in the lab and the experimental results will be 

presented in the last section to demonstrate the inverter operation with the unbalanced load 

and verify the proposed concept on the output harmonic suppression. 
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 Modeling of Three-phase Four-wire Inverter at V2L Mode 

One mission of this dissertation is to solve the load-unbalance issue that stable the 

steady-state performance and quick dynamic response of a three-phase four-wire inverter 

at the V2L mode. Regarding this goal, the three-phase four-wire four-leg inverter is 

studied. The topology is shown in Figure 3.1. On the AC side, the conventional three-phase 

two-level inverter is composed of MOSFETs Sa1~Sc2. At the DC-bus side, there are split 

DC-link capacitors CN1 and CN2, where the midpoint of the split DC-link capacitors serves 

as the neutral point. The fourth leg formed by Sn1, Sn2, and LN is to regulate the neutral-

point voltage caused by the load unbalance. Lf and Cf are the grid-side filter inductor and 

capacitor, respectively. 

With the fourth leg stabilizing the neutral point, each phase can be essentially 

equivalent to a buck converter and controlled independently with the conventional SPWM. 

The neutral leg is operated independently for the sake of neutral-point balancing [21]. The 

independently controlled neutral module (ICNM) equivalent circuit of each phase is shown 

in Figure 3.2. 

According to KCL and KVL, Eqn (3.1) can be obtained. 

 (3.1) 

Ultimately the V2L mode needs to control the output voltage, yielding the control 

scheme of each phase voltage shown in Figure 3.3. 
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Figure 3.1: Topology of a three-phase four-wire inverter used in a V2L EV charger. 
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Figure 3.2: Equivalent circuit of ICNM. 
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Figure 3.3: Control block diagram of a single-phase equivalent circuit. 
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The digitized model is shown in Figure 3.4, where Vphx and iphx are AC values of 

each phase voltage and current, respectively. φ is the corresponding phase angle and Gphx_s 

is a PI controller. 

In the V2L mode, the three-phase output voltage needs to be stable and symmetric, 

even though the phase current varies as the load changes. Therefore, the main goal of the 

outer voltage loop is to guarantee stable three-phase voltage generation. The inner current 

loop is responsible for the fast system response and implements the system over-current 

protection. 

 Neutral Point Voltage Control 

At the V2L mode, the three-phase output voltage is supplied by a DC-bus capacitor 

tank. Therefore, the system can be equivalent to a voltage source inverter (VSI). Assuming 

the mathematical expression of the three-phase voltage is shown in (3.2). 

 (3.2) 

We have the three-phase current expressed in (3.3) with the three-phase resistor 

load. 

 (3.3) 



 

62 

 

SPWM

SPWM/50kHz

)cos(2  tUm
sphxG _

phxvphxi
21 ~ ca ss

Vm

Vref  

Figure 3.4: Single-phase SPWM control block diagram. 
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where Im is the RMS value of each phase current and ΔIc is the unbalanced component on 

the current of phase C. Such asymmetric load causes the neutral-point current, which 

further creates the neutral-point unbalance. To evaluate the impact of the load asymmetry 

on the neutral-point voltage unbalance, we divide the DC-link voltage as (3.4). 

 (3.4) 

where U��is the DC component of the capacitor voltage and  is the AC component 

overlapped on the DC part. The larger , the larger voltage oscillation across DC-link 

capacitors. Using KCL, Eqn (3.5) is obtained, referring to Figure 3.5. 

 (3.5) 

where iCN creates the voltage difference between the upper and lower DC-link capacitors. 

When the neutral point is balanced, the voltage change across split capacitors of the DC-

link is identical, i.e., ΔVC1= ΔVC2. Here iC1 and iC2 are expressed as: 

 (3.6) 

Furthermore, the voltage across each split DC-link capacitor can be derived as: 

 (3.7) 

where VoC1 and VoC2 are DC voltage of CN1 and CN2, respectively. The current integrals are 

AC components. According to (3.6) and (3.7), the voltage oscillation of CN1 and CN2 are 

formulated as: 
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Figure 3.5: Structure of the neutral phase. 
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 (3.8) 

Therefore, the neutral-point current iCN determines the voltage oscillation across 

split DC-link capacitors and the neutral-point oscillation. In Figure 1, according to KCL, 

we have: 

 (3.9) 

Combined with (3), the neutral-point current is derived as 

 (3.10) 

When the fourth leg is disabled, the current on the neutral inductor (iLN) can be 

regarded as 0. Assuming the capacitance of each split DC-link capacitor is identical, we 

have the instantaneous voltage of CN1 and CN2 derived as 

 (3.11) 

Eqn (3.11) indicates when the capacitance of each split DC-link capacitor is 

identical, the unbalanced load will not affect the overall DC-link voltage, i.e., the average 

voltage of each split DC-link capacitor is exactly half of the total DC-link voltage. However, 

it will result in the voltage oscillation on each split DC-link capacitor, i.e., the oscillation 

of the neutral-point voltage. The oscillation frequency is equal to the output AC voltage 

and current. The oscillation amplitude is proportional to the degree of the load unbalance 

and inversely proportional to the DC-link capacitance and output AC voltage frequency. 
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As the unbalance rate goes to a certain level, the fourth leg needs to be activated to suppress 

the voltage oscillation of the neutral point. 

Figure 3.5 shows the neutral-phase structure. CN1 and CN2 are in series connections. 

The neutral point is connected to the middle point of the fourth leg through an inductor Ln 

for DC-link capacitor energy transfer. 

According to KCL and KVL, we have: 

 
(3.12) 

Define the voltage difference between two capacitors as: 

 (3.13) 

Assume that over a switching period, the average of the firing pulse is p (p with the 

magnitude of ±1). The duty cycle of the fourth leg is [124]: 

 (3.14) 

Combined with (3.13),  

 (3.15) 

Assume CN1=CN2=C, to balance the neutral-point voltage, i.e., σ≈0, the neutral-

point voltage control block diagram is shown in Figure 3.6, based on the Laplace transform 

of (3.12).  
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Figure 3.6: Control block diagram of the neutral-point voltage. 
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 Virtual Resistance Control 

With a balanced neutral-point voltage provided, a three-phase inverter can be 

modeled as three independent single-phase systems. Thus, all the analysis in this section 

can be simplified as a single-phase SPWM inverter, where the output three-phase voltage 

should be stable no matter how the load changes within the rated power range.  

3.3.1 Resistive Load 

The simplified circuit model is shown in Figure 3.7. 

According to KVL, in s-domain (3.16)-(3.17) are valid. 

 (3.16) 

 (3.17) 

Therefore, the voltage transfer function for every single phase can be written as: 

 (3.18) 

 

Such transfer function determines the system stability. As for designers, the 

inductor (L) and capacitor (C) is pre-determined by the system power capability, switching 

frequency, THD, etc., while the load (RL) varies with the power. The bode plot of such 

system transfer function with different RL is then shown in Figure 3.8. 
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Figure 3.7: Simplified circuit model for each phase. 

 

 

Figure 3.8: Bode plot of the system transfer function. 
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Here the inductance and capacitance of the LC filter are set to 120 µH and 4.7 µF, 

respectively while the load RL varies from 0 to 100 Ω. As the load decreases, i.e., RL 

increases, the gain at the resonance point increases as well. The high gain will potentially 

lead to high voltage harmonics. When RL→∞, i.e., no-load, the large voltage harmonics 

are expected on the phase output. On the other hand, if RL is too small, the system will be 

unable to reach the reference output voltage, i.e., losing control. To guarantee the stable 

output and low harmonics, the battery-side DC/DC converter is used to control the DC-

link voltage, and the DC/AC stage can vary the switching frequency to shift harmonics 

away from the resonance point. Another approach is to adopt the virtual resistor.  

Assume there is one resistor Rv in parallel to the load resistor RL. The equivalent 

load then is formulated as: 

 (3.19) 

Replacing RL in (3.3-3) with R'L yields: 

 
(3.20) 

According to (3.20), let Rv=4.2 Ω. The system bode plot at different loads is re-

drawn as Figure 3.9. 

A comparison of Figure 3.8 and Figure 3.9 indicates that the virtual resistance helps 

to stabilize the gain at the resonant point as the load varies from 1~100 Ω, which suppresses 

the voltage distortion, and effectively enhances the system controllability. The system 

voltage control loop can be expressed as below in Figure 3.10. 
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Figure 3.9: System transfer function bode plot with virtual resistance. 
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Figure 3.10: Voltage loop mathematical model with a virtual resistor. 
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Here Gv(s) is a PI compensator, expressed as 

 (3.21) 

where Kp is proportional gain and Ki is the integral gain. F(s) is the system feedback 

function with virtual resistance. According to (3.18) and (3.20), FR(s) can be shown in 

(3.22). Figure 3.11 shows the corresponding bode plot. 

 (3.22) 

According to Figure 3.11, the transfer function of the feedback loop can be treated 

as a notch filter around the resonance frequency, which effectively suppresses the 

harmonics amplification caused by the open-loop transfer function.  

The virtual resistance not only affects the output voltage harmonics but also 

influences the transient performance of the whole system. The step response of the whole 

system is shown in Figure 3.12. The vertical axis represents the overshoot of the grid 

voltage during the start-up process.   

The virtual resistance changes from 1 Ω to 10 Ω with 10 kW output power. The 

optimal virtual resistance is chosen as Rv=4.2 Ω, given that the system has acceptable 

overshoot and dwelling time. Meanwhile, the system cut-off frequency can be defined as 

Rv/Lf [125], i.e., the cut-off frequency has been selected as 35 kHz, and the phase margin 

of 35° is also achieved from Figure 3.9.  

It should be pointed out that such resistance selection is highly related to system 

specifications. An acceptable system dynamic response should be aware of in terms of the 

voltage overshoot and short dwelling time. 
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Figure 3.11: Bode plot of the feedback loop transfer function. 

 

 

Figure 3.12: Step response for the whole system. 
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3.3.2 Resistance–Inductive Load 

A similar analysis can be performed when the load is the resistance-inductive type, 

such as motors. In this case, the load impedance can be expressed as: 

 (3.23) 

where L' is the equivalent serial-connected inductance of the RL load. In (3.17), by 

replacing RL with ZRL, we get the system transfer function as: 

 (3.24) 

The corresponding system bode plot at different loads is shown in Figure 3.13. The 

series-connected inductance for each curve varies from 1 µH to 1 mH. 

Similar to the pure resistive load, the virtual resistor can be introduced to stabilize 

the output and lower harmonics. Assuming there is one resistor Rv in parallel to ZRL, we 

can derive the equivalent load impedance as: 

 (3.25) 

The system transfer function with the virtual resistance can be expressed as (3.26). 

The bode plot is shown in Figure 3.14. 

 
(3.26) 

 
(3.27) 

Furthermore, according to (18) and (26), the feedback transfer function F_RL(s) can 

be shown in (3.27), with the bode plot at Rv=4.2 Ω shown in Figure 3.15. The in series  
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Figure 3.13: System transfer function Bode plot with RL load. 

  

 

Figure 3.14: Bode plot of the system transfer function at RL load with virtual 

resistance. 
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Figure 3.15: Bode plot of the feedback loop transfer function with virtual resistance. 
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connected inductance for each curve varies from 1 µH to 1 mH. The comparison of Figure 

3.13 and Figure 3.14 shows that as the load inductance increases, the resonant frequency 

shifts to lower values, but the gain at the resonance point is reduced with the virtual 

resistance being introduced. 

In Figure 3.15, the performance of the transfer function of the feedback loop can 

also be treated as a notch filter that suppresses the harmonics gain at the resonance 

frequency. Thus, the virtual resistor is applicable for the RL load case. 

3.3.3 Resistance–Capacitive Load 

When the load is the switching mode power supply (SMP), it can be modeled as 

the resistive-capacitive load. Under this circumstance, the corresponding load impedance 

can be expressed as (3.28). 

 (3.28) 

where C' is the equivalent serial-connected capacitance of the RC load. In (3.17), replacing 

RL with ZRC changes the system transfer function as: 

 (3.29) 

The corresponding system bode plot at different loads is shown in Figure 3.16. The 

series-connected capacitance varies from 1 µF to 200 µF. 

Similar to the pure resistive load and resistance-inductive load, as the load 

capacitance C' increases, the gain at the resonance point increases as well. We can attempt 

to apply the virtual resistor again. 
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Figure 3.16: System transfer function bode plot with RC load. 
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Assuming a virtual resistor Rv is paralleled with the resistive-capacitive load, we 

can derive the equivalent load impedance as: 

 (3.30) 

Based on a similar analysis, the system with the virtual resistance has the transfer 

function formulated as (3.30), with the bode plot shown in Figure 3.17. 

 
(3.31) 

 
(3.32) 

According to Figure 3.17, the gain at the resonance point is effectively reduced 

compared to Figure 3.16 because of the virtual resistance. 

Furthermore, according to (18) and (31), the feedback transfer function F_RC(s) can 

be shown in (3.32), with the corresponding bode plot at Rv=4.2 Ω shown in Figure 3.18. It 

indicates that the overall open loop system performance is still a notch filter at the 

resonance frequency, i.e., the virtual resistor is valid for the RC load scenario. 

