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December 2024 
 
 

Chairman :   Associate Professor Jasronita bt Jasni, PhD  
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The 21st century faces critical challenges, including fossil fuel dependence, 

climate change, and rising energy costs. In response, the transition to new 

energy electric vehicles (NEEVs) is accelerating, replacing internal 

combustion engine (ICE) vehicles to mitigate the energy crisis and reduce 

environmental pollution. 

This research focuses on developing a permanent magnet synchronous motor 

(PMSM) drive control system based on silicon carbide metal-oxide-

semiconductor field-effect transistor (SiC MOSFET) technology for NEEVs. A 

comprehensive analysis of key subsystems—electrification levels, power 

battery packs, and electrical propulsion systems—is conducted. To address 

switching challenges in SiC MOSFET, an active discontinuous current source 

gate driver (CSGD) circuit is proposed. Additionally, a three-phase interleaved 

parallel bidirectional Buck–Boost (TPIPBi-Buck–Boost) converter is 
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introduced to regulate energy flow between the power battery pack and the 

motor drive inverter within the high-voltage DC bus, enabling efficient 

bidirectional voltage conversion. As advancements in NEEVs production 

demand higher precision, speed, and stability in PMSM systems, a finite 

control set model predictive torque control (FCS-MPTC) strategy with voltage 

vector expansion is recommended. However, integrating SiC MOSFET and 

PMSM poses challenges related to electromagnetic interference (EMI), 

affecting compliance with electromagnetic compatibility (EMC) standards. To 

address this, system-level conducted EMI equivalent circuit models are 

developed, covering key components such as the power battery pack, busbar 

cables, three-phase inverter, and PMSM. 

Simulation and experimental validation confirm the proposed innovations. The 

novel CSGD circuit maintains a constant gate drive current during both turn-

on and turn-off periods, enhancing SiC MOSFET switching performance. The 

TPIPBi-Buck–Boost converter efficiently manages energy flow—supporting 

motor performance during acceleration and recovering excess energy during 

braking. The optimized FCS-MPTC method eliminates weight coefficients from 

traditional MPTC, improving system performance. Additionally, the system-

level EMI equivalent circuit model aids in predicting conducted EMI noise 

during the design phase, providing a robust theoretical foundation for accurate 

modeling and effective EMI suppression. 
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Abad ke-21 menghadapi cabaran kritikal, termasuk pergantungan bahan api 

fosil, perubahan iklim dan peningkatan kos tenaga. Sebagai tindak balas, 

peralihan kepada kenderaan elektrik tenaga baharu (NEEVs) semakin pantas, 

menggantikan kenderaan enjin pembakaran dalaman (ICE) untuk 

mengurangkan krisis tenaga dan mengurangkan pencemaran alam sekitar. 

Penyelidikan ini memberi tumpuan kepada membangunkan sistem kawalan 

pemacu motor segerak magnet kekal (PMSM) berasaskan teknologi transistor 

kesan medan logam karbida logam-oksida-semikonduktor (SiC MOSFET) 

untuk NEEVs. Analisis komprehensif subsistem utama—paras elektrifikasi, 

pek bateri kuasa dan sistem pendorong elektrik—dijalankan. Untuk 

menangani cabaran penukaran dalam SiC MOSFET, litar pemacu pintu 

sumber arus terputus aktif (CSGD) dicadangkan. Selain itu, penukar Buck–

Boost (TPIPBi-Buck–Boost) selari berjalin tiga fasa diperkenalkan untuk 
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mengawal aliran tenaga antara pek bateri kuasa dan penyongsang pemacu 

motor dalam bas DC voltan tinggi, membolehkan penukaran voltan dua arah 

yang cekap. Memandangkan kemajuan dalam pengeluaran NEEVs menuntut 

ketepatan, kelajuan dan kestabilan yang lebih tinggi dalam sistem PMSM, 

strategi kawalan tork ramalan model set kawalan terhingga (FCS-MPTC) 

dengan pengembangan vektor voltan adalah disyorkan. Walau 

bagaimanapun, penyepaduan SiC MOSFET dan PMSM menimbulkan 

cabaran yang berkaitan dengan gangguan elektromagnet (EMI), menjejaskan 

pematuhan piawaian keserasian elektromagnet (EMC). Untuk menangani 

perkara ini, model litar setara EMI yang dikendalikan peringkat sistem 

dibangunkan, meliputi komponen utama seperti pek bateri kuasa, kabel bar 

bas, penyongsang tiga fasa dan PMSM. 

Simulasi dan pengesahan eksperimen mengesahkan inovasi yang 

dicadangkan. Litar CSGD novel mengekalkan arus pemacu get yang 

berterusan semasa kedua-dua tempoh hidup dan mati, meningkatkan prestasi 

pensuisan SiC MOSFET. Penukar TPIPBi-Buck–Boost dengan cekap 

mengurus aliran tenaga—menyokong prestasi motor semasa pecutan dan 

memulihkan tenaga berlebihan semasa brek. Kaedah FCS-MPTC yang 

dioptimumkan menghapuskan pekali berat daripada MPTC tradisional, 

meningkatkan prestasi sistem. Selain itu, model litar setara EMI peringkat 

sistem membantu dalam meramalkan hingar EMI yang dijalankan semasa 

fasa reka bentuk, menyediakan asas teori yang teguh untuk pemodelan yang 

tepat dan penindasan EMI yang berkesan. 
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CHAPTER 1 

1 INTRODUCTION 

1.1 Introduction 

This chapter presents the introduction of the study. It covers the background 

of the study that includes permanent magnet synchronous motor drive control 

system for new energy electric vehicles (NEEVs) based on silicon carbide 

(SiC) metal oxide semiconductor field effect transistors (MOSFET). The 

discussion continues with the statement of the problem. aim and objectives of 

the study, the scope of the study, the significance of the study, contribution 

and outlines of the research. This chapter ends with the conclusion of chapter 

one. 

1.2 Research Background 

The significant challenges in the 21st century is fossil fuels dependence, 

climate change and incremental energy cost [1-5]. Looming environmental 

problems and growing concerns about the global energy crisis have prompted 

people to make new opportunities and technologies to meet the higher 

demand for clean and sustainable energy systems [6-9]. Electrification of 

transportation system is a promising way to green transportation system and 

reduce climate change [10-12]. In recent years, NEEVs have become very 

popular in the transportation industry and are likely to replace the internal-

combustion engine (ICE) to protect the environment from pollution [13,14]. 

Environmental protection, fossil fuel shortage, and climate change have 
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promoted the research and development of cleaner and sustainable 

transportation. 

For the automotive industry, harmful gas emissions are one of the main 

pollutants, the vehicles electrification has become the best solution for 

automotive market that is adapted to environmental regulations [15]. The 

electrification of transportation systems is a crucial initiative aimed at 

mitigating the impacts of global climate change and preserving the 

environment. NEEVs use green renewable energy to grow environmental 

conservation [16,17]. Due to the use of the most efficient subsystems NEEVs 

gives better performance than ICE. With green climate and energy saving 

features, NEEVs are bringing additional advantages relative to traditional 

renewable energies. NEEVs are more popular because of its merits like 

economy, less maintenance required, reliability, regenerative breaking, less 

noise, high performance, and renewable charging energy. 

Generally, the NEEVs can be divided into the following types according to the 

power source: battery electric vehicles (BEVs), hybrid electric vehicles 

(HEVs), photo-voltaic electric vehicles (PEVs), fuel cell electric vehicles 

(FCEVs) and plug-in hybrid electric vehicles (PHEVs) [18]. 

Faced with the increasingly serious energy crisis and environmental pollution 

problems, traditional internal combustion engine vehicles are receiving more 

and more resistance, which has rapidly promoted the development of new 

energy electric vehicles. Permanent magnet synchronous motor (PMSM) 
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because of their simple structure, light weight, small size, and high-power 

density, the silicon carbide (SiC) metal oxide semiconductor field effect 

transistor (MOSFET) as a representative of third-generation wide band gap 

(WBG) materials are widely used in NEEVs [19-21]. With the continuous 

advancement of production technology, the requirements of accuracy, 

rapidity, and stability in PMSM drive control system have gradually increased. 

1.3 Problem Statement 

Although gasoline and diesel fuel processing continue to dominate as the 

primary energy sources [22], characterized by inefficient heat engines and 

significant levels of pollutants such as dust [23], carbon dioxide, noise and 

other pollution [24], posing a serious threat to the survival of the human 

environment [25-27]. Fortunately, NEEVs have emerged as crucial 

components in the establishment of sustainable green energy systems 

[28,29]. 