 Simulation Result 

3.4.1 Simulation of the Virtual Resistance 

Simulation results are shown in Figure 3.19 to verify the effectiveness of virtual 

resistance damping. In Figure 3.19, the DC bus voltage Vdc=500 V, resistive load RL=23 Ω 

for each phase, the output line-line voltage VL-L=208 V and RV=4.2 Ω. As observed in 

Figure 3.19(a),  
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Figure 3.17: Bode plot of the system transfer function under the RC load with virtual 

resistance. 

 

 

Figure 3.18: Bode plot of the feedback loop transfer function with virtual resistor for 

the RC load. 
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(a)

(b)  

Figure 3.19: Simulation results for 2 kW output power. 

(a) Output waveforms without virtual resistance,  

(b) Output waveforms with virtual resistance. 
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the output voltage and current contain high-frequency harmonics. In Figure 3.19(b), the 

output voltage is much smoother with the virtual resistance.  

As shown in Figure 3.20, the THD numbers of the PWM voltage with and without 

the virtual resistor are similar. The virtual resistor applied in the system greatly reduces the 

harmonics around the resonant frequency of the grid-side LC filter and pushes the voltage 

harmonics to the higher-frequency range, specifically around the switching frequency. This 

makes it easy to filter out the harmonics.  

A 10 kW V2L simulation model is built with related simulation parameters listed 

in TABLE 3.1. The 10 kW steady-state simulation result is shown in Figure 3.21.  

3.4.2 Simulation of the Neutral-point Control 

To emulate the impact of the load asymmetry on the neutral-point voltage, the load 

resistance of Phase A and B is set to be 47 Ω. The load on phase C is changed to 94.1 Ω, 

47 Ω, and 23.5 Ω, which makes the load current on Phase C equal to 1.275 A, 2.55 A, and 

5.1 A, respectively.  

With the neutral-phase control disabled, i.e., turning off Sn1 and Sn2, the voltage of 

DC-link capacitors will oscillate with the frequency the same as that of the output voltage. 

As shown in Figure 3.22, the higher the load-unbalance rate, the larger the voltage 

oscillation of DC-link capacitors.  

Substituting ΔIc for 1.275 A, 2.55 A, and 5.1 A into (3.11), we obtained DC-link 

capacitor voltage oscillation as 43 V, 22.1 V, and 11.1 V, respectively, perfectly matching 

the simulation result in Figure 3.22. To enable the neutral phase (Sn1 and Sn2) thereby 

effectively balancing the DC-link capacitor voltage, we need to sample the neutral inductor  
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Figure 3.20: FFT analysis of the output phase voltage. 

(a) FFT analysis of output voltage without virtual resistance,  

(b) FFT analysis of output voltage with virtual resistance. 
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Table 3.1: Simulation parameters 

Component/Parameter Value 

Grid filter inductance 120 µH 

Grid filter capacitance 4.7 µF 

DC-link capacitance CN1, CN2 220 µF 

Neutral inductance 120 µH 

Switching frequency 

DC bus input voltage 

Output voltage frequency 

Output line-line voltage 

50 kHz 

500 V 

60 Hz 

208 Vrms 

Virtual resistor Rv 4.2 Ω 

Unbalance current ΔIc  1.275/2.55/5.1 A 

 

L-L voltage=208Vrms
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Figure 3.21: Output waveform of the steady-state system with resistive load. 



 

85 

 

250

250

250

240

260

240

230

260

270

0 0.05 0.1 0.15 Time/s

AIc 1.5

AIc 55.2

AIc 25.1

Vu 43

Vu 1.22

Vu 1.11

1Cu

2Cu

Votage/V Imbalance load condition occurs

 

Figure 3.22: DC-link capacitor voltage oscillation at different unbalance current ΔIc. 
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current, DC-link high-side, and low-side capacitor voltage.   As shown in Figure 3.23(a) 

under resistive load, the output line-line voltage is 208 Vrms. When the three-phase load 

is balanced, the neutral current is zero. At t=0.03 ms, another load resistance is added to 

one phase, creating the neutral-point current in the middle plot. Enabling the fourth leg 

then yields the +/-5 V neutral-point voltage difference. Meanwhile, simulation results of 

the resistance-inductive load and resistance-conductive load are shown in Figure 3.23(b) 

and (c), respectively. 47 Ω/500 µH is for the resistance-inductive load and 47 Ω/100 µF is 

for the resistance-capacitive load. At t=0.03 ms, another resistor is paralleled to 47 Ω and 

keeping the 500 µH and 100 µF in the system. Simulation results validated the 

effectiveness of the proposed neutral-point voltage control, i.e., the method suppresses the 

oscillation of the DC-bus voltage at the asymmetric load scenario. 

 Experimental Validation 

To validate the V2H function, a charger prototype is built as shown in Figure 

3.24(a), where split DC-link capacitors are formed by two film capacitors in a series 

connection. The whole charger contains two stages. In addition to the three-phase four-

wire inverter used as the AC/DC stage, the other stage is a bidirectional DC/DC converter. 

To realize the high efficiency and high power density, SiC MOSFETs from Rohm, 

SCT3030KL (1200 V, 72 A) and SCT3022AL (650 V, 93 A) are applied for AC/DC and 

DC/DC stages, respectively. A Digital Signal Processor TMS320F28335 is used for each 

stage. The switching frequency of the DC/DC stage is 100~200 kHz and that of the PFC 

stage is 50 kHz. The onboard battery pack has a voltage range of 250~400 V DC and the 

expected output voltage is three-phase 208~480 V AC. The DC/DC stage employs the  
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Figure 3.23: Dynamic balancing waveform with different loads @Rv=4.2 Ω.  

(a) Resistive load (RL=47 Ω), (b) Resistance-inductive load (RL=47 Ω, L'=500 µH),  

(c) Resistance-conductive load (RL=47 Ω, C'=100 µF). 
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(b)

(c)

(a)

 

Figure 3.24: Three-phase four-wire inverter. 

(a) System prototype, (b) On-board enclosure, (c) Onsite test bench setup. 
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voltage control to keep the DC-bus voltage at around 500 V. Since the focus of this chapter 

is on the inverter stage, the DC/DC part, which is the DAB with single phase shift control, 

will not be detailed here. Figure 3.24(b) shows the charger that is fitted into the onboard 

enclosure with the water-cooling system. The overall test bench is shown in Figure 3.24(c), 

where the equipment is provided by Ford on-site test lab. The load is resistive and rated at 

10 kW. 

Figure 3.25 shows the output voltage and current of each phase with different 

virtual resistance under a balanced load. A comparison of Figure 3.25(a) and (b) indicates 

that the virtual resistor suppressed the resonant harmonics significantly. Experimental 

results of the resistive load, resistance-inductive load, and resistance-capacitive load are 

shown in Figure 3.25(c), (d), and (e), respectively.    

The load resistance of each phase is 47 Ω. Another 47 Ω resistance is paralleled to 

Phase C to create the load unbalance. Figure 3.26(a)~(b) shows the output voltage, output 

current, and the voltage of each split DC-link capacitor when the neutral balancing control 

is disabled. When applying the neutral-point voltage control, the corresponding result is 

shown in Figure 3.27(a)~(b).  

A comparison of Figure 3.26 and Figure 3.27 indicates that without the neutral-

point voltage control, the load unbalances create the neutral line current, which 

subsequently leads to the voltage oscillation on both the phase output and DC-link 

capacitors. With the neutral-point voltage control method, the voltage oscillation is 

drastically suppressed, avoiding the potential neutral-point unbalance, and stabilizing the 

three-phase output voltage, which greatly enhances the system performance in the V2L 

mode. 



 

90 

 

(a)

(c)

(b)

(d)

(e)  

Figure 3.25: Output voltage and current of each phase with resistive load.  

(a) Output waveforms without Rv at 5 kW,  

(b) Output waveforms with Rv=4.2 Ω at 5 kW,  

(c) Output waveforms with Rv=4.2 Ω at 10 kW (Resistive load),  

(d) Output waveforms with Rv=4.2 Ω at 10 kW (Resistance-inductive load),  

(e) Output waveforms with Rv=4.2 Ω at 10 kW (Resistance-capacitive load). 
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Figure 3.26: Unbalanced load test without neutral-point control.  

(a) Three-phase output voltage and current, (b) Voltage of split DC-link capacitors. 

 

(b)(a)  

Figure 3.27: Unbalanced load test with neutral-point control. 

(a) Three-phase output voltage and current, (b) Voltage of split DC-link capacitors. 
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 Summary 

This chapter designed a three-phase four-wire inverter for the V2L application. 

Utilizing split DC-link capacitors and another leg effectively deals with the load unbalance 

and suppresses the voltage oscillation of the neutral-point and phase output. The 

mathematical model is built to analyze the relationship between voltage oscillation and the 

unbalance rate. The virtual resistance is introduced to damp the harmonics at the resonant 

point to strengthen the system reliability and output quality. Note such virtual resistance is 

not only valid for the resistive load, but also the RC and RL load, and thus widens the V2L 

application.   

A MATLAB/Simulink model is used to confirm the control strategy and system 

parameter selection for the 10 kW scenario. Finally, a 10 kW prototype is built and 

successfully realized the load-unbalance control. The main contribution of this chapter  is: 

(1) Applying the virtual resistance to the phase voltage of the EV charger to 

generate the smooth AC voltage at the V2L mode. 

(2) Validating the design effectiveness to deal with the unbalanced load and various 

other types of loads, e.g., R, RC, and RL.   
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 THREE-PHASE INVERTER  

COMMON-MODE VOLTAGE MODELING 

This chapter concentrates on the common-mode voltage modeling and analytical 

characterization for various modulation schemes. 

The need for analytical models and tools to investigate common-mode (CM) and 

differential-mode (DM) signals in motor drive systems is evident in previous literature, 

which focuses on simulations and experiments. In this chapter, an analytical model of CM 

voltage for various PWM schemes is presented as a double Fourier integral, and the DM 

current is described by mathematical equations. The model is applied to different 

modulation schemes such as space vector PWM (SVPWM), discontinuous PWM (DPWM), 

and active zero state PWM (AZSPWM) for two-level and three-level multiphase inverters. 

The impact of these four modulation schemes on the CMV and DMI are comprehensively 

compared across varying modulation indices. In this system, a high-resolution field-

programmable gate array is used to implement the control algorithm and assess the impact 

of control bandwidth on CMV and DMI. 

The structure of this chapter is organized as the following. In Section 1 the CMV 

modeling will be presented. In Section 2, DM current ripple analysis will be performed to 

evaluate the DM performance.  Four different PWM methods are compared to each other 

through theoretical analysis and simulation in both CM and DM viewpoints in Section 3. 

Section 4 gives the experimental verification of CM reduction performance. Furthermore, 

Section 5 discusses how the control bandwidth affects CM and DM performance, and 

Section 6 extends the analysis to a three-level NPC inverter. 
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 CMV Analysis for Different PWM Patterns 

4.1.1 CM Modulation Signal 

As shown in Figure 4.1(a), conventional center-aligned SVPWM results in the 

CMV with a peak of ±Vdc/2. For AZSPWM, pulses are inversely aligned with the medium-

length duty cycle of the three phases. This modulation scheme avoids the adoption of zero 

vectors, which reduces the peak of CMV to ±Vdc/6. DPWM1 and DPWMMin also reduce 

the CMV by shaving the peak to either +Vdc/2 or -Vdc/2 in each switching cycle, as shown 

in Figure 4.1(c)~(d). Nevertheless, all these SVM methods listed in Figure 4.1 are a 

combination of SPWM and an injected 3rd-order CM modulation signal [126]. The main 

difference between different PWM patterns lies in the corresponding CM modulation 

signals. Figure 4.2(a)~(d) shows the modulation signal and CM modulation signal for 

SVPWM, DPWM1, and DPWMMin at high (0.8) and low (0.2) modulation index (MI) 

scenarios, respectively.  

Eqn (4.1) gives the modulation index of space vector modulation (SVM). Under 

this definition, the maximum linear modulation index is 0.906. Note that there are still 

some other modulation methods having the CMV reduction capability, for instance, remote 

state PWM (RSPWM) and near state PWM (NSPWM). These two PWM schemes have 

limited DC-bus-voltage utilization, e.g., 0.61-0.907 for NSPWM, and <0.58 for RSPWM, 

which severely limits the motor operation range. Therefore, these PWM methods will not 

be discussed here. 

 (4.1) 
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Figure 4.1: Various SVM pulse patterns and CMV distribution.  

(a) SVPWM, (b) AZSPWM,  

(c) DPWM-positive bus clamping, (d) DPWM-negative bus clamping. 

 

(a) (b)

(c) (d)
 

Figure 4.2: Modulation signal of SVPWM, AZSPWM, DPWM1, and DPWMMin.  

(a) @MI=0.8, (b) @MI=0.2.  

CM modulation signal of SVPWM, AZSPWM, DPWM1, and DPWMMin.  

(c) @MI=0.8, (d) @MI=0.2. 