To contribute to a comprehensive investigation, this research needs to have 

thoroughly surveyed the state-of-the-art subsystems and their components for 

NEEVs applications. The main features, advantages and disadvantages, new 

technological breakthroughs, challenges, and opportunities are delved deeply. 

In large power applications of the NEEVs, the requirements for power 

switching devices, rectifier diodes, filter capacitors, energy storage inductors, 

and other parts (active and passive) are becoming much higher than before, 

which leads to difficulties in circuit design. Therefore, in order to effectively 
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increase power and reduce voltage and current stress of electronic 

components, enabling convert voltage bidirectionally and regulate electrical 

energy flow, need to improve the traditional bidirectional Buck–Boost 

converter. 

The use of a three-phase two-level voltage source converter with space vector 

pulse width modulation (SVPWM) to drive PMSM based on SiC MOSFET 

power devices. To mitigate voltage and current overshoot and oscillation 

during SiC MOSFET turn on and off process, a gate drive circuit is able to 

exhibit significantly increased effective gate current need be proposed. 

With the continuous developments of NEEVs, the requirements of accuracy, 

rapidity, and stability in permanent magnet synchronous motor systems have 

gradually increased. Therefore, compared to conventional vector control (field-

oriented control, FOC), direct torque control (DTC) and constant pressure 

frequency ratio, an advances control strategy should be made to enhance both 

the dynamic and the steady-state performance of the PMSM control drive 

system. 

The SiC MOSFET and PMSM can significantly improve efficiency, 

performance, and power density, making high speed motor controllers 

possible. However, more serious electromagnetic interference (EMI) noise has 

also emerged, which makes the motor drive control system difficult to achieve 

electromagnetic compatibility (EMC) standards. Therefore, it is necessary to 
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conduct mechanism modeling, simulation and experimental verification to 

study conducted EMI of the motor drive control system. 

1.4 Aim and Objectives 

The aim of this research is to develop a high switching frequency drive control 

system of PMSM for NEEVs with SiC MOSFET. In order to achieve these 

aims, four specific research objectives are specifically formulated as follows: 

a. To ensure consistent gate drive current during the turn-on and turn-off 

cycles of SiC MOSFET in motor drive control system 

b. To regulate and manage the flow of electrical energy between the battery 

pack and the motor drive inverter in the high-voltage direct current bus, 

where voltage conversion from two directions is necessary. 

c. Developing an advanced control strategy for PMSM that prioritizes 

accuracy, speed, and stability. 

d. The integration of SiC MOSFET and PMSM presents challenges in 

ensuring the motor drive control system meets EMC standards. 

 

These research objectives aim to provide timely insights and a valuable 

reference regarding the impact of high switching frequency on motor drive 

control systems. 

1.5 Scope of the Study 

The research inspects the present status, latest deployment, and future 

prospects in the implementation of NEEVs and introduces the subsystems and 

their components: electrification transportation degrees, power battery pack, 

electrical propulsion system. 
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The research proposes a novel active gate drive circuit, which ensures a 

constant gate drive current throughout the turn on and off process of SiC 

MOSFET for motor drive control system in NEEVs.  

In this research, the multi-phase interleaving Buck–Boost converter is 

proposed and analyzed for new energy electric vehicles applications, which is 

the core factor of electrical energy flow regulation and management between 

the power battery pack and motor drive inverter within the high voltage direct 

current bus and convert the voltage from two directions. 

Among many advanced control technologies, this study proposes an 

optimized model predictive torque control strategy based on multi voltage 

vector expansion to enhance the performance of the motor drive control 

system. 

In this study, a system level conducted EMI equivalent circuit models about 

motor drive control system based on PMSM with SiC MOSFET for NEEVs has 

been proposed to research and analysis conducted EMI noise. On this 

foundation, in order to meet EMC standards, the principles of suppression and 

optimization EMI noise are discussed.  

1.6 Significance of the Study 

In recent years, the consumption of conventional energy sources has 

increased dramatically. Due to rising fuel costs and environmental concerns, 

governments around the world have formulated a series of policies such as 
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strategic planning, technology research and market supervision to promote 

the process of low carbon automobiles and support the development of the 

NEEVs industry, the time for the final withdrawal of petrol-powered vehicles 

from the market is approaching. The NEEVs have important economic and 

social value in alleviating the energy crisis, saving energy, reducing emissions, 

and promoting the development and upgrade of the clean energy industry. 

Meanwhile, The SiC MOSFET and PMSM as advantageous components have 

been adopted in NEEVs. The motor drive control system of PMSM based on 

SiC MOSFET achieves higher efficiency and higher power density by having 

higher switching speeds (reduced switching losses and cooling requirement) 

and higher switching frequencies (smaller filters). 

It is worth mentioning that most researchers in the field could use this research 

as a more valuable and informative source to provide some knowledge 

references and possible thoughts for the future development of NEEVs. 

1.7 Contribution of the Study 

This research reviews the present subsystem configurations, methodologies, 

advancements, and prospects for NEEVs, focusing on their key technologies 

and characteristics. It presents the market classification based on transport 

electrification degrees and evaluates the power battery pack, including 

chemical secondary batteries and both traditional and advanced charging 

technologies. The electrical propulsion system, encompassing electromotor 

drives and control strategies, is also explored in detail. 
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This research introduces a novel discontinuous current source gate drive 

(CSGD) that maintains a constant gate drive current throughout the on and off 

periods for motor drive control in NEEVs. This approach simplifies the design, 

reduces costs, offering both theoretical and practical benefits for high-

frequency SiC MOSFET operations. 

To enhance power efficiency and reduce voltage and current stress on 

electronic components, a three-phase interleaved parallel bidirectional Buck–

Boost (TPIPBi-Buck–Boost) converter is analyzed and designed. It regulates 

electrical energy flow between the power battery pack and motor drive inverter 

within the high-voltage DC bus, converting voltage bidirectionally. 

Among advanced control technologies, this research proposes an optimized 

model predictive torque control strategy based on voltage vector expansion. 

This strategy constructs a reference stator flux linkage vector using the 

analytical relationships between electromagnetic torque, flux linkage 

amplitude, and rotor flux linkage, optimizing the duty cycle for adjacent voltage 

vectors and the zero vector. 

The research employs a system-level equivalent circuit model, including 

components such as the power battery pack, busbar cable, three-phase 

inverter, and PMSM. This model establishes EMI sources and propagation 

paths, simulating control strategies and operating conditions effectively. This 

research contributes significantly to predicting conducted EMI noise early in 

the design phase, reducing the need for additional PCB updates. It provides a 
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reliable theoretical foundation and methodology for accurate modeling and 

effective EMI suppression. 

1.8 Outlines of the Study 

This research is organized into five chapters according to thesis format, in 

which each chapter comprises of introduction, methodology, results and 

discussion, and conclusions. Brief explanation of each chapter has been 

discussed in the following section. 

Chapter 1 is the introduction chapter. This chapter presents the study 

background, the problem of statement, aim and objectives, scopes and 

significance of the study, the contribution and outlines of the study. 

Chapter 2 presents a detailed and comprehensive literature review concerning 

this study. The aim of Chapter 2 is to review the present subsystems 

configurations, technical methodologies, advancements, and prospects for 

NEEVs and have discussed in detail with their main technologies and 

characteristics. In this chapter, an extensive review related to SiC MOSFET, 

active gate driver, bidirectional Buck–Boost converter, PMSM, model 

predictive control, EMI are descried. 

Chapter 3 portrays the detailed explanation on methodology. First, it 

introduces the active discontinuous CSGD for SiC MOSFET, three phase 

interleaved parallel bidirectional Buck–Boost converter, three voltage vector 

duty cycle optimization strategy of PMSM based on finite set model predictive 
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control, shaft voltage and bearing current of PMSM, EMI harm and protection 

about motor drive control system. 

Chapter 4 focuses on explaining the result analysis and discussions for this 

work are also discussed according to the sections in the previous chapter. 

Finally, Chapter 5 is the last chapter, and it summarizes the work done in the 

overall study. This chapter also includes future work directions and some 

suggestions for further development. 
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CHAPTER 2 

2 LITERATURE REVIEW 

2.1  Introduction 

Chapter 2 sets out the main concepts, knowledge base, and literature related 

to the technologies, advancements and prospects of NEEVs. A detailed 

previous review that covers the topic of this study, beginning with the SiC 

MOSFET, active gate driver, bidirectional Buck–Boost converter, PMSM, 

MPC, EMI and EMC followed by technical methodologies for the motor drive 

control system, as well as a summary of the chapter's content.  

2.2 New Energy Electric Vehicles 

In recent decades, the greenhouse gas (GHG) emissions, fossil fuel pollution, 

air contamination in contemporary society, environmental protection and 

alternative green energy have been receiving attentions for scientific 

community, particularly among developed countries, and international 

organizations [30–39]. These factors have converged to develop more 

efficient, sustainable, and renewable energy systems [40–44]. Transportation 

is one of the largest undeniable contributors to carbon dioxide (CO2) 

emissions, accounting for approximately 24% of total emissions as depicted 

in Figure 2.1. © C
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Figure 2.1 : Sector-Wise CO2 Emissions from Transportation 
Combustion 
 

Environmental protection, fossil fuel shortage, and climate change have 

fostered research and development into cleaner and sustainable 

transportation. In particular, the automotive industry, which is a significant 

contributor to harmful gas emissions, the vehicles electrification has become 

the best solution for automotive market that is adapted to environmental 

regulations [45–47]. The adoption of transportation electrification systems has 

emerged as an essential measure to mitigate the effects of global climate 

change and protect the environment. The NEEVs are more popular due to 

superior features, including economy, less maintenance requirements, 

reliability, regenerative braking, less noise pollution, high performance, and 

renewable charging energy [48–58]. 

The NEEVs uses green renewable energy to grow environmental 

conservation. Due to the use of the most efficient subsystems NEEVs gives 

better performance than ICE. With green climate and energy saving features, 
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NEEVs are bringing additional advantages relative to traditional renewable 

energies [59–66]. 

2.2.1 Electrification Transportation Degrees 

Due to fossil fuels pressure and increased carbon dioxide emissions, the 

NEEVs are gradually reducing their dependence on fossil fuels and reducing 

greenhouse gas emissions. The NEEVs could be categorized according to 

their different electrification degrees in Figure 2.2: micro-hybrid NEEVs(mH-

NEEVs), mild-hybrid NEEVs (MH-NEEVs), full hybrid NEEVs (FH-NEEVs), 

plug-in hybrid NEEVs (PH-NEEVs), range extender NEEVs (RE-NEEVs), and 

pure NEEVs (P-NEEVs) [67–70]. 
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Figure 2.2 : Transportation Electrification Development: (a) Petrol 
Powered Vehicles; (b) Hybrid Vehicles; (c) Fuel Cell Vehicles; (d) Electric 
Vehicles 
 

2.2.1.1 Hybrid New Energy Electric Vehicles (H-NEEVs) 

The H-NEEVs, characterized by ICE and power battery pack, are commonly 

referred to as dual-power vehicles. In urban traffic, the NEEVs often start and 

stop repeatedly. However, H-NEEVs, which charge power battery pack to 

enable city driving, have emerged as a cost-effective solution [71]. 

The primary mechanism utilized by H-NEEVs to reduce energy costs is 

through the use of a power battery pack. The propulsion system consists of a 

series of components, with either a power battery pack or ICE drives the 
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wheels. The vehicles controllers receive information about electric motor and 

generator, while electrical components receive electric motor torque and 

determine the charging and discharging status of power battery pack. When 

the driver steps on the brake pedal, the generator starts charging the power 

battery pack and can also obtain electrical energy from power battery pack via 

electromotor, generators, and power electronics converters. The power 

distributor is the central control unit of H-NEEVs, directing the operations of 

the ICE, generator, and electromotor, which function in series or in parallel, as 

illustrated in Figure 2.3 [72]. 
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Figure 2.3 : H-NEEVs Operation Modes: (a) Start and Low to Mid-Range 
Speed; (b) Driving under Normal Conditions; (c) Sudden Acceleration; 
(d) Deceleration/Brake 
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2.2.1.2 Fuel Cell New Energy Electric Vehicles (FC-NEEVs) 

FC-NEEVs exhaust are zero-emission vehicles that generate no pollutants 

during operation. Figure 2.4 shows that the FC-NEEVs can be categorized into 

two types based on their transport configuration: FC-NEEVs and FCH-NEEVs. 

The FC-NEEVs are well-suited for uniform power demands and low speeds, 

such as in buses, trolleys, and forklifts for high-speed transmission and 

additional energy storage systems. The power battery pack can be charged 

and discharged based on the FC-NEEVs’ energy consumption and electric 

power requirements. [73–77]. 
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Figure 2.4 : FC-NEEVs Powertrain Configurations: (a) Fuel Cell Electric 
Vehicles; (b) Fuel Cell Hybrid Electric Vehicles 
 

2.2.1.3 Pure New Energy Electric Vehicles (P-NEEVs) 

In light of the numerous potential advantages offered by NEEVs, the experts 

and professors turn series parallel H-NEEVs into P-NEEVs. Moreover, the 

state of charge and discharge for the power battery pack can be anticipated 

by analyzing real-time driving data, such as road slope, vehicle weight, and 

wind resistance. In P-NEEVs, only a single power battery pack is employed to 
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drive the electromotors [78,79]. As depicted in Figure 2.5, the P-NEEVs 

represent a more suitable solution for fighting global warming and urban 

driving than H-NEEVs. 
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Figure 2.5 : P-NEEVs Work Principles 
 

It is widely known that some typical NEEVs manufacturers are: America Tesla, 

Japan Toyota, Germany Mercedes-Benz, China BYD, Geely, AITO, Leading 

Ideal, NIO and Xpeng. Their main advantages are as follows: 

a. Zero exhaust emissions; 

b. No fossil fuels (coal and oil) are required; 

c. Easy charging at home; 

d. Start and stop quickly and smoothly; 

e. Low overall operating costs 
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2.2.1.4 Vehicles Propulsion System 

The propulsion system of NEEVs, defined as a set of components that work 

together and provide electromotor torque, are divided into four subsystems in 

Figure 2.6 [80–86]: 

a. Power subsystem: ICE, energy management system (EMS), alternate 

current AC/DC rectifier and direct current DC/DC chopper; 

b. Transmission torque subsystem: transmission shaft, clutch, 

differential, transfer box and drive shaft; 

c. Energy subsystem: power battery pack, direct current DC/DC 

chopper, auxiliary power module (APM), power distribution center 

(PDC), on-board charge module (OBCM); 

d. Thermal subsystem: radiator, electric water pump, cooling fan, heater, 

compressor. 
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Figure 2.6 : Vehicles Propulsion System Organization Chart 
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2.2.2 Power Battery Pack 

Over the past few years, the quantity of slow and rapid chargers has 

significantly increased in worldwide. Nevertheless, due to technical, economic 

and policy obstacles, high cost, short lifecycle, reliability, limited driving range, 

lengthy charging time and inadequate infrastructure all pose significant 

challenges to the continued advancement of power battery pack technology 

for NEEVs [87–90]. 

2.2.2.1 Conception and Basic Principle 

Electric energy is stored and discharged chemically within the power battery 

pack as illustrated in Figure 2.7. There are two types of batteries: the primary 

battery is those that only deliver electrical energy during discharge; the 

secondary battery (charging and discharging) provides electrical energy in 

whole lifecycle. Therefore, the NEEVs always use secondary battery. In a 

secondary battery, the conversion of electrical energy to chemical energy 

(charging time) and chemical energy to electrical energy (discharging time) is 

achieved through electronic supply (oxidation) and electronic acceptance 

(reduction). The process is called an oxidation-reduction reaction at the 

positive and negative poles [91–98]. In power battery pack, one or more 

batteries are accumulated in series or in to achieve the desired voltage or 

current.  
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Figure 2.7 : Groundwork Design of Electrochemical Secondary Battery 
 

The performance and reliability of power battery pack for NEEVs are strongly 

influenced by the specific properties of the electrodes and electrolytes: 

a. The electrodes are where the electrochemical reactions take place 

during power battery pack operation. The specific properties of the 

electrodes, such as their capacity, power output, and cycle life, are 

determined by a number of factors, including the active materials, the 

electrode architecture, and the manufacturing process. For example, 

increasing the surface area of the electrodes can enlarge their 

capacity and power output, but also increases the risk of electrode 

degradation and failure. 

b. The choice of electrolytes also plays a critical role in power battery 

pack performance and reliability. Electrolytes must provide great ionic 

conductivity between the electrodes, high chemical stability, and low 

flammability. Various types of electrolytes, such as liquid, polymer, 

and solid-state, have been developed to meet these requirements. For 

example, the solid-state electrolytes can provide high energy density 

and power density, safety, and long cycle life, but may have lower 

ionic conductivity than liquid or polymer electrolytes. 
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Therefore, selecting the appropriate combination of electrodes and 

electrolytes is crucial in designing high performance and high availability 

power battery pack for NEEVs. This requires a deep understanding of the 

electrochemical behavior of different materials, as well as the practical 

constraints of manufacturing and assembly.  