 

96 

 

When running at the same speed and torque, all four PWMs have the same 

fundamental frequency. However, their CM modulation signals result in different CMV 

distributions. The FFT result of the CM modulation signals, as shown in Figure 4.3, 

indicates that DPWM will bring higher CMV in lower modulation indices. In this 

simulation, the fundamental frequency (f0) was set to 50 Hz. DPWMMin draws high CMV 

within the frequency range of 0~3f0 and DPWM1 draws high CMV in the frequency of 

>3f0. This is particularly true when the modulation index is low, as validated in Fig. 4.3 

where MI=0.2. 

Figure 4.4(a)~(d) shows the CMV spectrum of SVPWM, AZSPWM, DPWM1, and 

DPWMMin at high modulation index (0.8) and low modulation index (0.2) with the 

zoomed-in view at the switching frequency point, respectively. The fundamental frequency 

is 50 Hz (f0), fs=10 kHz and the DC-link voltage is 150 V. Several conclusions can be 

drawn:  

(1) In the low-frequency range (<3f0), DPWMMin has a higher CMV than others. 

For the frequency of 3f0~fs, DPWM1 always has a higher CMV. These can be 

explained by the FFT analysis shown in Figure 4.4. 

(2) SVPWM and AZSPWM have almost the same performance excluding the 

carrier harmonics (integer numbers of fs). At fs, AZSPWM reduces the CMV 

sharply compared with SVPWM. However, the sideband near fs for AZPWM 

increases, which cannot be explained by the FFT analysis shown in Figure 4.3 

and 4.4. The existence of such sideband CMV questions whether AZSPWM 

has the best CMV reduction. 
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(b) Freqency /Hz(a) Freqency /Hz  

Figure 4.3: FFT result for CM modulation signal of SVPWM, AZSPWM, DPWM1, 

and DPWMMin.  

(a) @MI=0.8, (b) @MI=0.2. 

 

(a) (b)

(c) (d)  

Figure 4.4: CMV spectrum of SVPWM, AZSPWM, DPWM1, and DPWMMin.  

(a) @MI=0.8 Wide frequency range, (b) @MI=0.8 Zoomed-in view @fs,  

(c) @MI=0.2 Wide frequency range, (d) @MI=0.2 Zoomed-in view @fs. 
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4.1.2 CMV Modeling with Double Fourier Integral 

It is essential to use a low-frequency modulation waveform to compare with a high-

frequency carrier waveform in any PWM method. The phase leg outputs a series of pulses 

switching between the upper and lower DC bus, which not only have the fundamental 

component but also incorporate a series of unwanted harmonics due to switching processes 

[127]. Double Fourier integral (DFI) analysis is a mathematical tool that can provide 

analytical solutions to precisely identify harmonic components of a PWM signal. In 

inverter applications, assume the target function (f(t)) is the voltage between the middle 

point of the phase leg and the middle point of the DC bus. f(t) is a cyclic signal related to 

both �(�) and �(�) with period=2�. Here, �(�)=ωs�+θs and �(�)=ω0�+θ0, representing the 

time variation of the high-frequency modulating wave and low-frequency modulated wave, 

respectively. By doing the DFI analysis on the PWM waveform, f(t) can be expanded as 

(4.2).       

 

(4.2) 

where m is the carrier index variable, n is the baseband index variable, and 

 
(4.3) 
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Eqn (4.2) divides the target function into 4 parts. The first term corresponds to the 

DC offset of the PWM waveform. Its existence depends on the reference point, which can 

be chosen as the lower DC bus or middle point of the DC bus. The second term represents 

the components of the fundamental frequency and its baseband harmonics. The third item 

represents the carrier wave harmonics, which are high-frequency components such as fs, 

2fs, and 3fs. The final double summation term is the entire group of all possible frequencies 

that appear as groups around the carrier harmonics frequencies. For example, fs±f0, fs±2f0, 

2fs±3f0, etc. The high-frequency components and the sideband group are the main objects 

to be analyzed.  

For specific PWM schemes, according to (4.2) and (4.3), the Fourier coefficients 

Amn and Bmn should be determined through DFI. For the conventional SVPWM, the integral 

bounds follow the shape of corresponding modulation waveforms. Figure 4.5 shows the 

integral bounds for SVPWM and DPWMMin, both at full modulation index within one 

periodical area (-�, �).  

Theoretically, AZSPWM will share the same modulation waveform as SVPWM. 

The only difference is, to inversely align the medium-length duty in half of the six sectors, 

PWM pulses need to be shifted by half of the switching period. Therefore, an equivalent 

DFI model specifically for AZSPWM is built, as shown in Figure 4.6. Assume the PWM 

duty cycle is D. Logically, to shift this PWM by 180°, the first step is to generate another 

PWM with the duty cycle equal to 1-D. By reversing the polarity of the newly generated 

PWM, the 180°-shifted PWM is obtained.  
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Figure 4.5: DFI integral bounds.  

(a) SVPWM, (b) DPWMMin.  
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Figure 4.6: AZSPWM generation logic. 
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According to the logic operation derived above, the integral bounds of AZSPWM 

are redrawn in Fig. 4.7.    

It is worth noting that only flipping the integral bounds in Figure 4.7 is not enough. 

During the integration, the upper and lower limits of the related section should also be 

swapped according to the AZSPWM generation logic in Figure 4.6. Hence, the DFI model 

for AZSPWM is generated as Eqns (4.4) ~ (4.6). By substituting different m and n, the 

carrier harmonics and sideband components can be calculated. 

 

(4.4) 

 (4.5) 

 
(4.6) 
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Figure 4.7: DFI integral bounds AZSPWM. 
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The calculation and simulation are based on a 50 Hz fundamental frequency, 10 

kHz switching frequency, 150 V DC bus voltage, and 0.8 modulation index. As Figure 

4.8(a) shows, the calculated carrier harmonics and the sideband component of both phase 

voltage and CMV are very close to the simulated result. Note that for computation, only 

the fs±15f0 sideband harmonics around switching frequency are plotted. Figure 4.8(b) 

shows the zoomed-in view of the range around the switching frequency (10 kHz). It can be 

observed that AZSPWM almost eliminates the CMV component at the switching 

frequency, but inevitably causes the sideband components to increase. 

4.1.3 CM Energy Distribution 

The CMV spectrum gives a visual impression of how the CM voltage is distributed. 

However, in reality, the CM energy distribution, especially the CM energy (CME) in a 

certain frequency range, rather than the CME at a specific frequency point is more 

important. To analyze CME, the square sum of each component within a certain frequency 

range is calculated as below.  

 (4.7) 

where n is the integer that defines the frequency range around fc. ZCM is the impedance of 

the CM path.  

With Eqns (4.4) ~ (4.7), the CME distribution could be plotted in Figure 4.9. AZSPWM 

reduces CME drastically at all operational ranges. However, at a low MI near fs, DPWM1 

and DPWMMin are not necessarily worse than AZSPWM. As the MI goes lower, the CM 

performance of DPWMMin and AZSPWM becomes comparable around fs. 
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Figure 4.8: Comparison of DFI result and simulation.  

(a) Wide frequency range, (b) Zoomed-in @fs. 
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Figure 4.9: CM energy distribution.  

(a) MI=0.8, (b) MI=0.2. 
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Considering the very-low-frequency CMV has little impact on the motor CMC, in 

terms of the CME: 

(1) High MI: SVPWM > DPWM1 > DPWMMin > AZSPWM. 

(2) Low MI: SVPWM > DPWM1 ≈ DPWMMin ≈ AZSPWM. 

A general procedure of DFI analysis for CMV can be summarized as shown in 

Figure 4.10. 

 DM Current Ripple Prediction 

As an important factor to evaluate the output power quality of inverters, the phase 

current ripple needs to be modeled. For three-phase inverter control, lots of modulation 

methods are proposed for different purposes, such as higher linearity range, or lower 

common-mode voltage. Some of the modulation schemes will sacrifice the differential-

mode performance of the inverter due to a larger induced current ripple, as a result, the 

output current THD increases. High levels of THD can result in malfunctions of equipment, 

overheating on cables and transformers, or corruption on digital signals and 

communications.  

The simulated three-phase current of the inverter for the low (0.2) and high (0.8) 

modulation index is shown in Figure 4.11. Here, f0=50 Hz, fs=10 kHz, and the DC bus 

voltage is 150 V.  

The corresponding current THD is listed in Table. 4.1, which indicates AZSPWM 

always has the highest DMI THD, though it has the best CMV reduction, especially for a 

low modulation index. As modulation increases, THD for AZSPWM goes down. 
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Figure 4.10: General procedure of DFI analysis for CMV. 
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Figure 4.11: Three-phase current waveform. 

(a) @MI=0.2, (b) @MI=0.8. 

 

Table 4.1: Three-phase current THD 

MODULATION INDEX SVPWM AZSPWM DPWM1 DPWMMIN 

0.2 5.49% 37.46% 11.27% 10.62% 

0.8 2.95% 5.84% 3.96% 4.02% 



 

108 

 

Therefore, the analytical model of the phase-current ripple is also needed. Since 

AZSPWM inversely aligns the pulse with the medium-length duty cycle, it results in a 

higher voltage drop across the winding inductance, which yields higher di/dt at the zero-

crossing section. To analytically investigate the current ripple induced by different PWM 

schemes, the current ripple prediction is needed. In this section, an analytical model of 

phase current ripple will be proposed to evaluate the ripple under different modulation 

methods. 

To predict the phase current ripple, the equivalent circuit under each space vector 

is needed. Figure 4.12 shows the Thevenin equivalent circuit with a total of eight switch 

combinations. The ripple is essentially the di/dt introduced by the voltage drop across the 

winding inductance (motor load is used here as an example). The current changing slope 

can then be derived through KVL and KCL.  

Table. 4.2 lists the current slope under different space vectors [128, 129], in which 

Da represents phase A’s duty cycle, Db represents phase B’s duty cycle, and Dc represents 

phase C’s duty cycle, respectively. 

To show the detailed current ripple prediction process, conventional space vector 

modulation (CSVM), also known as space vector pulse width modulation (SVPWM), is 

used as an example. The pulse pattern of CSVM is shown in Figure 4.1(a), the used space 

vector sequence is 000-100-110-111-110-100-000. In different subintervals, the voltage 

across the winding inductance of phase A (Vao) is different. As a result, the current will 

change linearly in each segment according to different slopes and operation times. For 

instance, in the scenario shown in Figure 4.1(a), the current ripple could be calculated with 

(4.9). 
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Figure 4.12: Equivalent circuit for current ripple prediction under different space 

vectors. 

 

Table 4.2: Current slope under different space vectors. 

Space Vector Current Slope 

000/111 
 

100/011  

110  

001/010  

101  
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To show the detailed current ripple prediction process, conventional space vector 

modulation (CSVM), also known as space vector pulse width modulation (SVPWM), is 

used as an example. The pulse pattern of CSVM is shown in Figure 4.1(a), the used space 

vector sequence is 000-100-110-111-110-100-000. In different subintervals, the voltage 

across the winding inductance of phase A (Vao) is different. As a result, the current will 

change linearly in each segment according to different slopes and operation times. For 

instance, in the scenario shown in Figure 4.1(a), the current ripple could be calculated with 

(4.9). 

 
(4.9) 

With the current ripple prediction method, the reason why AZSPWM has a larger 

current ripple can be explained. According to the simulation result in Figure 4.11, the 

largest ripple current for AZSPWM happens at each zero-crossing part, which is located in 

Sector 2 and 5. The segments with a negative slope are 010 and 011, according to Table. 

4.2. The predicted current ripple is: 

   (4.10) 

Figure 4.13 shows the current ripple prediction in Sector-1. The actual ripple 

current is determined by the DC-link voltage, motor armature inductance, switching 

frequency, and instantaneous duty cycle. On the right-hand side of Figure 4.13, the 

simulated ripple behavior is aligned with the prediction.  

Assume the switching frequency is 10 kHz, the fundamental frequency is 120 Hz, 

and the armature inductance is 120 µH. According to Eqn (9), the maximum ripple of any 
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Figure 4.13: DM current ripple at various PWMs. 

(a) SVPWM, (b) AZSPWM, (c) DPWMMin, (d) Current ripple vs PWM pattern. 
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PWM scheme can be calculated with respect to different modulation indices. Figure 4.14 

shows the predicted current ripple amplitude as the modulation index varies from 0.1 to 

0.7 for SVPWM, AZSPWM, and DPWMMin, respectively. With the modulation index 

increasing, the current ripple of AZSPWM decreases, while for SVPWM and DPWMMin 

the current ripple increases. However, even the smallest current ripple of AZSPWM is still 

greater than the highest value when applying SVPWM or DPWMMin. This turns out to be 

one significant drawback of AZSPWM.  

By doing the same current prediction in all sectors for different PWM schemes, the 

current ripple behavior can be compared to a different modulation index. The prediction 

result is shown in Figure 4.15. It is observed that, as the modulation index increases, the 

current ripple of SVPWM and DPWMMin will also increase while dropping for AZSPWM. 

Furthermore, at the same modulation index, AZSPWM always generates the highest 

current ripple, followed by DPWMMin, and SVPWM shows the lowest current ripple. 

 Comprehensive Comparison 

Figure 4.16 shows a direct comparison of the CM- and DM-performance of 

SVPWM, AZSPWM, and DPWMMin. It can be found that in the low MI range, the current 

THD of AZSPWM is significantly higher than SVPWM and DPWMMin. In the medium 

and high MI zone, the corresponding CME of AZSPWM is significantly lower than other 

PWMs, though its DM current THD is still worse than others.  