By combining electrodes and electrolytes with specific properties allow the 

manufacture of power battery pack for a wider range of uses. For NEEVs, the 

energy storage system with high electrical energy, superior power density, 

capacity and extended lifecycle are necessary. The reliability of power battery 

pack relies heavily on the length of time throughout which electrical energy 

can be charged and discharged. Due to unique material and design 

constraints, the characteristics of power battery pack may vary across different 

manufacturers. 

2.2.2.2 Chemical Secondary Batteries 

The cost and lifecycle of different types of power battery packs for NEEVs can 

vary greatly depending on the type of batteries, including lead-acid, nickel-

based, zinc-silver, sodium-sulfur, lithium-ion. Table 2.1 summarizes the 

performance parameters of different type chemical batteries commercially 

available the power battery pack of NEEVs. 
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Table 2.1 : Performance Parameters of Different Type Chemical Batteries 
 

Battery 
type 

Specific 
Energy 
(Wh/kg) 

Energy 
Density 
(W/kg) 

Power 
Density 
(W/kg) 

Energy 
Efficiency 

(%) 

Life 
Cycle 

(80% DOD) 

VRLA 30~50 60~100 200~400 70~90 2000~4500 

Ni-Cd 40~50 80~100 150~350 60~70 2000~3000 

Ni-MH 50~70 100~140 150~300 50~80 500~3000 

Zn-Br2 65~75 60~70 90~130 68~76 300 

Zn-Cr2 65 90 60 NULL 200 

Na-S 100 150 120 80 2500~4500 

ZEBRA 86 149 150 80 2500~3000 

LiAl-FeS 130 220 240 80 <1000 

LiAl-FeS2 180 350 400 NULL <1000 

Li-Polymer 155 200~250 315 70 <1200 

Li-ion 120~140 240~280 200~300 70~80 1500~4500 

 

For NEEVs market, the demand for lithium-ion battery is increasing. Generally, 

lithium oxide is used as a positive pole with a layered structure, while graphite 

carbon as a negative pole [99–109]. The different types of lithium-ion batteries 

are as follows: 

a. Lithium-Cobalt Oxide: The lithium-cobalt oxide battery is commonly 

used in laptops that do not require discharge rates. It can provide high 

specific energy of 175-240Wh/kg, but its thermal stability is very poor. 

b. Lithium Manganese Oxide: The lithium manganese oxide battery is 

made from inexpensive electrode materials, and these cell units are 

thought to be used as power battery pack due to the specific energy 

of between 100-150Wh/kg. 

c. Lithium Nickel Manganese Cobalt Oxide: The lithium nickel 

manganese cobalt oxide battery provides the characteristics for power 

battery pack with a specific energy between 100 and 150Wh/kg, with 

the highest specific power range when the electrolytes temperature 

exceeds 300C. 

d. Lithium Nickel Cobalt Aluminum Oxide: The maximum specific energy 

of lithium nickel cobalt aluminum oxide battery is related to relevant 
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chemicals available on market. The similarities between lithium nickel 

cobalt aluminum oxide and lithium nickel manganese cobalt oxide 

battery are similar in that they have high specific power and long 

lifecycle. However, the battery has marginal safety and high cost. 

e. Lithium Iron Phosphate Oxide: The lithium oxide iron phosphate 

battery is considered to have better electrical performance and low 

internal resistance. Its significant advantages are long cycle life, high 

rated current, good thermal stability, and safety. 

 

It is widely known that lithium-ion batteries are currently the most popular 

choice due to their high energy density and long cycle life. They also have a 

faster charging time compared to other types of batteries. However, the lead-

acid batteries are still commonly used in low-speed electric vehicles due to 

their low cost and simple maintenance. Nickel-cadmium and nickel-metal 

hydride batteries are also options, although they have a lower energy density 

and may require more frequent replacement. 

When selecting a power battery pack for a particular NEEVs application, the 

factors such as energy density, power density, operating temperature range, 

charging time, safety and reliability should be considered. It is important to 

carefully evaluate the specific requirements such as cost, lifecycle, and 

performance to determine which type of power battery pack is the best choice. 

2.2.2.3 Traditional and Advanced Charging Technologies 

In order for NEEVs to be well-suited for long distance travel, their energy 

storage system must conform to high standards of high energy density, 
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operate effectively across a wide temperature range, and accept repetitive 

high power repetitive charging and discharging from renewable braking 

operations. The rate of charging for power battery packs is directly linked to 

the internal direct current resistance (DCR) of each individual cell unit [110–

113]. Ideally, A low DCR value is optimal for ensuring both high efficiency and 

low calorific output. However, frequent rapid charging and discharging of 

power battery pack in NEEVs can result in overheating. 

For NEEVs, the charging technology adopted by power battery pack is 

conducive to rapid charging. Several are discussed below: 

a. Constant Current and Constant Voltage (CC-CV) Mode 

The CC-CV mode is a traditional charging technology. The main idea 

is to start charging the power battery pack of NEEVs with a constant 

maximum current until it reaches a certain maximum voltage, and then 

continue charging with this voltage until the power battery is charged 

at a slower speed [114,115]. The CC-CV charging curve is given in 

Figure 2.8 (a). 

b. Multistage Constant Current and Constant Voltage (MCC-CV) Mode 

According to Figure 2.8 (b), the MCC-CV mode is an improved CC-

CV mode, which can enhance the charge acceptance rate of power 

battery pack. In CC-CV, only one constant current is used for 

charging. In the MCC-CV mode, many step currents are applied up to 

the threshold voltage [116,117]. 

c. Improved Constant Current and Constant Voltage (ICC-CV) Mode 

The above two charging modes are traditional and have limitations in 

their ability to transmit high power due to polarization effect [118–120]. 

The ICC-CV mode with negative pulses is seen from Figure 2.8 (c), 

using a variable pulse charging strategy, in which the optimal pulse 
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charging frequency is continuously calculated and optimized so that 

the ions in the electrolyte are evenly distributed. In Figure 2.8 (d), the 

pulse charging characteristics increase the charge acceptance with 

variable frequency. 
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Figure 2.8 : Advanced Charging Modes Curve: (a) CC-CV; (b) MCC-CV; 
(c) ICC-CV with Negative Pulses; (d) ICC-CV with Variable Frequency 
 

2.2.3 Electrical Propulsion System  

Within an electrical propulsion system, the electromotor represents a goat 

component of energy storage system (ESS). The selection of the most suitable 

electromotor must account for its simple structure, low acoustic signature, 
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lightweight construction, compact size, cost-effectiveness, and user-friendly 

electric drive control. Moreover, it is essential for the chosen electromotor to 

deliver constant power output across a wide range of speeds and offer ultra-

fast torque response during emergency driving scenarios [121–125]. 

Figure 2.9 depicts the typical torque, power and speed characteristics required 

by electromotor drive and control system. The following points should also be 

considered for electrical propulsion system: 

a. Power battery pack and charging mode;  

b. Energy storage system and maximum voltage, current and power; 

c. Electromotor and control techniques. 
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Figure 2.9 : Typical Speed, Torque, Power Characteristics of 
Electromotor Drive and Control System 
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2.2.3.1 Drive Electromotor Classification 

The general classification of electromotor for NEEVs includes direct current 

motor (DCM), induction motor (IM), switched reluctance motor (SRM), 

permanent magnet synchronous motor (PMSM). 

a. Direct Current Motor (DCM) 

The direct current motor possesses commendable attributes such as favorable 

starting and speed regulating capabilities, robust overload capacity, and 

minimal electromagnetic interference. However, despite these benefits, the 

mechanical wear and sparking resulting from the sliding contact between the 

commutator and brush represent significant drawbacks that compromise the 

reliability and longevity of the DCM, ultimately leading to frequent failures, 

shortened lifecycle, and necessitating increased maintenance workload [126]. 

b. Induction Motor (IM) 

The Induction motor have high torque at low speed, high efficiency at high 

speed and low torque [127]. Figure 2.10 describes the electrical characteristics 

with speed variations. 
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Figure 2.10 : IM Characteristics with Speed Variations 
 

c. Switched Reluctance Motor (SRM) 

SRM is a variable reluctance (double salient pole) motor [128]. Due to the 

limited torque density, it is only suitable for small and service NEEVs, such as 

golf carts, scooters, or delivery trucks. Some features are as follows: 

a. No windings or permanent magnets on rotor, simple, robust, and 

reliable construction; 

b. Without a rotor magnetic bridge, can inhibit mechanical failure, 

improve safety, and fault tolerance; 

c. Both motor and generator modes occur during operation with 

electrical drive control; 

d. Large Torque pulsation and electromagnetic vibration could cause 

noise pollution to drivers and passengers. 

d. Permanent Magnet Synchronous Motor (PMSM) 
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Presently, the PMSM remains the most commonly utilized motor in NEEVs. 