Since different modulation schemes have different performances in both CM and 

DM aspects. Using the modulation schemes at the specific operating point could maximize 

the advantages while avoiding the drawbacks. For example, taking motor current ripple,  
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Figure 4.14: Current ripple vs. modulation index.  

(a) fs = 10 kHz, (b) fs = 40 kHz. 
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Figure 4.15: Current ripple prediction. 

(a) SVPWM, (b) AZSPWM, (c) DPWMMin. 
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CM current, loss, and switching frequency to build a multifactor control method could 

realize an online adaptive operation. Such a modulation method combination can be named 

hybrid PWM (HPWM). 

As for the DM performance, the concerning part is the output current ripple. 

according to the proposed current prediction model, the current ripple of three PWMs is 

plotted in Figure 4.17. It shows that with different MI and switching frequencies, the 

general relationship is that AZSPWM has the highest current ripple, DPWMMin ranks the 

second, and CSVM shows the lowest ripple. The ripple of all PWMs reduces as the 

switching frequency increases. For CSVM and DPWMMin, the ripple increases as the MI 

increases, while AZSPWM shows the opposite trend. The current ripple of each PWM 

merges at full modulation. As for the CM performance. A 3D plot is shown in Figure 4.18. 

It shows the peak CMC vs the fs and MI. Obviously, in different zones, the CM reduction 

performance is different. For example, at a certain range that is marked in the circle, the 

red color shows on the tops, which means the AZSPWM has the highest CMC while the 

DPWM shows the best reduction performance. These mention us that if some proper 

combinations of these PWMs could be found, the inverter could always pick one with the 

ideal CM performance among others at specific operating conditions. 

As the CM and DM performance prediction model for different PWM are built. If 

a modulation scheme could take motor current ripple, CMC, loss, and switching frequency 

to build a multifactor control method could realize an online adaptive operation, the 

controller could online determine the optimal PWM according to the CM/DM performance 

and system loss, as well as the switching frequency with a minimum requirement of 

computation resources based on the torque and speed command. 
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Figure 4.17: Current ripple prediction comparison. 

 

(a)

(b) (c)  

Figure 4.18: Peak CMC prediction. 

(a) 3D view, (b) Top view, (c) Bottom view. 
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HPWM intends to use different modulation schemes based on the specific scenario. 

To simplify the structure, as shown in Figure 4.19, the PMSM close-loop control is still 

FOC-based. However, in the PWM modulator, the controller will need to evaluate the 

system parameters and determine which PWM shows the best CM and DM performance. 

This process is the core computation part of the HPWM algorithm. The HWPM flow chart 

is shown in Figure 4.20, The basic idea is, to loop the switching frequency in a certain user-

defined range and find the frequency range with the lowest CMC and output current ripple. 

Pick the frequency with minimum loss as the present operation frequency. To combine the 

CM/DM performance evaluation, there exist several challenges, especially a large amount 

of computation time is need for DFI.  Explore some machine learning methods to actively 

evaluate the CM performance could make the on-chip analysis of different PWMs possible. 

 Experimental Validation 

An FPGA-controlled SiC inverter is designed to set up a motor drive test bench. As 

shown in Figure 4.21(a). The designed inverter is air-cooled and rated at 30 kW. The SiC 

device is from CREE (C2M0025120D) and rated at 1200 V 90 A. The CMC measurement 

relies on the line impedance stabilization network (LISN). The test bench layout is shown 

in Figure 4.21(b). LISN provides a stable and normalized source impedance (50 Ω) for CM 

measurement and prevents external noise from the source side. The measured CMC is sent 

to the EMI analyzer through the power combiner, which allows the CM component to pass 

while suppressing the DM component. The FPGA controller communicates with the host 

computer through Ethernet. The whole system sits on a copper grounding plate, where the 

inverter heatsink, motor case, and LISN are grounded. 
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Figure 4.19: Filed-oriented control with HPWM. 
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Figure 4.20: HPWM flow chart. 

 



 

120 

 

 

LISN

EMI Receiver

DC Power Supply

Copper plate

FPGA

motor

SiC Inverter

Host Computer 

 

(a)

(b)
 

Figure 4.21: Test bench setup. 

(a) 30 kW SiC inverter, (b) Test bench layout. 
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By switching different PWM schemes at low speed (300 RPM), which is the low-

MI (0.2) case, the CMV measurement is collected and plotted, as shown in Figure 4.22(a). 

The zoomed-in view at the switching frequency is shown in Figure 4.22(b). 

As evident in Figure 4.23 at the switching frequency, SVPWM has the highest CM 

component by translating the CMV decibel plot to the CMC amplitude spectrum; DPWM1 

and DPWMMin have lower CM components, and AZPWM has the lowest CM current– 

even though its CM component on the sideband rises compared to other PWM schemes. 

This observed behavior at the switching frequency is aligned with the simulation result. 

 
Note that the modulation index in this test is very low (0.2). At fs, AZSPWM has 

the best CMV reduction performance. However, in terms of the spectrum near fs (fs±500 

Hz) of AZSPWM and DPWMMin, the CMV reduction performance is comparable, the 

lowest among all PWM schemes. DPWM1 is in the middle, and SVPWM has the highest 

CMV. This also confirms that at a low modulation index, the CM reduction performance 

of AZSPWM and DPWMMin are close, as predicted in Figure 4.9. 

The CMC for each PWM method at different switching frequencies is also 

measured, as shown in Figure 4.24. At a specific switching frequency, the peak value of 

CM components increases with the switching frequency. Figure 4.25 shows the CMC 

increase as switch frequency increases. This leads to a bulky design of the CM filter as the 

switching frequency increases, which is the main challenge when adopting WBG devices.  

With the same test bench, three different PWM patterns mentioned in this chapter 

are generated by the Zedboard to drive the motor. The EMI receiver is used to measure the 

CMC and generate the spectrum. The spectrum is focused on the range from 150 kHz to 

300 kHz (LW band in CISPR-25), and the predicted peak CMC is also within this region. 
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Figure 4.22: CMV measurement.  

(a) Wide frequency range, (b) Zoomed-in view @fs. 
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Figure 4.23: CM current spectrum @fs. 
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Figure 4.24: CMV spectrum with respect to different switching frequency.  

(a) SVPWM, (b)AZSPWM, (c)DPWMMin. 
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Figure 4.25: CM current spectrum with respect to different switching frequency 

@DPWMMin. 
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 Figure 4.26 shows the measurement results at 10 kHz switching frequency and 0.31 

MI. Within the frequency range from 150 kHz to 300 kHz, the maximum common mode 

currents are labeled in the figures. The maximum common mode currents with SVM, 

AZSPWM, and DPWMMin are 3.32583 mA, 2.66876 mA, and 1.36647 mA, respectively. 

The predicted peak CMC is compared with the measurement results in Table 4.3, where 

the absolute error percentages are around 10%. 

 Impact of Control Bandwidth 

As a trend in the EV domain, the adoption of higher-resolution microcontrollers, 

such as FPGAs become popular. With their unique parallel computation capability, FPGAs 

can update the duty cycle every switching period [130], yielding a sampling or control 

frequency (fc) equal to the switching frequency (fs). This finely tunes the PWM patterns 

resulting in lower current THD. However, little research work has been performed on its 

effect on CMV reduction. Some extended studies will be presented in this section. 

As the switching frequency of WBG devices is gradually pushed to a higher level 

to maximize the potential of SiC devices, the high control frequency, i.e., high control 

bandwidth (CBW) becomes more and more important. In this paper, all the control logic 

is realized through Xilinx System Generator blocks and fixed-point arithmetic with high 

precision (32-bit) multiplications. The HDL code can be automatically generated as soon 

as the simulation in MATLAB/Simulink environment is verified. Then the generated HDL 

bitstream can be directly implemented into the Xilinx 7000-series FPGA chip to achieve 

field-oriented control (FOC), with the control diagram shown in Figure 4.27. Note the 

traditional microprocessor executes the control algorithm in serial sequence, which limits 
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Figure 4.26: Surface plot of peak CMC with different fs and MI.  

Top: CSVM, Middle: AZSPWM, Bottom: DPWMMin. 
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Table 4.3: Predicted peak CMC vs Measured Result 

PWM Measurement (A) Prediction (A) Error (%) 

CSVM 0.00332583 0.00346765 4.2641 

AZSPWM 0.00266876 0.00244687 8.3145 

DPWMMin 0.00136647 0.00125049 8.4876 
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Figure 4.27: Field-oriented control block diagram. 
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the overall system processing efficiency and yields a low control frequency, i.e., fc<<fs. In 

FPGAs, all the control logic is implemented in parallel, which means it can update the 

PWM every clock cycle, i.e., fc=fs. The control bandwidth impact on CM and DM 

performance has rarely been mentioned in the previous research work, which is the subject 

of this section.   

4.5.1 CBW Impact on CM Signal 

Assume in a SiC inverter, fs=40 kHz and f0=50 Hz. To investigate the impact of fc, 

the author purposely set fc=1/8fs, 1/4fs, and 1/2fs, which means to update the PWM duty 

cycle every 2, 4, and 8 switching periods, respectively.  

Figure 4.28 gives the CMV FFT result when fc=40 kHz, fc=1/8fs=5 kHz. A zoomed-

in view shows that for f<fs, the CMV with low fc is always higher than the curve with full 

control bandwidth, except at some notched frequency pointe (n*fc). However, overall, there 

is no significant CME difference. 

By calculating the CME distribution, as shown in Figure 4.29, the conclusion is: 

(1) fc will affect CM current distribution in the frequency range <fs, but the impact 

is minor. 

(2) CM current at the switching frequency point is still the dominant component, 

regardless of fc. 

Therefore, fc does not contribute to the CM reduction. This conclusion is confirmed 

by measurements in Figure 4.30. In these measurements, the CM component is at f=n*fc 

notches in the low-frequency range matching well with simulation results. The dominant 

part is still at f=fs. 
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Figure 4.28: CM spectrum @fs=40 kHz with respect to different CBW. 

(a) Wide range (fc=1/8fs, simulation) (b) Zoomed-in view. 
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Figure 4.29: CME distribution with respect to different fc (simulation). 



 

129 

 

 

40
30
20
10

0
-10

103
104 40kHz

fc=40kHz

30
20
10

0
-10

d
B

u
V

fc=20kHz
103

104 40kHz

103
104

Frequency/Hz
(c)

d
B

u
V

30
20
10

0
-10 fc=10kHz

40kHz

Frequency/Hz
(a)

d
B

u
V

Frequency/Hz
(b)

 

Figure 4.30: Measured CMV spectrum with respect to different CBW.  

(a) 40 kHz, (b) 20 kHz, (c) 10 kHz. 
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4.5.2 CBW Impact on DM Signal 

The PWM updating frequency will lower the resolution of the output waveform. 

For a 40 kHz inverter, set fc=1/8fs, 1/4fs, 1/2fs respectively. The spectrum of the DM current 

is compared in Figure 4.31. For each case, the DM components at n*fc will appear as long 

as fc≠fs. For fc=fs case, the simulated current THD is 1.775%. As fc decreases, the current 

THD increases. Table 4.4 shows the THD simulation result with various fc at f0=500 Hz 

and 1 kHz, respectively.  

The conclusion is: 

(1) The influence that fc brings to the DM signal is more obvious. Since the 

modulation signal changes along fc, the resolution drops as fc<fs, which affects 

the shape of the output current. 

(2) For fc≠fs, the spectrum has high components not only at f0 and fs, but also at 

n*fc. 

(3) The lower fc, the higher DM current THD.   

(4) FPGA with a high control bandwidth will benefit DM more than CM. 

To validate the impact of using FPGA, the CMC at different fc is collected. The 

inverter switching frequency is 40 kHz. fc is set to 40 kHz, 20 kHz, and 10 kHz, 

respectively.  

The CMC spectrum is plotted in Figure 4.32(a). Figure 4.32(b) provides a zoomed-

in view of the CMC spectrum at the switching frequency point (40 kHz). It shows that no 

matter what the control frequency is, the impact on the CMC is negligible, i.e., the control 

frequency does not affect the CM energy.  
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Figure 4.31: DM signal spectrum of the three-phase current (simulation) comparison 

with different control bandwidth.  

(a) fc=1/8fs, (b) fc=1/4fs, (c) fc=1/2fs. 
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Table 4.4: Three-phase current THD with different fc-f0 pair 

CBW (fc) 5 kHz 10 kHz 20 kHz 40 kHz 

THD (f0=500 Hz) 3.525% 2.45% 1.798% 1.775% 

THD (f0=1 kHz) 9.175% 3.339% 3.026% 2.581% 

 

C
M

C
/A 3

2

1

4

×10-3

5

104 1050
103

Freq/Hz

40 kHz
20 kHz
10 kHz

CBW

C
M

C
/A 3

2

1

0

4

3.99
Freq/Hz ×104

3.994 3.998 4.002 4.006 4.01

40 kHz
20 kHz
10 kHz

CBW
5

×10-3
(a)

(b)
 

Figure 4.32: Measured CM current spectrum with different CBW.  