Permanent magnets provide excitation source, simplifying the motor's 

structure, reduces processing and assembly expenses, eliminating 

commutators and brushes, and enhancing overall operational reliability [129]. 

Table 2.2 introduces four systems of permanent magnet material: Al-Ni-Co 

magnet, ferrite magnet, samarium cobalt magnet and neodymium magnet. 

Table 2.2 : Physical Properties of Permanent Magnetic Material 
 

Property AlNiCo Ferrite 
Samarium 

Cobalt 
Neodymium 

Residual Induction 
Br/T 

0.7~1.28 0.23~0.41 0.83~1.16 1.00~1.41 

Coercitive Force 
HC/(kA/m) 

37~143 50~290 48~840 760~1030 

Maximum Energy 
Product 

(BH)max/(KJ/m3) 
10.7~71.6 8.35~31.8 130~240 220~366 

Electric Resistivity 

/(Ωcm) 

(50~75) 

10-6 
106 

(53~86) 

10-6 
10010-6 

Maximum Service 
Temperature 

Tmax/℃ 
450~550 800 300~350 150 

Density 
d(g/cm3) 

6.8~7.3 4.9 8.4 7.4 

 

2.2.3.2 Electromotor Drive and Control Strategy 

The electromotor drive and control strategies can make full use of the 

electromotor performance, which can be divided into: field-oriented control 

(FOC), direct torque control (DTC), and model predictive control (MPC) [130–

132]. The similarities and differences among them are shown in Table 2.3. 
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Table 2.3 : Comparison of Electromotor Drive and Control Strategies 
 

Aspect 
Field Oriented 
Control (FOC) 

Direct Torque 
Control (DTC) 

Model Predictive 
Control (MPC) 

Structure 

One speed PI 
and two current 

PI 

One speed PI and 
two hysteresis 

controllers 

One speed PI and 
predictive controller 

Space vector and 
modulation 

required 

Switching table 
required 

Cost function 
required 

Merit 

Fixed switching 
frequency 

Low switching 
frequency 

Lowest switching 
frequency 

Low computation 
burden 

Low computation 
burden 

Easy to tune 

Low THD 
Fast transient 

response 
Fastest transient 

response 

Low torque ripple East to tune 
Large current control 

bandwidth 

Weakness 

High switching 
frequency 

High THD 
High computation 

burden 

All parameters 
required except 

resistance 

All parameters 
required except 

resistance 

Sensitive to 
parameters 

Modulation 
required and 

difficult to tune 

Small current control 
bandwidth 

Low robustness 

Slow transient 
response Normally combine 

with other strategies 
Sensitive to small-
inductance motors Small current 

control bandwidth 

NEEVs 

Existing applied 
in NEEVs 

Widely applied in 
high-power NEEVs 

Future trend for 
direct-drive 

propulsion system Low noise 

 

2.3 SiC MOSFET 

As a representative of the third-generation wide band gap semiconductor 

material, SiC is the most advanced semiconductor materials all over the world 

for high temperature, high power, high frequency and high radiation 

applications, with superior performance such as high frequency, high voltage 

resistance, high temperature resistance, and strong radiation resistance [133–

136]. SiC exhibits significant potential for application in various fields such as 

NEEVs, photovoltaics, wind power, 5G base stations, and high-speed 
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railways. The swift growth of sub-markets, including automotive electric drive 

systems, high-voltage fast charging piles, consumer electronic adapters, data 

centers, and communication base station power supplies, persistently fuels 

the market demand for SiC MOSFET. 

In recent decades, the remarkable progress of SiC technology has prompted 

major semiconductor manufacturers to augment production techniques and 

expand manufacturing capabilities [137]. The conventional planar-gate (PG) 

cell, illustrated in Figure 2.11(a), is widely employed for the majority of SiC 

MOSFET due to its mature process and simple structure [138,139]. However, 

advancements in SiC materials technology, encompassing etching, oxide 

deposition, and deep well implantation, have led to the emergence of groove 

trench-gate (TG) SiC MOSFET, which offer superior channel carrier mobility 

and cell density compared to the PG structure [140]. Notably, Rohm and 

Infineon have introduced two TG products: the double groove (DT) and 

asymmetric groove gate (AT), depicted in Figure 2.11(b) and (c), respectively.  
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Figure 2.11 : SiC MOSFET Cell Structures (a) PG; (b) DT; (c) Asymmetric 
TG 
 

SiC MOSFET are operated by manipulating charge within their physical 

structure, as depicted in Figure 2.12 [141,142]. During turn-on, the objective 

is to transfer sufficient charge from the power supply to the gate, thus 

establishing an inversion layer between the source and drain. This enables 

current flow through the channel. Conversely, during turn-off, the removal of 

gate charge causes the collapse of the inversion layer, preventing current from 

flowing through the channel. The movement of gate charge can be analyzed 
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by considering the equivalent device capacitance, including the input 

capacitance 𝐶𝑖𝑠𝑠 = 𝐶𝑔𝑠 + 𝐶𝑔𝑑 , output capacitance 𝐶𝑜𝑠𝑠 = 𝐶𝑑𝑠 + 𝐶𝑔𝑑 , and 

reverse transfer capacitance 𝐶𝑟𝑠𝑠 = 𝐶𝑔𝑑. These capacitances are determined 

by integrating the changes in gate-source voltage 𝑉𝐺𝑆, drain current 𝑖𝐷𝑆, and 

drain-source voltage 𝑉𝐷𝑆. 
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Figure 2.12 : Equivalent SiC MOSFET Circuit during Switching 
Transients 
 

SiC MOSFET offers significant advantages throughout the energy conversion 

chain, spanning from power generation to transmission, distribution, energy 

storage, and consumption. In photovoltaic generation, their implementation 

results in system cost reduction, enhanced output power, and decreased 

system volume. For track traction applications, SiC MOSFET enables energy 

savings of up to 10% and improved system efficiency. Additionally, they 

contribute to loss reduction and increased energy density in battery systems 

used for energy storage. Notably, SiC MOSFET are in high demand in the 
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market for NEEVs, especially in scenarios such as 800V automotive electric 

drive systems and high-pressure fast charging stations. In these cases, SiC 

MOSFET significantly reduces the size and weight of motor controllers while 

simultaneously improving energy conversion efficiency. 

2.4 Active Gate Driver 

The gate drive circuit serves as the crucial interface between the control circuit 

and power devices, which directly influences the switching characteristics of 

SiC MOSFET and overall system performance. For efficient and safe 

operation of SiC MOSFET, an excellent gate drive circuit is imperative. 

Different gate drive circuits used for the same SiC MOSFET can result in 

varying switching characteristics. The driving of SiC MOSFET switches raises 

two main concerns: power consumption and electrical stress. However, 

reducing power consumption and avoiding electrical stress present a 

theoretical contradiction, involving turn on loss (𝐸on) and current overshoot 

(𝐼rr), as well as turn off loss (𝐸off) and voltage overshoot (𝑉ov). As a result, 

balancing power consumption and electrical stress has become a crucial yet 

challenging aspect in gate drive technology research [143–145]. 

In order to answer the aforementioned questions, the conventional gate driver 

(CGD) has been utilized to regulate the impedance of the gate drive circuit. 

However, it falls short in meeting the requirements for SiC MOSFET switching 

frequency, converter efficiency, and system cost simultaneously. To more 

effectively address the issues of switching transient oscillations and 

overshoots in SiC MOSFET, researchers have proposed the adoption of an 
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active gate driver (AGD). With the capability to dynamically adjust the current 

and voltage of the gate drive circuit, AGD proves to be a promising solution in 

enhancing and optimizing the switching process of SiC MOSFET [146-148]. 

Active gate driver (AGD) is generally classified as three types: voltage source 

gate driver (VSGD), current source gate driver (CSGD), and resonant gate 

driver (RGD) as shown in Figure 2.13. VSGD, commonly employed in power 

converters, features a straightforward structure and control mechanism where 

a voltage source, in series with a drive resistor (Ron/Roff), charges the gate 

capacitor. However, VSGD is not optimal for high-frequency operation of SiC 

MOSFET due to its relatively high intrinsic gate drive resistance. On the other 

hand, RGD utilizes an inductor, instead of a gate drive resistor, to eliminate 

driving losses [149,150]. Nonetheless, RGD has limitations in providing a 

substantial initial charging current, leading to the development of CSGD. 