(a) Wide frequency range, (b) Zoomed-in view @fs. 
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 Summary 

This chapter has given a comprehensive consideration of the three-phase motor 

drive system by building analytical models of CMV and DMI for various PWM control, 

which have been validated by simulation and experiments. The DFI model quantifies 

existing sideband harmonics in AZSPWM CMV and shows excellent extendibility to a 

multi-level inverter. Together with the DMI model predicting current ripple and THD, 

some conclusions have been drawn that are different from previous literature:  

(3) Due to such sideband harmonics, the CM performance of AZSPWM is not 

necessarily better than DPWMs, especially at a low modulation index.  

(4) AZSPWM causes a higher phase current ripple than other PWM. 

How to apply the best PWM under different operation scenarios remains unknown, 

but such an analytical model provides us with a powerful tool, allowing a comprehensive 

vision for further evaluations. Compared to the traditional solution, e.g., the simulation 

model in Simulink, the proposed analytical model could help designers to summarize the 

principle of CMV effectively. By using DFI, the analytical result of CMV could be coupled 

with the CM impedance, thereby conducting the CMC. The impact of all other variables, 

such as motor and controller parameters, could be actively evaluated through analytical 

equations instead of repeating the simulation. However, for some novel and complex 

modulation methods with irregular modulation waveforms, the DFI bounds might be 

difficult to derive, which will increase the difficulty of applying the proposed model. 

According to the performance evaluation, each PWM has its merits and drawbacks. 

Applying a single method in a full modulation range is not an optimal solution. Combining 
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several PWMs with respect to specific operational scenarios can be a balanced approach, 

which is also the future work of this paper.  

It is also found that FPGA’s high control frequency can benefit the DM reduction 

while having little impact on the CMC. An analytical model considering other non-ideal 

factors such as the sampling frequency and delay is also subject to future work. 
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 COMMON-MODE VOLTAGE ELIMINATION FOR 

DUAL THREE-PHASE INVERTERS 

This chapter concentrates on the common-mode voltage elimination based on the 

six-phase motor drive system. 

Due to the physical limits of the three-phase structure, none of those reduced-CMV 

PWMs that have been reviewed in the previous chapters can fully eliminate the CMV. As 

the motor phases have been extended to even numbers, such as six phases, opportunities to 

eliminate the CMV by a proper modulation scheme emerge. This chapter proposes a new 

modulation method to fully eliminate or reduce the CMV for the full modulation span of a 

dual-three-phase motor drive system, thereby helping to shrink the CM filter. Mathematical 

models are built indicating the effectiveness of eliminating the CMV in the linear range of 

the modulation index and reducing the CMV in the overmodulation range. The simulation 

results along with experiments implemented on the FPGA-controlled dual three-phase 

inverters validated the effectiveness of the proposed control algorithm in a full modulation 

span. 

The structure of this chapter is organized as the following. Section 1 introduces the 

modulation method and CMV in the six-phase motor drive system. Section 2 proposes a 

pulse manipulation scheme in six-phase structure for CMV elimination. A detailed 

mathematical model of the for the proposed method is built. Section 3 uses the Simulink 

model to study the theoretical modulation behavior. In Section 4, the experimental result 

is presented to indicate its effectiveness in the full modulation range. Section 5 is the 

summary.  
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 Modulation of Six-phase Motor Drive System 

Space vector modulation (SVM) is widely adopted in the three-phase motor drive 

system. With the switching frequency increasing particularly when using wide-bandgap 

(WBG) devices, the common-mode voltage (CMV) becomes the major drawback. As 

shown in Figure 5.1, traditional center-aligned pulse width modulation (PWM) generates 

CMV varying between ±Vdc/6 or ±Vdc/2 in a three-phase two-level inverter.  

Eqn (5.1) defines the CMV in a three-phase system, where Vao, Vbo, Vco denote the 

voltage between the phase leg output and the DC-link middle point. These values show the 

CMV can never be zero, which subsequently yields a large CM choke for the sake of 

complying with CM standards, such as CISPR 25 in electric vehicles (EVs). Both cost and 

weight are then added to the inverter system. As the six-phase motors draw more attention 

in the past decades, eliminating the CMV becomes possible in two-level inverters. 

Eqn (5.2) formulates the CMV for a DTM. Due to the even phase count, the CMV 

elimination becomes theoretically feasible. 

For safety concerns, the motor case and the middle point of the DC-link are 

typically grounded to the chassis [44]. The parasitic capacitor (Cs) across the winding 

neutral and chassis will provide the path for the CM current (CMC), induce shaft voltage, 

and bearing current [131-134]. This will cause insulation failure, greatly shorten the motor 

lifespan, and cause significant EMI problems. To make the situation worse, wide bandgap 

(WBG) devices such as SiC MOSFETs are more commonly being used in motor drive 

systems. Their superior switching performance results in high CMV by introducing a high 

switching frequency (fs) and high dv/dt [99, 135].  
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Figure 5.1: Three-phase center-aligned modulation and corresponding CMV. 
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 (5.1) 

 
(5.2) 

In the six-phase modulation, we can take the conventional sinusoidal PWM 

(CSPWM) as an example. The gate signals of all switches are still center-aligned, as shown 

in Figure 5.2. Here, Da-f denotes the duty cycle of each phase, and the overall CMV 

exhibits a 7-level profile with a peak value equal to ±Vdc/2. Given each switch-on action 

results in the step of Vdc/2 at the corresponding phase-leg output and a switch-off action 

generates -Vdc/2, every switching action at any phase results in a step change of the CMV. 

For a conventional PWM control, in one switching period switching actions of two phases 

cannot happen simultaneously, which still yields a large CMV.  

By shifting or splitting PWM signals to create switch-on/off pairs among phases 

while keeping the duty cycle of phases unchanged, CMV can be eliminated as the ±Vdc/2 

step-changes at different phases offset each other. This approach is named zero CMV 

modulation (ZCMVM) illustrated in the right plot of Figure 5.2 [109]. Such a pulse shifting 

mechanism does not change the total number of switching actions in one switching period. 

Therefore, the switching loss remains the same as CSPWM or CSVM. 

 Mathematical Model of CMV in DTM System 

5.2.1 SPWM-based ZCMVM for Low/Medium Modulation Index (MI≤0.785) 

Aligning the switch-on/off edges to cancel the CMV is the precondition to cancel 

CMV in the DTM system. The question remains as to whether this alignment can be applied  
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Figure 5.2: Modulation scheme and the corresponding CMV. 

Left: CSPWM, Right: ZCMVM. 
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in the whole switching period and extended to the whole modulation range. A mathematical 

model of CMV is important to explore the possibility. For SPWM, the duty cycle for each 

phase can be expressed as Eqn (6.2-1), where MI is the modulation index, x represents the 

phase number (a-f), and θ=0, 2π/3, 4π/3, π/6, 5π/6, 3π/2 for phase-A-F, respectively. Here, 

two sets of windings, ABC and DEF have a 30° phase difference according to the DTM 

definition. 

 (5.3) 

 (5.4) 

The PWM shifting and splitting rules can be referred to Figure 5.3. Assume the PWM 

signal of Phase-A follows CSPWM without any shift or split, pulse shifting happens to 

phase-B/C and pulse splitting happens to phase-D/E/F. The newly split pulses at the 

beginning of each switching period denote as d1/e1/f1, and those at the end of the switching 

period denote as d2/e2/f2. As a result, Eqns (5.5)-(5.10) could be derived. If all of the 

switch-on/off pairs can be aligned, De2 must be equal to Df1. 

The PWM shifting and splitting rules can be referred to Figure 5.3. Assume the 

PWM signal of Phase-A follows CSPWM without any shift or split, pulse shifting happens 

to phase-B/C and pulse splitting happens to phase-D/E/F. The newly split pulses at the 

beginning of each switching period denote as d1/e1/f1, and those at the end of the switching 

period denote as d2/e2/f2. As a result, Eqns (5.5)-(5.10) could be derived. If all of the 

switch-on/off pairs can be aligned, De2 must be equal to Df1. 

 (5.5) 
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Figure 5.3: ZCMVM modulation waveforms @MI=0.5. 
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to phase-B/C and pulse splitting happens to phase-D/E/F. The newly split pulses at the 

beginning of each switching period denote as d1/e1/f1, and those at the end of the switching 

period denote as d2/e2/f2. As a result, Eqns (5.5)-(5.10) could be derived. If all of the 

switch-on/off pairs can be aligned, De2 must be equal to Df1. 

The PWM shifting and splitting rules can be referred to Figure 5.3. Assume the 

PWM signal of Phase-A follows CSPWM without any shift or split, pulse shifting happens 

to phase-B/C and pulse splitting happens to phase-D/E/F. The newly split pulses at the 

beginning of each switching period denote as d1/e1/f1, and those at the end of the switching 

period denote as d2/e2/f2. As a result, Eqns (5.5)-(5.10) could be derived. If all of the 

switch-on/off pairs can be aligned, De2 must be equal to Df1. 

 (5.5) 

 (5.6) 

 (5.7) 

 (5.8) 

 (5.9) 

 (5.10) 

By substituting (5.3) to (5.5)-(5.10), De2 and Df1 could be found as (5.11).  

 (5.11) 

This validates that shifting and splitting PWMs to align all switching pairs are 

theoretically feasible regardless of the modulation index. However, the challenge is that 

such rules might not apply when the modulation index is high. For instance, when the 

modulation index is 0.5, Figure 5.3 shows the original modulation waveforms for Da-f and 
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the updated modulation waveforms for Dd-f1,2. The reference waveform of Df2 reaches 

below 0, which is physically not applicable thereby causing the phase current distortion. 

The root cause is, in some cases, the PWM shifting and splitting rule twists the original 

duty cycle to force the edges to align. If Phase-A is always fixed as the reference phase, 

and the duty cycle of Phase-B/C becomes larger, the PWM shifting will be difficult to 

realize as there is very limited room to move pulses. The solution is to fix the phase with 

the too high or low duty cycle as the stationary phase while shifting the other two.  

To locate the stationary phase properly, Figure 5.4 introduces the proposed zone 

division rule. By solving Eqn (5.12), a fundamental period could be divided into 6 zones 

by every 60°. The zone and corresponding stationary phase are given in Figure 5.4 as well. 

 (5.12) 

5.2.2 SVM-based RCMVM for High Modulation Index (0.785<MI≤0.906) 

As the stationary phase varies from zone to zone, the ZCMV requirement also 

changes. The rule and corresponding switching sequences are given in Table. 5.1.  Figure 

5.5 illustrates the PWM manipulation rule in each zone. The proposed ZCMVM above is 

essentially an SPWM-based method, which limits the maximum linearity range to 0.785. 

To increase the DC-bus voltage utilization, SVM is one of the most popular schemes where 

the 3rd order harmonic is injected. Whether the same ZCMV rule could apply to SVM then 

needs further investigation. For SVM, the duty cycle for each phase is formulated as Eqn 

(5.13), where x represents the phase index and θ=0, 2π/3, 4π/3, π/6, 5π/6, 3π/2 for phase-

A-F, respectively, and the D3rd is the corresponding 3rd order harmonic injection. For each 

set of three-phase windings, the injected 3rd voltage harmonics have a 30° difference. 
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Figure 5.4: ZCMVM modulation waveforms @MI=0.5. 
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Table 5.1: ZCMVM rules 

Zone 1,4 Stationary phase Sa Sb Sc Sd Se Sf ZCMV requirement 

ωt(°)=0~30 & 

150~210 & 330~360 
A 

0 0 0 1 1 1 

De2=Df1 

1 0 0 1 1 0 

1 0 1 1 0 0 

1 1 1 0 0 0 

1 1 0 1 0 0 

1 0 0 1 0 1 

0 0 0 1 1 1 

Zone 2, 5 Stationary phase Sa Sb Sc Sd Se Sf ZCMV requirement 

ωt(°)=30~90 & 

210~270 
B 

0 0 0 1 1 1 

Dd1=Df2 

0 0 1 1 0 1 

1 0 1 1 0 0 

1 1 1 0 0 0 

1 0 1 0 0 1 

1 0 0 1 0 1 

0 0 0 1 1 1 

Zone 3, 6 Stationary phase Sa Sb Sc Sd Se Sf ZCMV requirement 

ωt(°)=90~150 & 

270~330 
C 

0 0 0 1 1 1 

De1=Dd2 

0 0 1 1 0 1 

0 1 1 0 0 1 

1 1 1 0 0 0 

1 0 1 0 0 1 

0 0 1 0 1 1 

0 0 0 1 1 1 
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Figure 5.5: ZCMVM pulse manipulation rules in different zones. 

(a) zone-1,4, (b) zone-2, 5, (c) zone-3, 6. 
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 (5.13) 

If following Figure 5.5 and Eqns (5.5)-(5.10), as shown in Eqn (5.14), De2 is not 

equal to Df1, the CMV cannot be eliminated. However, it still might reduce the CMV. If 

this is validated, the strategy for MI>0.785 can be renamed from ZCMVM to reduced-

CMV modulation (RCMVM).  

 (5.14) 

Note that pulse manipulation needs to avoid phase current distortion. For a split 

PWM, if the left piece cannot align the edge, the algorithm might force the alignment to 

happen by enlarging its length. As a result, the right piece length goes negative, which is 

not feasible but only causes the phase current distortion.  Figure 5.6 shows the modulation 

waveforms for RCMVM when MI=0.906. None of the adjusted duty cycles go below zero. 

5.2.3 SVM-based RCMVM for Overmodulation (0.906<MI<1) 

For the conventional SVM, the overmodulation capability is necessary to maximize 

the DC-bus voltage utilization. In [117, 118], the authors divided the overmodulation range 

into two segments, i.e., 0.906<MI<0.952 (mode-I) and 0.952<MI<1 (mode-II) and 

enhanced the THD performance compared with other overmodulation methods. This paper 

based on their work adopts the same RCMVM method as the MI increases.  

The modulation waveforms for two overmodulation modes are shown in Figure 

5.7. Since in the overmodulation range the zero-vector operating time is reduced as well as 

the CMV, the total CMV reduction will not be as significant as in the linearity modulation 

range. When MI=1, there are no differences between CSVM and the proposed RCMVM.  
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Figure 5.6: RCMVM modulation waveforms @MI=0.906. 
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Figure 5.7: RCMVM overmodulation waveforms. 

(a) MI=0.95, (b) MI=1. 
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The mechanism of pulse manipulation in high modulation and overmodulation is the same, 

trying to align rising and falling edges to reduce the CMV. For the edges that fail to be 

aligned, the CMV will remain. This will happen not in the linear modulation range, but in 

the over-modulation range. Figure 5.8 illustrates the RCMVM operation, where the falling 

edge of Dc and the rising edge of Dd2 failed to be aligned. As a result, the CMV between 

this interval still exists though the rest of the CMV in other areas is canceled. Therefore, 

the proposed modulation scheme eliminates the CMV in the low and medium modulation 

index range (0<MI≤0.785) and reduces the CMV in the high and overmodulation range 

(0.785<MI≤1), which is named zero/reduced CMV modulation (ZRCMVM). 

 Implementation and Simulation Result 

Changing the carrier waveforms can realize the PWM shifting and splitting. 

However, for the proposed ZRCMVM, the PWM shifting/splitting occurs rapidly, causing 

significant difficulty in carrier waveform modification. In this paper, another efficient 

PWM manipulation method is proposed. As shown in Figure 5.9, by calculating the 

ON/OFF duty cycle for each phase, we can compare it with the carrier and calculate the 

intermediate part with the “AND” logic to obtain the duty cycle. By moving and splitting 

the ON/OFF duty cycle, the PWM manipulation can be realized, as shown in Eqns (5.15)-

(5.17). 

This method is applicable in an FPGA, utilizing Xilinx-provided model-based 

coding tools for MATLAB Simulink. In the EV domain, high-resolution microcontrollers, 

such as FPGAs draw more attention nowadays. With the unique parallel computation  
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Figure 5.8: Modulation scheme and the corresponding CMV. 

Left: CSPWM, Right: ZCMVM. 
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Figure 5.9: Proposed pulse manipulation method. 

(a) Shifting, (b) Splitting. 
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capability, FPGAs can update duty cycles every switching period, reaching a higher control 

bandwidth. In this paper, all control logic is realized through Xilinx System Generator. As 

the simulation is finished, the control code is ready as well to power two inverters for the 

DTM.   

 (5.15) 

 (5.16) 

 (5.17) 

5.3.1 Low/Medium modulation range (0<MI≤0.785)  

Figure 5.10 simulates the CMV at different zones, where the modulation index is 

0.3, DC bus voltage is set to 30 V for the targeted 48 V motor drive application, the 

switching frequency is 10 kHz and the fundamental frequency is 100 Hz. The CSPWM is 

also depicted as a green dashed line. Note that the dead time is not considered in this 

simulation. The PWMs for each phase are moved properly and the CMV is eliminated by 

ZRCMVM.  

In the CMV elimination process, the stationary phase changes every 60° to avoid 

potential phase current distortion. As a result, the load current is shown in Figure 5.11. It 

shows with the proposed method of changing the stationary phase per 60°, the phase current 

distortion disappears, the linear range is secured. If no proper regulation, as the modulation 

index increases, the distortion become worse. The linear modulation range will be 

drasftically limited. 
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Figure 5.10: Simulated CMV with ZRCMVM @MI=0.3. 

 

 

Figure 5.11: Simulated phase current waveform.  

Top: without zone division, Bottom: with zone division. 
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5.3.2 High/overmodulation range simulation (0.785<MI≤1)  

When the modulation index exceeds 0.785, the ZRCMVM is adjusted to the 

reduced-CMV mode. Figure 5.12 shows the simulation result at the maximum linearity 

modulation point (MI=0.906), the ending point of the overmodulation range mode-1 

(MI=0.95), and the full modulation point (MI=1), respectively. In this range, the CMV 

starts to appear, although most of the ±Vdc/2 components are eliminated due to the proper 

pulse manipulation. As the modulation enters the overmodulation range, the zero-vector 

time duration decreases, yielding a lower CMV even for the conventional SVM. When full 

modulation is achieved, there is no room for any PWM manipulation, and the performance 

of CMV reduction for CSVM and ZCMVM becomes identical. Such simulation results are 

aligned with the previous analytical analysis. 

The fast Fourier transform (FFT) result of Figure 5.12 is shown in Figure 5.13. 

Aligned with the time domain analysis above, the proposed ZRCMVM generated CMV 

but still reduced compared to CSVM. Starting from the short-wavelength conductive CM 

EMI range (150 kHz–300 kHz) defined in CISPR-25, the maximum CMV components are 

reduced by half when MI=0.906 and by 1/3 in the overmodulation Mode-I. When full 

modulation is realized, the CMV spectrum of CSVM and ZRCMVM becomes identical. 

5.3.3 Differential-mode performance 

The impact of various CMV reduction methods on the DM performance needs to 

be closely monitored, given the phase current ripple and THD are closely related to PWM 

patterns. Some PWMs, such as AZSPWM, aim to reduce the CMV by splitting certain 

phase pulses to avoid using zero-vectors but generate a much larger ripple current on both  
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Figure 5.12: CMV waveform under high/overmodulation. 

(a) MI=0.906, (b) MI=0.95, (c) MI=1. 

 

 

Figure 5.13: CMV spectrum under high/overmodulation. 

(a) MI=0.906, (b) MI=0.95, (c) MI=1. 
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the DC-link side and the AC motor side. This not only worsens the harmonic performance 

but also causes acoustic noise during the operation. Therefore, the PWM manipulation 

process in the proposed ZRCMVM also needs to be evaluated. The simulation results of 

the input/output DM performance are shown in Figure 5.14 and Figure 5.15, performed 

with a 30 V DC bus voltage to fit the 48 V six-phase motor application, 10 kHz switching 

frequency, and 100 Hz fundamental frequency. Here, CPWM denotes a combined PWM 

pattern, which uses CSPWM for MI<0.785 and CSVM for MI>0.785 to have a fair 

comparison with the proposed ZRCMVM. 

On the input side, the DC-link capacitor current is critical to the DC-link capacitor 

selection, which strongly affects the system size. Figure 5.14 shows the simulation result 

of the DC-link capacitor current for CPWM, ZRCMVM, and AZSPWM. The DC-link 

capacitor current of ZRCMVM, though slightly larger than CPWM, shows similarity to 

CPWM with a maximum difference of 5 A. Such a small difference has very little impact 

on the capacitor selection. For AZSPWM, the DC-link capacitor current ripple is 

significantly larger than ZRCMVM, which requires larger DC-link capacitors. Here we 

simulated the current RMS values.   

On the output side, the major DM performance lies in the phase current ripple. 

Based on the simulation result shown in Figure 5.15(a), the proposed ZRCMVM always 

has a higher ripple in the linear modulation range than CPWM. As the modulation index 

increases, the ripple difference between ZRCMVM and CPWM decreases. In the 

overmodulation range, the difference is negligible. From the THD perspective, as shown 

in Figure 5.15(b), the current THD of ZRCMVM continuously drops as the modulation 

index increases. The overall gap is narrow and acceptable.  Compared to ZCMVM and 
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Figure 5.14: DC-link capacitor current comparison. 
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Figure 5.15: Differential-mode impact at the output side. 

(a) Phase current ripple comparison, (b) Phase current THD comparison. 
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 CPWM, AZSPWM has very poor performance in terms of both current ripple and THD, 

especially in the low modulation index range. Reference [114] has proposed the phase 

current prediction model for AZSPWM to explain the essential cause, i.e., the split medium 

length PWM extends the time that the voltage imposed on the phase inductance, resulting 

in a larger current ripple. Such comparison shows the superiority of ZRCMVM when 

considering the DM performance that other reduced-CMV PWMs will not offer. 

5.3.4 Dynamic performance 

Throughout the whole modulation span, there are two different modulation 

mechanisms. For MI≤0.785, the strategy is CSPWM-based ZCMV modulation. And for 

MI>0.785, the strategy is CSVM-based RCMV modulation. In motor drive applications, 

the modulation index varies dynamically as the motor changes its status. Therefore, the 

transient performance when the modulation index passes through the boundary should be 

investigated.  

Given the step change of the MI from 0.75-0.82 at 0.01 s. As shown in Figure 5.16, 

the sinusoidal modulation waveform will change to the space vector modulation waveform, 

which is injected with 3rd order harmonics. The simulation of the transient process for a 

region switch is shown in Figure 5.17. As the MI jumps into the RCMV modulation range, 

the CMV starts to appear. The amplitude of the phase current increases accordingly with 

no inrush. This is another support for the conclusion in section C that the proposed 

modulation method shows less impact on the differential-mode performance. 

The motor speed change refers to a fundamental frequency variation. Figure 5.18 

shows the six-phase current waveform and CMV waveform during a fundamental  
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Figure 5.16: Modulation waveform for a MI step change. 
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Figure 5.17: Transient process for region switch.  

(a) Modulation index, (b) CMV, (c) Three-phase current. 
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(b)
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Figure 5.18: Transient process for speed change. 

(a) CSPWM, (b) ZRCMVM. 
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frequency change from 100 Hz to 200 Hz at 0.03 s. The transition during the speed change 

is smooth with no spikes or fluctuations, and the CMV elimination performance is not 

affected. 

The transient simulation shows that the system dynamic performance is the same 

with CSPWM/CSVM, this is because the proposed ZRCMVM does not change the 

modulation waveform, but directly redistributes the PWM pulse generated by 

CSPWM/CSVM. Therefore, from the space vector point of view, the trajectory never 

changes. This applies to the whole modulation range. The only difference it brings to the 

system for DM is the current ripple change due to the irregular pulse assignment. 

 Experimental Validation 

With the Xilinx System Generator toolbox, the Simulink model can be translated 

into the FPGA code. To set up the experimental validation, two three-phase inverters are 

designed to set up a DTM drive test bench, as shown in Figure 5.19(a). The SiC power 

module is from Wolfspeed (CAS325M12HM2, 1.2 kV, 444 A). Two inverters sit on a large 

cold plate for water cooling.  The motor is rated at 48 V/10 kW with two separated neutral 

points.  

The 48 V technology has been widely accepted in mild hybrid EVs, which enable 

considerable savings in fuel consumption with moderate additional costs [136-

139]. Therefore, in this paper, a 48 V DTM is used as an example.  

Figure 5.19(b) shows the test bench layout. The detailed test bench parameters are 

listed in Table 5.2. The whole system with LISNs sits on a grounded copper plate based on 

EMI measurement criteria. 
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Figure 5.19: DTM test bench.  

(a) 100 kW SiC inverter, (b)Test bench layout. 
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Table 5.2: Test bench parameters 

Item Value Unit 

DC bus voltage 30 V 

Output Power 5 kW 

Switching frequency (fs) 10 kHz 

Fundamental frequency (f0) 100 Hz 
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5.4.1 CMV Measurement 

The CMV waveform is measured in 4 different modulation zones, as shown in 

Figure 5.20, the CMV measurement is processed in the ZCMV-linearity range (MI=0.6), 

RCMV-linearity range (MI=0.8), RCMV-overmodulation mode-I (MI=0.95), and RCMV-

Full modulation (MI=1).  Here, CMV1 and CMV2 represent the CMV on each set of three-

phase windings, respectively. 

According to the proposed CMV reduction strategy, for MI<0.785, the waveform 

of CMV1 and CMV2 is mirror-symmetrical along the time axis to cancel each other 

thereby eliminating the overall CMV. For MI>0.785 the CMV is reduced, even the 

waveform of CMV1 and CMV2 is not vertically mirrored. The experimental result shows 

good execution of the ZRCMVM method, despite the CMV spikes caused by the 300 ns 

dead time. Specifically, the unexpected CMV spike happens at the instants when two 

phases commutate simultaneously [140].  