CSGD is designed to deliver nearly constant current for rapid charging and 

discharging of the SiC MOSFET gate capacitor, thereby reducing switching 

losses and enabling the recovery of energy stored in the gate capacitor. 
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Figure 2.13 : Three Different Circuit Structures of Active Gate Drivers (a) 
VSGD; (b) CSGD; (c) RGD 
 

In comparison to VSGD, CSGD appears to be a promising candidate for 

enhancing the switching performance of SiC MOSFET [151]. Figure 2.14 

portrays the gate drive current of both VSGD and CSGD during turn-on and 

turn-off process. With an identical gate charge, CSGD delivers a constant 

current in the transient state, thereby mitigating the problem of high Miller 

voltage in SiC MOSFET and minimizing switching times. 
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Figure 2.14 : Gate Drive Current of CSGD and VSGD 
 

Currently, scholars and researchers have put forward their own proposals and 

suggestions regarding gate circuit topology, optimization design method, and 

controlling strategy for the CSGD of motor drive control systems [152-158]. In 

[152], the switching instantaneous characteristic of planar and trench SiC 

MOSFET is compared using both VSGD and CSGD. [153] discusses three 

gate drive circuit topologies - voltage source, continuous or discontinuous 

current source - from the perspective of power consumption and switching 

losses. The evaluation indicators for switching loss between CSGD and VSGD 

are studied in [154]. In [155], a half bridge of CSGD is proposed for hard 

switching of high-power electronic devices (such as SCT3022AL). [156] 

presents a CSGD for gallium nitride (GaN) used in high voltage applications 

such as electric vehicles and battery energy storage systems. A novel CSGD 

that addresses the voltage balance problem of series-connected GaN HEMT 

is introduced in [157]. Moreover, the utilization of CSGD to improve EMC 

performance has also been studied in [158]. 
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However, considering parasitic parameters, the high frequency switching 

speed of SiC MOSFET can lead to high di/dt and dv/dt, resulting in overshoot 

and oscillatory in the voltage (𝑉ds) and current (𝐼d) waveforms, which also 

renders the motor drive control system utilizing SiC MOSFET vulnerable to 

EMI. In addition, if driving SiC MOSFET by lower switch frequency with 

additional buffer and absorption circuits can reduce the EMI effect but at the 

cost of increased switching losses and decreased overall system efficiency 

[159-161]. Specifically, during full load conditions in a power converter, both 

switching losses and conduction losses of SiC MOSFET become dominant, 

whereas under light or no-load conditions, driving losses represent a larger 

proportion of the total loss [162-164]. Therefore, it is imperative to adopt an 

optimized and balanced active gate driver between switching losses, 

conduction losses and driving losses. 

2.5 Bidirectional Buck–Boost Converter 

DC–DC converters can be categorized into two types: non-isolated topologies 

and isolated topologies with intermediate transformers, each having their own 

set of advantages and disadvantages [165-169]. Non-isolated topologies can 

be further subdivided into various configurations such as Buck, Boost, Buck–

Boost, Zeta, Cuk, and SEPIC from Figure 2.15 [170,171]. 
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Figure 2.15 : Circuit Topology of Non-Isolated DC–DC Converter (a) 
Buck; (b) Boost; (c) Buck–Boost; (d) Cuk; (e) Zeta (f) SEPIC 
 

As shown in Table 2.4, the interrelationships among six non-isolated DC–DC 

converters can be obtained [172-175]: 

a. The Buck converter exclusively step-down voltage, whereas the Boost 

converter solely step-up voltage. Conversely, the Buck–Boost 

converter, Cuk converter, Zeta converter, and SEPIC converter 

possess the capability to both step up and step-down voltage. 

b. The Buck converter, Boost converter, Zeta converter, and SEPIC 

converter exhibit the same polarity for both output and input voltage. 

In contrast, the Buck–Boost converter and Cuk converter have 

opposite polarities between their output and input voltages. 

c. The power device voltage stress differs among various types of 

converters. For the Buck converter, it matches the input voltage. In 

the case of the Boost converter, it corresponds to the output voltage. 
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On the other hand, for the Buck–Boost converter, Cuk converter, Zeta 

converter, and SEPIC converter, the power device voltage stress is 

the combined value of both the input and output voltages. 

d. The circuit topologies of the Buck converter, Boost converter, and 

Buck–Boost converter is characterized by their simplicity, employing 

only one inductor and one capacitor. In contrast, the Cuk converter, 

Zeta converter, and SEPIC converter exhibit relatively more complex 

circuit topologies, incorporating two inductors and two capacitors. It is 

worth noting that the middle capacitor in these converters experiences 

higher charging and discharging currents. Therefore, it is advisable to 

choose a capacitor with lower equivalent series resistance (ESR) for 

improved performance. 

 

Table 2.4 : Comparisons among Six Non-Isolated DC–DC Converters 
 

Circuit 
Topology 

Voltage 
Transfer Ratio 

Output 
Voltage 
Polarity 

Power 
Device 
Voltage 
Stress 

Circuit 
Complexity 

Buck 
𝑈𝑜
𝑈𝑖𝑛

= 𝐷𝑦 positive 𝑈𝑖𝑛 low 

Boost 
𝑈𝑜
𝑈𝑖𝑛

=
1

1 − 𝐷𝑦
 positive 𝑈𝑜 low 

Buck–Boost 
𝑈𝑜
𝑈𝑖𝑛

=
𝐷𝑦

1 − 𝐷𝑦
 negative 𝑈𝑖𝑛 + 𝑈𝑜 low 

Cuk 
𝑈𝑜
𝑈𝑖𝑛

=
𝐷𝑦

1 − 𝐷𝑦
 negative 𝑈𝑖𝑛 + 𝑈𝑜 high 

Zeta 
𝑈𝑜
𝑈𝑖𝑛

=
𝐷𝑦

1 − 𝐷𝑦
 positive 𝑈𝑖𝑛 + 𝑈𝑜 high 

SEPIC 
𝑈𝑜
𝑈𝑖𝑛

=
𝐷𝑦

1 − 𝐷𝑦
 positive 𝑈𝑖𝑛 + 𝑈𝑜 high 

 

Figure 2.16 illustrates several isolated topologies, namely forward, flyback, 

half bridge, and full bridge configurations [176-178]. 
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Figure 2.16 : Circuit Topology of Isolated DC–DC Converter (a) Forward; 
(b) Flyback; (c) Half Bridge; (d) Full Bridge 
 

The NEEVs adopt a bidirectional DC–DC converter, which can reduce the 

power battery pack voltage level, improve the safety of the whole EVs, and cut 

costs of the battery management system (BMS); the voltage decoupling of the 
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battery pack can input and output the most suitable and stable electrical 

energy according to the drive motor operating conditions, which is conducive 

to decrease the volume and weight of the drive motor. In addition, when the 

drive motor fails, the bidirectional DC–DC converter can also effectively block 

high voltage that may be generated from the direct current bus at the end of 

three phase inverter bridge, so as not to be directly introduced into the battery 

pack to cause potential risks, thereby improving the safety and reliability of the 

system [179-184]. 

Figure 2.17 depicts the circuit structure of the non-isolated bidirectional Buck–

Boost converter, which serves as the fundamental topology for bidirectional 

DC-DC converters [185-188]. This topology comprises two switches, one 

inductor, and two capacitors. 
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Figure 2.17 : Circuit Topology of Non-Isolated Bidirectional Buck–Boost 
Converter 
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Among the traditional bidirectional–DC/DC converter, the bidirectional Buck–

Boost converter is the most widely used in NEEVs. To solve the problems, 

several new circuit topologies and control strategies have been introduced to 

improve the performance of the Buck–Boost converters for NEEVs, some 

excellent research on this topic have been conducted as shown in [189–195]. 

In [189], the working of Buck–Boost converter as a power factor correction 

controller applicable for battery charging in electric vehicles application, also 

satisfies the harmonic compliance of source current in accordance with the 

IEEE519 recommendations. A charger of a three-port structure [190] is 

realized with level-3 charging capability using a current source converter 

frontend together with an input filter, a polarity inversion module, and a 

differentially connected dual inverter drive. Additionally, due to the limited 

range of a single charge, charging NEEVs is one major barrier. Thus, this 

research [191] analyzed a dual input Buck–Boost converter (DIBBC) and 

proposed charging of battery pack by solar photovoltaic (PV) and dynamic 

wireless power transfer (WPT). In [192], a bidirectional multi-level diode-

clamped Buck–Boost converter is proposed, and GaN HEMT switching 

devices are used to deal with both concerns about low efficiency and power 

density in the NEEVs application. A series of integrated equalizers based on 

joint Buck–Boost and switched-capacitor converters are proposed in [193] for 

balancing the voltages of series-connected battery packs. All these equalizers 

realize the any-cells-to-any-cells (AC2AC) equalization mode without 

increasing the count of MOSFETs and drivers. The work [194] explores the 

use of dual-carrier switching modulation schemes for the bidirectional Buck–

Boost converters. The Buck–Boost scheme is utilized as the power converter 
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topology to interface a storage system to a DC-link in electrical vehicles (EVs) 

and hybrid electric vehicles (HEVs). This research [195] proposes an input-

parallel output-series (IPOS) connected bidirectional Buck–Boost converter is 

introduced that can dynamically vary the DC-link voltage of an electric vehicle 

power train. 

2.6 Permanent Magnet Materials and Motor 

In the 21st century's new stage of industrial development, achieving the 

seamless integration of manufacturing and modern science and technology is 

imperative. This integration aims to enhance innovation, interconnectedness, 

informatization, and intelligence in industrial development, thereby 

emphasizing the significance of high-end equipment manufacturing as a 

priority. Motor, serving as vital components for converting electrical energy into 

mechanical energy, hold extensive applications in the manufacturing industry 

and play a pivotal role in electromechanical energy conversion. 

Motors can be macroscopically classified into alternating current (AC) motors 

and direct current (DC) motors based on their power supply types [196,197]. 

In the mid-20th century, DC motors were widely adopted in various industrial 

sectors due to their ease of speed regulation. However, the presence of 

commutators and brushes in DC motors posed maintenance challenges, 

resulting in poor reliability and impeding further development. Conversely, AC 

motors have increasingly attracted scholars' attention since the 1980s. 

Notably, unlike DC motors, AC motors do not necessitate complex structures 

such as commutators and brushes, and they are easy to manufacture, cost-
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effective, and exhibit superior system reliability. Consequently, AC motors 

have rapidly developed and found extensive applications across modern 

industrial domains. 

The development of permanent magnet motors is intricately linked to 

advancements in permanent magnet materials [198–200]. During the period 

from the 1930s to the 1950s, successive emergence of aluminum-nickel-

cobalt (Al-Ni-Co) and ferrite permanent magnets facilitated the introduction of 

various micro permanent magnet motors. However, the limited magnetic 

energy product of these materials hindered the progress of permanent magnet 

motors. In 1967, samarium-cobalt (Sm-Co) permanent magnets were 

introduced, followed by neodymium-iron-boron (Nd-Fe-B) permanent magnets 

in 1983. These new materials demonstrated remarkable magnetic properties, 

resulting in significant improvements in power density, torque density, and 

efficiency of the motors. Consequently, permanent magnet motors became 

actively researched, developed, and produced domain within the motor 

industry. The fundamental theory, analysis methods, and design techniques 

for permanent magnet motors experienced rapid advancement, culminating in 

the establishment of a comprehensive theoretical framework by the end of the 

20th century. 

2.6.1 Permanent Magnet Materials  

The magnetic field is the medium for the motor to realize electromechanical 

energy conversion. In early motor designs, permanent magnets were utilized 

to establish the necessary magnetic field. However, these magnets were 
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made from natural magnet ore and exhibited limited magnetic performance, 

resulting in larger motor volumes and subpar performance. In 1845, the 

Wheatstone general electromagnet in England replaced the use of permanent 

magnets and introduced the self-excited electric excitation generator in 1857, 

marking the advent of a new era in electric excitation [201]. This excitation 

mode enables the production of a sufficiently strong magnetic field, leading to 

smaller, lightweight motors with excellent performance. Consequently, 

theoretical research and development in electric excitation motors have 

progressed rapidly, while the application of permanent magnet materials in 

motors remains relatively limited. 

Rare earth permanent magnets are magnetic materials that incorporate rare 

earth elements such as lanthanum (La), cerium (Ce), praseodymium (Pr), 

neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), 

gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), 

thulium (Tm), ytterbium (Yb), lutetium (Lu), scandium (Sc), and yttrium (Y). 

After World War II, advancements in rare earth element separation and low-

temperature technologies allowed for the investigation of their properties at 

low temperatures. It was observed that most rare earth elements exhibited 

strong magnetism at lower temperatures but were unsuitable as permanent 

magnetic materials due to their Curie temperature being below room 

temperature. Researchers then explored the potential of integrating rare earth 

elements with the Al-Ni-Co alloy, known for its strong magnetism at room 

temperature, to enhance the magnetic properties of rare earth elements under 

these conditions [202–204]. These materials differ in composition, preparation 
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processes, magnetic properties, stability, economy, and mechanical 

characteristics, resulting in distinct processing methods and applications. 

The emergence of Al-Ni-Co permanent magnet materials in the 1930s 

revitalized the field of permanent magnet motors. Substantial advancements 

have since been made over nearly 90 years in the fundamental theory, design, 

and manufacturing technology of these motors. These impressive 

developments can be attributed to the ongoing improvement in the 

performance of permanent magnet materials. The evolution of permanent 

magnet materials has progressed through different stages, encompassing 

carbon steel, Al-Ni-Co alloy, ferrite, and rare-earth magnets. 

Permanent magnet materials play a crucial role as magnetic functional 

materials by establishing a constant magnetic field without requiring external 

energy after saturation by an external magnetic field. These materials are 

employed in permanent magnet motors to generate their magnetic fields. The 

power output of these motors spans a wide range, from a few milliwatts to 

several thousand kilowatts. They find applications in diverse domains, 

including toy motors, industrial motors, and large-scale permanent magnet 

motors for ship traction. The utilization of permanent magnet motors extends 

to various aspects of daily life, the national economy, transportation, national 

defense, aviation, aerospace, and more. Notably, the introduction of first, 

second, and third generation rare earth permanent magnet materials has 

provided a solid foundation for enhancing and rapidly advancing the 

performance of permanent magnet motors. 
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2.6.2 PMSM 

Barlow invented the PMSM in 1831, which employs permanent magnet 

excitation to generate a permanent magnetic field after magnetization and 

exhibit exceptional excitation performance. The PMSM has a straightforward 

structure, operates reliably as an AC motor, and offers excellent speed 

regulation performance similar to a DC motor without requiring an excitation 

winding, electric brush, commutator, or collector ring. The PMSM consists of 

two primary components: the stator, made up of silicon steel sheets, a motor 

shell, an end cover, and a symmetrical distribution of three-phase windings, 

and the rotor, comprising permanent magnetic steel, a yoke, and a rotor iron 

core. By utilizing a three-phase inverter, the PMSM generates a space rotating 

magnetic field inside the stator winding at an angular velocity of electrical 

frequency, resulting in the generation of electromagnetic torque when 

interacting with the permanent magnet of the rotor, leading to motor rotation 

[205]. The PMSM exhibits several outstanding characteristics, which can be 

summarized as follows: 

a. Compact and lightweight design coupled with low noise levels due to 

its simple structure. 

b. Utilization of a permanent magnet for excitation, resulting in minimal 

excitation losses and high operational efficiency. 

c. Remarkable static and dynamic response performance, characterized 

by low rotating inertia, high starting electromagnetic torque, and 

excellent overall response capabilities. 
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Two general types of PMSM can be distinguished based on the installation 

positions of the permanent magnets on the rotor: the surface permanent 

magnet synchronous motor (SPMSM) and the interior permanent magnet 

synchronous motor (IPMSM), as shown in Figure 2.18. The SPMSM, also 

referred to as the non-salient pole synchronous motor, has a rotor with 

surface-mounted permanent magnets, resulting in a symmetrical magnetic 

circuit in both the direct and quadrature axes that ensures equal d and q 

inductances and facilitates optimal design. In contrast, the IPMSM, also known 

as the salient pole synchronous motor, embeds permanent magnets within its 

rotor iron core and generates additional reluctance electromagnetic torque due 

to its asymmetric rotor magnetic circuit and high power density. This design 

makes the IPMSM suitable for high-speed motor applications and provides a 

wide field weakening range.  
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Figure 2.18 : Classification and Structure of the PMSM: (a) SPMSM; (b) 
IPMSM 
 

The different rotor structures lead to variations in magnetic circuits and 

performance characteristics between SPMSM and IPMSM. Specifically, the 
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IPMSM exhibits higher efficiency but also greater cogging electromagnetic 

torque ripples and lower losses at high temperatures. However, note that the 

IPMSM may experience increased eddy current losses in both the stator and 

rotor due to high-frequency harmonics. Although the SPMSM can deliver 

power supply and electromagnetic torque similar to the IPMSM under similar 

high flux linkage density conditions, it tends to have higher iron losses under 

light loads. In the non-weakening field mode, the SPMSM typically exhibits a 

higher power factor compared to the IPMSM. For the purposes of this study, 

SPMSM has been selected as the controlled object. 

Since the advent of the 21st century, there has been an increasing demand 

for high-performance motors. PMSM have experienced notable 

advancements owing to their outstanding attributes encompassing high power 

density, efficiency, power factor, and control performance. Consequently, 

PMSM has emerged as a vibrant domain within the realm of research and 

development for permanent magnet motors. Its applications are extensive, 

ranging from industrial and agricultural production to national defense, 

aerospace, robotics, new energy, and electric vehicles. 