The dead-time effect is shown in Figure 5.21. Due to the existence of dead time, 

some CMV patterns are extended for a short period, which makes the symmetrical CMV 

on each three-phase set asymmetrical on the edge. As a result, at each commutation point, 

a Vdc/3 CMV pulse will be generated. For conventional center-aligned modulation, the 

simultaneous phase commutation caused CMV spike is negligible since the commutation 

always happens at the edge of the zero vector. In addition, the two-phase simultaneous 

commutations only happen once in a sector plane (twice for six-phase as there exists a 30° 

vector plane rotation). As a result, the CMV caused by deadtime is minimal. However, for 

the proposed ZRCMVM, each switching edge pair is intentionally assigned to be aligned, 

which means the two-phase simultaneous commutation happens in every switching cycle.  
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Figure 5.20: CMV waveform.  

(a) ZCMV in linearity range (MI=0.6),  

(b) RCMV in linearity range (MI=0.8),  

(c) RCMV in overmodulation range mode-I (MI=0.6), 

(d) RCMV in overmodulation range mode-II (MI=1, full modulation). 
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Figure 5.21: Dead time effect on CMV. 
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Therefore, the dead time caused by CMV spikes has more impact on the CM EMI 

performance for the ZRCMVM. There is much literature that has discussed the dead-time 

effect on the CMV and the corresponding compensation work. However, current direction 

and output voltage polarity detection are typically needed, which requires extra hardware 

support, such as current or voltage sensors [141-144]. Since this chapter targets the new 

modulation method mechanism, the dead time compensation will not be further 

investigated here. 

At the same test condition, the measurement data of CSVM is also collected and 

compared with the proposed ZRCMVM, as shown in Figure 5.22 and Figure. 5.23.  In the 

linearity range, compared with CSVM, ZRCMVM eliminates the CMV voltage levels in 

the medium and low modulation index and reduces CMV in the high modulation index 

range.  

In this stage, the superiority of ZRCMVM is significant as it enters the 

overmodulation range, the CSVM also reduces the zero-state vector operation time with 

less zero-state duration. As a result, the CMV of CSVM starts to decrease. Though 

ZRCMVM still shows better CMV reduction performance, the gap between CSVM and 

ZRCMVM is narrowed.  

Eventually, when the system reaches the full modulation, the two modulation 

schemes have no difference in the CMV performance, as shown in Figure 5.24, and the 

two CMV waveforms both become 3-level profile (-Vdc/6, 0, Vdc/6). The observed CMV 

behavior is aligned with the theoretical analysis in Section II and the simulation result in 

Section III. 
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Figure 5.22: CMV comparison between CSVM and ZRCMVM in the linear range. 
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Figure 5.23: CMV comparison between CSVM and ZRCMVM in overmodulation 

range. 
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Figure 5.24: CMV comparison between CSVM and ZRCMVM at full modulation. 
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The experimental results above provide a direct performance comparison between 

CSVM and ZRCMVM through the time domain CMV waveform. However, in the motor 

drive system, the essential harm that the inverter brings to the motor lifespan is caused by 

the CM current (CMC). To further confirm the effectiveness of the proposed ZRCMVM, 

a quantitative comparison of the CMC is necessary, which relies on the line impedance 

stabilization network (LISN). LISN provides a stable and normalized source impedance 

(50 Ω in this test) for the CMC measurement and prevents the external noise from 

interfering with the source side [82]. The measured CMC is then sent to the EMI analyzer 

through the power combiner, which allows the CMC component to pass while suppressing 

the DM component. The whole system sits on a copper grounding plate, where the inverter 

heatsink, motor case, and LISN are grounded. 

The proposed model aims to eliminate the CMV profile through modulation, 

however, some dv/dt components still exist because of the switching actions and dead-time 

effect. Therefore, the high-frequency EMI noise dominated by the high-speed transient 

processes will not be effectively reduced compared to CSVM. Considering the CM filter 

is typically designed with respect to the low-frequency range as the high-frequency 

components are relatively easier to damp, the CM EMI spectrum on the low-frequency 

conductive range is measured, as shown in Figure 5.25, Figure 5.26, and Figure 5.27. This 

range (150 kHz-300 kHz) is defined in CISPR-25 as the longwave (LW) broadcast band, 

which is strongly affected by the modulation-based CMV reduction.  

In the linear range when MI=0.6, the CMC reduction is significant. The maximum 

reduction is around 23 dBuV. Note that such measured voltage is the CMC multiplied with 

50 Ω resistance inside the LISN. A drastic reduction of the CMC in the low-frequency  
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Figure 5.25: CMC spectrum comparison in the linear modulation range. 

 

 

Figure 5.26: CMC spectrum comparison in the overmodulation range (mode-I). 
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Figure 5.27: CMC spectrum comparison in the overmodulation range (mode-II). 
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range is attributed to the proposed ZRCMVM. For MI=0.8, the modulation aims at RCMV, 

and the maximum reduction is lowered to around 8 dBuV, still exhibiting ~60% CMC 

reduction. 

In the overmodulation range, as the system approaches full modulation, the 

theoretical CM performance of both modulation schemes should gradually merge. The CM 

EMI spectrum of CSVM and ZRCMVM are approaching each other due to the reduced 

CMV of CSVM itself. At the end of overmodulation mode-I, where MI=0.95, the 

maximum reduction on the spectrum envelop at this point, is ~6 dBuV. From the obtained 

spectrum at MI=1, the envelopes for CSVM and ZRCMVM are nearly overlapped. 

Therefore, the EMI spectrum measurements confirm the ZRCMVM performance behavior 

through a full modulation span, which is modeled in the previous sections.  

5.4.2 DM Current Ripple measurement 

The measured phase current in different modulation ranges is shown in Figure 5.28 

with an inductive load. The phase current quality in the linear range is secured by 

ZRCMVM, however, in the overmodulation range, the current starts to distort. In Section 

III, the differential impact of ZRCMVM is investigated. It shows that even though 

ZRCMVM is based on pulse manipulation, the phase current ripple caused by ZRCMVM 

is not significantly larger than CSVM.  

To further verify the differential-mode performance, the tested phase current ripple 

is captured through an RF current probe. As shown in Figure 5.29, the modulation index 

varies from 0.1 to 0.9, where the corresponding phase current RMS value increases from 

4.75 A to 39 A. The phase current ripple of ZRCMVM is not larger than CSVM. The total  
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Figure 5.28: Phase current waveforms. 

 

 

Figure 5.29: Phase current ripple measurement. 
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ripple to phase current RMS ratio increment is less than 1.7%. Such performance not only 

prevents worsening phase current THD but also avoids loud acoustic noise, especially 

when the switching frequency is below 20 kHz.  

 Summary 

This chapter proposed a CMV elimination/reduction modulation scheme that 

covers the full modulation range. In the low/medium modulation range (0<MI≤0.785), the 

modulation is CSPWM based, where the objective is to fully eliminate the CMV. In the 

high/overmodulation range (0.785<MI≤1) when SVPWM is adopted, due to the need for 

3rd order harmonic injection, zero CMV is hard to realize. The proposed modulation 

strategy, however, can still reduce the CMV. The overall CMV is drastically reduced from 

the perspective of full modulation operation. In summary, the proposed ZRCMVM has the 

following advantages: 

(1) The modulation is based on basic PWM methods, only adding additional pulse 

manipulation processes. The overall implementation difficulty is low.  

(2) Nearly 80% of operation points can work under zero CMV conditions, which 

covers most realistic scenarios. The rest of the operation points can still see 

significant CMV reduction. 

(3) Compared with some reduced-CMV modulation methods, e.g., AZSPWM, the 

phase current ripple caused by the pulse manipulation in ZRCMVM is much 

smaller, especially in the high/overmodulation range. Though the 3rd order 

harmonic injection is applied when MI>0.785, due to the high modulation 
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index, the ripple has a negligible difference compared to CSVM. This will 

benefit the current quality and lower acoustic noise. 

(4) The total switching loss of ZRCMVM is the same as CSVM as no extra 

switching action is introduced. Compared to some methods adding extra 

switching actions to reduce CMV, the efficiency using the proposed ZRCMVM 

will not be reduced. 

With the Xilinx System Generator Platform, the simulated modulation algorithm is 

easily converted to the FPGA code. The experimental results prove the effectiveness of 

ZRCMVM on the CMV reduction, without sacrificing the DM performance in the full 

modulation range. The pulse shifting/splitting method is not restricted to any specific 

modulation scheme. For various 3rd order harmonic injections (triangle wave is injected in 

this paper for CSVM), the same approach might also apply.  
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 THREE-LEVEL INVERTER COMMON-MODE 

VOLTAGE MODELING AND REDUCTION 

As the 2-level structure has been investigated comprehensively, this chapter 

concentrates on the 3-level structure CMV reduction.  

Recently, high voltage batteries such as 800V instead of 400V became popular in 

EVs because of the benefit of fast charging, longer mileage, and lower loss. This requires 

either the device to have high voltage blocking capability, or the inverter to be multiple 

levels, such as 3-level neutral point clamped (NPC) inverter and active neutral point 

clamped (ANPC) inverter. Considering the cost and manufacture issue, using lower voltage 

blocking devices in the multilevel inverter is more preferred, which not only lowers the 

device voltage stress but also enhances the output power quality because of the increased 

voltage levels.  

The CM performance of a 3-level inverter will be discussed in this chapter. In 

addition, the applicability of the proposed analytical CMV model to a 3-level inverter will 

be studied. 

The structure of this chapter is organized as follows. Section 1 summarizes the 3-

level modulation methods. Section 2 builds the DFI model for each modulation method for 

the CMV analytical characterization, including conventional space vector modulation, and 

two more 3-level modulation schemes that more preferred in the 3-level system. In Section 

3, the simulation result is presented to validate the 3-level modulation CMV modeling, as 

well as investigating the DM impact that each modulation could bring to the system. 

Section 4 is the summary.  
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 Three-level Active Neutral Point Clamped Inverter Modulation 

Compared to a conventional two-level inverter, the three-level phase output voltage 

has 3 voltage levels (0, +Vdc/2, -Vdc/2). The 3-level ANPC inverter topology is shown in 

Figure 6.1. For each phase leg, there are 4 high-frequency switches (Sx1H, Sx1L, Sx3H, Sx3L, x 

represents phase a, b, or c) and 2 line-frequency switches (Sx2H, Sx2L). One conventional 

modulation method is to use the space vector modulation waveform to compare with the 

level-shifted carriers to generate the high-frequency PWM. The modulation mechanism is 

shown in Figure 6.2. In the positive half cycle, the top switches Sa1H and Sa3H will be 

controlled by the Top Switch Carrier, while Sa2H stays on. All bottom switches (Sa1L, Sa2L, 

and Sa3L) are off. In the negative half cycle, the bottom switches Sa1L and Sa3L will be 

controlled by Bottom Switch Carrier while Sa2L remains on. The top switches (Sa1H, Sa2H, 

and Sa3H) then remain off. According to the switching profile of SVPWM in 3L-ANPC and 

following the general procedure of DFI analysis for CMV shown in Figure 4.9, the 

corresponding DFI integral bounds can be derived for the 3-level modulation schemes. 

 CMV Analytical Model for 3-Level Modulation 

6.2.1 CSVM 

As shown in Figure 6.3, there are 8 sections for each fundamental cycle. Especially, 

in sections 1, 2, 5, and 6, there are three integration areas. In sections 3, 4, 7, and 8, there 

is only one integration area (ignore the area where the pole voltage is 0). For instance, in 

section 1, the integration segments should be (-π, 1-), (1-, 1+), and (1+, π). In section 3, the 

integration segments should be (3-, 3+). 
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Figure 6.1: Three-phase three-level ANPC inverter motor drive system. 

 

 

Figure 6.2: 3L-ANPC CSVM modulation waveform. 
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Figure 6.3: DFI integral bounds for SVPWM in a 3L-ANPC inverter. 
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(6.1) 

The DFI model for CSVM in a 3L-ANPC is then generated from (6.1). Using 

(4.5)~(4.6) and substituting different values for m and n, the carrier harmonics and sideband 

components of the CMV can be calculated and compared to the simulation at f0=100 Hz, 

fs=10 kHz, 200V DC bus voltage, and 0.8 modulation index. As shown in Figure 6.4, the 

calculated carrier harmonics and the sideband component of both phase voltage and CMV 

are very close to the simulation. Here only the fs±15f0 sideband harmonics around fs are 

plotted. Therefore, the proposed analytical approach for CMV can be extended to multi-

level scenarios. 
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Figure 6.4: Comparison of DFI result and simulation for 3L-ANPC inverter. 

 (a) Wide frequency range, (b) Zoomed-in view @fs. 
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6.2.2 NTSVM 

Direct CSVM modulation does not consider the modulation from the vector 

assignment point of view. However, determining the switching states, and the 

corresponding vector duration time is critical to synthesize the reference voltage vector 

[145]. As the total switching states count of a multilevel converter shows a cubic increase 

with the converter levels,  the computational effort for the CSVM overwhelms quickly and 

is not preferred to be used for multilevel converters. Instead, using the nearest three vectors 

to synthesize the reference voltage is arguably the best approach as it saves the computation 

resources and forms precise vector decomposition. This modulation scheme is called 

nearest three vector modulation (NTSVM).  

The NTSVM mechanism is illustrated in Figure 6.5. Where the reference vector 

(blue) locates in sector-1 and subsector-2, the NTSVM requires to use the vectors on the 

three vertices of the subsector-2 triangle. Different from CSVM, which has a simplified 

modulation waveform that could be directly extended from a 2-level inverter, the 

modulation waveform of NTSVM is very complicated because of the subsector alternation. 

Depending on the modulation index, the modulation waveform shows a very different 

profile. The DFI bounds could be derived and plotted as shown in Figure 6.6. Following 

the same steps that were applied in section 6.2.1, the analytical CMV spectrum vs the 

simulation result could be obtained. Figure 6.7 shows the comparison given DC bus voltage 

= 800 V, MI=0.8, fs=10 kHz and f0=100 Hz. In Figure 6.8, the peak CMV at the switching 

frequency point at different modulation indices is estimated and compared with the 

simulation. The result shows very accurate CMV prediction performance for NTSVM. 
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Figure 6.5: NTSVM vector plane and reference synthesis. 
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Figure 6.6: DFI integral bounds for NTSVM in a 3L-ANPC inverter. 
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Figure 6.7: Comparison of DFI result and simulation for 3L-NTSVM. 

 Left: Wide frequency range, Right: Zoomed-in around fs.  

 

 

Figure 6.8: Comparison of DFI result and simulation for 3L-NTSVM CMV peak @fs. 

 

 

 

0

50

100

150

200

250

0 0.2 0.4 0.6 0.8 1

Calculation Simulation



 

187 

 

6.2.3 RCMVM 

NTSVM alternates the space vectors based on the minimum switching action 

principle to save the switching loss. However, some of the vectors will result in CMV 

higher than Vdc/6. Therefore, by avoiding using the 8 voltage vectors that generate Vdc/6 

CMV, the system CMV could be constrained within Vdc/6. These 8 vectors are marked in 

Figure 6.9. Other than that, the vector synthesis mechanism is the same as NTSVM. Due 

to the forced forbidden of some vectors, which means the 8 reduannt switching states will 

not be used during modulation, the minimum switching action mechanism could not be 

realized. For example, in NTSVM sub-sector 2, the vector sequence minimum switching 

action would be (1, 0, 0), (1, 0, -1), (1, -1, -1) (0, -1, -1). However, in RCMVM sub-sector 

2, the (0, -1, -1) vector is banned because it generates Vdc/2 CMV, the switching sequence 

becomes (1, 0, 0), (1, 0, -1), (1, -1, -1) (1, 0, 0). The last state transition includes an extra 

swiching. Therefore, compared with NTSVM, the switching loss of RCMVM will be 

increased. 

Similar to NTSVM, the modulation waveform of RCMVM is also complicated 

compared with CSVM. The DFI bounds could be derived and plotted as shown in Figure 

6.10. The analytical CMV spectrum vs the simulation result could be obtained through the 

CMV spectrum estimation model.  

Figure 6.11 shows the comparison given DC bus voltage = 800 V, MI=0.8, fs=10 

kHz and f0=100 Hz. In Figure 6.12, the peak CMV at the switching frequency point at 

different modulation indices is estimated and compared with the simulation. The result 

shows very accurate CMV prediction performance for RCMVM.  
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Figure 6.9: NTSVM vector plane and reference synthesis. 
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Figure 6.10: DFI integral bounds for RCMVM in a 3L-ANPC inverter. 
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Figure 6.11: Comparison of DFI result and simulation for 3L-RCMVM. 

 Left: Wide frequency range, Right: Zoomed-in around fs. 

 

 

Figure 6.12: Comparison of DFI result and simulation for 3L-RCMVM CMV peak @fs. 
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 CMV Performance Evaluation 

Due to the smaller voltage step change in the 3-level inverter, the 3-level 

modulation generates a smaller CMV profile compared with conventional 2-level 

modulation.  

The simulation comparison is shown in Figure 6.13. Given 800 V DC-link voltage, 

with 2L-CSVM, the peak CMV could reach Vdc/2. However, the 3L-NTSVM could reduce 

the CMV peak to Vdc/3, while 3L-RCMVM could further limit the CMV to Vdc/6. 

Therefore, the 3-level system naturally has smaller CMV in terms of the CMV time-domain 

peak value. The zoomed-in view shows the CMV pattern within a switching period. The 

2-level CSVM CMV is a 4-level profile, 3-level NTSVM shows 3-level waveform with 

half of the fundamental period clamped to Vdc/3 and the rest half clamped to -Vdc/3. 

RCMVM result in a 3-level profile as well but the peak is restricted to ±Vdc/6. 

Figure 6.14 shows the corresponding CMV spectrum. In the LW/MW frequency 

range (150 kHz to 1.8 MHz, defined in the CISPR-25 EMI standard), the RCMVM CMV 

reduction is significant. NTSVM helps reduce the CMV by 8.43 dBμV and RCMVM 

further lowers the CMV by 10.82 dBμV. 

The above comparison is compared with 2L-CSVM. When compared with 3L-

CSVM, the CMV reduction performance is summarized and listed in Figure 6.15. In a 

complete linearity modulation range, RCMVM shows the best CMV reduction 

performance in terms of the peak CM components in the LW spectrum. In the MW range, 

the reduction performance is comparable to the NTSVM, but still much better than the 

CSVM. 
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Figure 6.13: CMV profile comparison. 
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Figure 6.14: CMV spectrum comparison. 

Left: Wide frequency range, Right: LW/MW frequency range. 
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Figure 6.15: Peak CMV comparison in LW/WM frequency range. 

(top) LW band, (bottom) MW band. 
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Similar to the previous chapters, when considering the CM performance of a certain 

modulation method, the corresponding DM performance also needs to be investigated. 

Figure 6.16 collects the DM performance of 3-level CSVM, NTSVM, and RCMVM. 

According to the DM performance comparison, though RCMVM provides the best 

CMV reduction, it introduces higher output current ripple and THD. While NTSVM and 

CSVM show little difference. Compared with the 2-level inverter, the three-level inverter 

has one extra DM performance factor, the neutral point shift. This is defined as the voltage 

difference between the voltage across the top and bottom capacitors. Due to the selective 

mechanism of RCMVM, the neutral point balancing performance will be weakened. 

CSVM shows the most stable neutral point voltage. 

 Summary 

The GaN-based multi-level topology could benefit the EV application under a high-

voltage scenario from both power density and efficiency aspects. This chapter first 

successfully extended the proposed CMV prediction model to the 3-level inverter. With 

NTSVM and RCMVM, though the modulation waveforms are complex, the suggested 

CMV prediction procedure shown in Figure 4.10 still applies. The computation result 

matches the simulation result very accurately. In addition, the CM and DM performance 

of a 3-level inverter with different modulation schemes are investigated and compared. The 

CMV reduction performance of RCMVM is not considerably better than NTSVM but has 

worse DM performance.  
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Figure 6.16: DM performance comparison. 

Top: Output current ripple, Middle: Output current THD, Bottom: Neutral point shift. 
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 CONCLUSION AND FUTURE WORK 

Based on the work presented in chapters 1-6, the conclusions of this dissertation 

are summarized. The potential future research is also discussed in this chapter. 

 Conclusion 

7.1.1 Summary of The Work 

In this dissertation, both inverters on the EV charger side and motor drive side are 

studied. Each side has a different issue to resolve. 

On the charger side, a control strategy for a three-phase four-wire topology is 

proposed to deal with the V2L application. With the additional fourth leg, the voltages on 

the split DC-link capacitors are properly balanced under unbalanced load. A virtual 

resistance is introduced to damp the harmonics under V2L mode at the resonant point, the 

system reliability is significantly strengthened, and power quality is secured. 

On the motor drive side, methods of characterizing the CMV for three-phase 

inverters are proposed based on DFI because the modulation not only causes CMV but also 

affects the system DM performance. An analytical model of output current ripple is also 

built for a comprehensive evaluation of various PWM control techniques. During the 

experimental validation through FPGA, the control bandwidth impact on the system CM 

and DM performance is also investigated. A hybrid PWM concept is proposed to actively 

switch the modulation method so that the system could always pick the PWM with the 

ideal performance among others at specific operating conditions. The on-chip CMC 

prediction result shows good accuracy and is a solid preparation for future code integration. 
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In addition, based on the six-phase motor drive system, a CMV reduction 

modulation method is proposed that covers the full modulation span. In the low/medium 

modulation range (0<MI≤0.785), the proposed modulation could eliminate the CMV. In 

the high/overmodulation range (0.785<MI≤1), the proposed modulation could reduce the 

CMV, while the DM performance is not significantly deteriorated.  

Considering the high voltage trend in EV applications, multilevel converters could 

be introduced for the high voltage designs. Vairous 3-level modulation methods are 

investigated. The proposed CMV analytical tool is successfully extended to the 3-level 

inverter for the CM spectrum prediction. Based on that, both CM and DM performance are 

compared and validated through a 50 kW/ 800 V GaN-based 3-level inverter. 

7.1.2 Contributions 

7.1.2.1 Contributions of The Work 

The contributions of this work are summarized as follows: 

(1) A neutral point voltage control method is proposed to balance the split DC-link 

capacitor voltages under load fluctuation. 

(2) A virtual resistance harmonic filter is modeled and applied to suppress the load 

current harmonics under unbalanced load. A 10 kW SiC-based bidirectional 

onboard charger with V2L function is delivered. 

(3) An analytical model of CMV regarding various modulation methods is 

proposed for quantifying CM performance, as well as the DM current ripple 

prediction model for comprehensive modulation scheme performance 
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evaluation. A 30 kW SiC-based 3-phase 2-level inverter for the 3-phase motor 

drive is delivered. 

(4) A CMV elimination/reduction modulation scheme is proposed based on the six-

phase motor drive system, which realizes full modulation span CMV reduction, 

including overmodulation range. Two 100 kW SiC-based 3-phase 2-level 

inverters for the 6-phase motor drive were built and tested. 

(5) The CMV analytical model is successfully extended to the 3-level system. The 

model is validated and compared the performance of different 3-level 

modulation schemes through both CM and DM aspects. A 50 kW GaN-based 

3-phase 3-level inverter for the high voltage motor drive is built and tested. 
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 Future Work 

On the basis of the work presented in this dissertation, some recommended future 

work is discussed here. 

(1) 3-level hardware development and test. 

To validate the 3-level modulation performance, a water-cooled 50 kW rated GaN-

based 3-level inverter is built. The GaN HEMTs are from GaN System, GS66516T (650 

V, 60 A). 3 pieces are paralleled at each switching position. The switching frequency is set 

to 50 kHz which is controlled by the FPGA, and the DC-link voltage is at most 800 V for 

high voltage applications. The prototype is shown in Figure. 7.1. The inverter is a stacked 

system with the bottom board carrying the power devices and the top board for the DC-

link capacitors and input/output interfaces. To verify the performance that is investigated 

in Chapter 6, the follow-up experiments are expected to perform on this prototype.. 

(2) Comprehensive CM/DM EMI filter design and optimization. 

The average noise of the electromagnetic environment increases by about 10 dB 

every 10 to 20 years. The increase of environmental noise and electromagnetic noise year 

by year has a direct impact on the safe and reliable operation of vehicles. In order to 

improve the convenience and functionality of the in-vehicle system, the required 

electromagnetic components and the amount of bus data will also increase, and the 

electrical appliances will interfere and influence each other. The requirements of the 

various wireless communication systems such as in-vehicle remote control systems, 

Bluetooth, Wi-Fi, V2X, and millimeter waves face challenges in electromagnetic 

compatibility and information security. In such a condition, EMI filters are a must to be  
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Figure 7.1: 3-level GaN-based ANPC inverter prototype. 

Top: Bottom view, Middle: Top view, Bottom: Final assembly. 
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adopted in the motor drive system. According to the discussion in this dissertation, with 

the trend of WBG devices, the higher switching frequency can effectively reduce passive 

parts in the system, but also requires a bigger EMI filter to suppress the increased EMI 

noise, considering the past design is usually experience-based, the size redundancy will be 

significant. Though some software-based efforts, such as modulation techniques, can 

reduce the CMV without additional hardware, different modulations still have their unique 

impact on both CM and DM performance. Considering the high switching frequency and 

dead time effect, the high-frequency band EMI is a challenge. A proper filter modeling and 

design integration should be considered that takes all CM and DM impacts under different 

working conditions into consideration. The benefit of each modulation method should be 

quantified with the filter size for comparison and form a comprehensive filter design 

procedure.   

(3) Motor bearing current monitoring and suppression. 

As the source of the CM EMI in motor drive systems, several solutions have been 

proposed from the power converter’s perspective, such as the inverter modulation schemes, 

and topologies. However, as important as the source, the conduction path has not drawn 

enough attention to be studied. It is the motor internal parasitics that provide low 

impedance CMC thereby leading to the CM EMI emission. However, suppressing CMC to 

meet the standards is not the only goal. As discussed in the previous chapter, one main 

issue that CMC brings to the system is the bearing damage. The bearing current is a part 

of CMC. CMV magnitude and conduction loop path are the necessary conditions for the 

current generation, but the loop for bearing current is different from a simple circuit, there 

is no relatively clear circuit, and it is difficult to measure the current.  A comprehensive 
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bearing current modeling procedure will benefit the bearing current prediction algorithm 

to monitor the bearing status online and take action when hazardous happens. Further 

development of bearing current models that can aid in the reduction of these currents is 

needed 
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