The utilization of PMSM is progressively expanding in high-performance 

applications due to advancements in product development and engineering. 

As a result, the demand for enhanced performance parameters such as 

reduced torque fluctuation, vibration, noise, and improved working reliability 

has also increased. Nevertheless, the limited research conducted on the 

common challenges encountered by permanent magnet motors is becoming 
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more evident, thus imposing limitations on the development of high-

performance permanent magnet motors. 

2.7 Model Predictive Control 

The late 20th century witnessed significant advancements in PMSM with a 

permanent magnet rotor, owing to the development of high-performance Nd-

Fe-B and other permanent magnet materials. Unlike AC motors, PMSMs 

eliminate the need for a commutator and brush and employ a permanent 

magnet for rotor excitation instead. This design offers various advantages 

such as high reliability, simple structure, compact size, wide speed range, high 

power density, and high efficiency. Consequently, researchers both internally 

and externally have devoted considerable attention to the control methods for 

driving PMSM. Furthermore, the rapid progress in power electronics 

technology has facilitated the widespread adoption of PMSM control systems, 

enabling their extensive utilization in aviation, spaceflight, communications, 

and transportation sectors. 

The advancement of power electronics and motor control technology has led 

to significant progress in both fields. In the realm of PMSM, various control 

methods, such as vector control (also known as field-oriented control, FOC, 

and DTC, have gained popularity in industrial applications. FOC, originally 

proposed and employed in AC motor speed control during the 1870s, draws 

inspiration from the control mode of DC motors. It decomposes the stator 

current into direct-axis and quadrature-axis components, effectively 

decoupling them to simulate the excitation current and armature current found 
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in DC motors. By independently controlling the currents on the A-axis and D-

axis, FOC achieves magnetic flux and torque control, thus enabling precise 

motor control [206–210]. While FOC offers high control accuracy and steady-

state performance through its double closed-loop control structure, it exhibits 

slightly slower dynamic response. Subsequently, FOC was adapted for speed 

control in PMSMs, significantly contributing to the advancement of PMSM 

control technology. It has now become one of the most widely utilized control 

technologies in the industrial sector. Over a decade later, researchers 

introduced a new motor control technology known as DTC. Unlike FOC, DTC 

employs a hysteresis comparator to regulate motor torque based on the 

relationship between flux linkage and torque. Its structure and algorithm are 

simpler compared to FOC as it does not involve coordinate transformation and 

dynamic solution processes, thereby achieving favorable dynamic 

performance. However, DTC does exhibit larger torque ripple during the 

control process and its steady-state performance is not as robust as FOC 

[211,212]. 

Due to the strong coupling and nonlinearity inherent in PMSM control systems, 

the aforementioned methods may not satisfy the control demands of high-

performance scenarios. To address this issue, advanced control strategies 

have been proposed and implemented in high-performance PMSM drive 

systems based on FOC and DTC. These advanced strategies include sliding 

mode control, auto-disturbance rejection control, self-adaptive control, fuzzy 

control, and model predictive control [213–215]. 

© C
OPYRIG

HT U
PM



 
53 

MPC involves predicting the future motor state using the discrete model of the 

inverter and motor, along with the current motor state. An optimal voltage 

vector is then selected based on a pre-defined evaluation index and the 

predicted value. MPC offers benefits such as rapid dynamic response, robust 

online optimization, simple structure, and constraint integration. However, 

complex models necessitate extensive calculations for accurate future state 

prediction. Initially, limited microprocessor computational capabilities 

restricted MPC development. Nevertheless, advancements in chip 

manufacturing have significantly boosted microprocessor computing power 

and storage capacity, enabling the full utilization of MPC's advantages. As a 

result, MPC has gained prominence as a research area in the past decade, 

attracting global scholarly exploration of its application in PMSM drive control 

[216–221]. 

As a model predictive optimization control strategy, MPC has three main 

components: a prediction model, rolling optimization, and feedback correction. 

First, according to the discrete mathematical model of the controlled object, 

the state quantity in the future time is predicted at the current moment of the 

system. Then, the predicted value and given value are brought into the cost 

function, and, using cost function optimization, the optimal combination of 

switches is selected to act on the controlled object and finally update the 

system state. MPC can also be referred to as receding horizon control 

because an MPC system continuously detects new values and repeats such 

processes in each control cycle. A block diagram of the model predictive 

control algorithm is shown in Figure 2.19. 
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Figure 2.19 : Block Diagram of the MPC Algorithm 
 

Figure 2.20 shows the working principle of MPC. The future state of the system 

in the predetermined time period is obtained by using the sampled measured 

values and the effective data before the time to predict the system’s 

mathematical model. According to the principle of minimizing the cost function, 

the operation modes are optimally sequenced, and the first operation mode in 

the sequence is applied to the system to achieve optimal control. Due to the 

system collecting relevant data in each control cycle, the whole prediction 

process is executed, and rolling optimization is continuously carried out to 

ensure accurate outputs. 
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Figure 2.20 : Working Principle of Model Predictive Control 
 
 

© C
OPYRIG

HT U
PM



 
55 

MPC has several advantages: 

a. Applied to a multi-variable control system. 

b. Constraints are used to optimize the controller, which is simple and 

easy to design. 

c. High flexibility to optimize solutions for specific application areas. 

 

MPC can be divided into two categories based on control objectives: model 

predictive current control (MPCC) and model predictive torque control 

(MPTC). MPCC focuses on controlling current by constructing a cost function 

to evaluate the performance of each voltage vector. The objective is to select 

the optimal voltage vector that minimizes motor current ripple [222–229]. On 

the other hand, MPTC considers both torque and flux linkage in its cost 

function [230–234]. However, since these parameters have different 

dimensions, appropriate weight coefficients must be designed based on 

specific control requirements to achieve desired control effects. Currently, 

there is no established theory for calculating the weight coefficient between 

torque and flux linkage. Therefore, a large number of experiments are typically 

conducted to derive optimal weight coefficients, resulting in a complex design 

process. In practical applications, weight coefficients are often chosen based 

on control performance requirements and experimental conditions. 

Due to the differences in voltage-vector control sets, MPC can be divided into 

continuous control set model predictive control (CCS-MPC) and finite control 

set model predictive control (FCS-MPC). In the CCS-MPC, the controller 

output is a continuous reference signal, which is converted into an appropriate 

action using a modulator [235–238]. FCS-MPC makes use of the limited 
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switching states in three-phase inverters to enumerate the corresponding 

conditions in all switching states. Once the optimal switching states are found, 

the corresponding driving signals are output immediately and held fixed during 

each switching cycle. FCS-MPC controls the electromagnetic torque, stator 

flux linkage, and stator current at the same time [239–247]. In addition, 

because of the different optimal control objectives, there are two main 

categories of important branches for FCS-MPC in the motor field: finite control 

set model predictive torque control (FCS-MPTC) and finite control set model 

predictive current control (FCS-MPCC) [248–252]. 

In PMSM drive control system, the inverter generates the basic voltage vector 

as the direct control target for the motor. Traditional MPC involves 

incorporating each basic voltage vector into the PMSM prediction model to 

obtain prediction variables (current, torque, etc.). The cost function is then 

calculated to evaluate the effect of each basic voltage vector, selecting the 

optimal voltage vector and applying it to the motor. As the basic voltage 

vectors generated by the two-level inverter are limited (two zero vectors and 

six non-zero vectors), this method is referred to as single vector model 

predictive control (SV-MPC). SV-MPC experiences tracking errors between 

the selected optimal voltage vector and the expected reference voltage, 

affecting the steady-state control performance of PMSM [253–255]. 

Enhancing the system’s control frequency to reduce control intervals and 

achieve more precise results is an effective approach to enhance PMSM's 

steady-state control performance. However, this method requires high-
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performance digital processors and may pose challenges to implement 

complex control algorithms. 

To address this issue, scholars have proposed multi-vector MPC to increase 

the number of basic voltage vectors applied to the motor within a control cycle. 

Multi-vector MPC can be categorized into double vector model predictive 

control (DV-MPC) [256,257] and three vector model predictive control (TV-

MPC) [258,259]. In DV-MPC, two basic voltage vectors are applied to the 

motor in one control cycle, with the combined duration covering the entire 

control cycle. Compared to traditional SV-MPC, DV-MPC offers more flexibility 

in voltage vector selection and allocation of action time, resulting in more 

accurate output voltage vectors through individual action time calculations. 

DV-MPC significantly reduces the error between the expected reference 

voltage vector and the output voltage vector, decreases current and torque 

ripple, and improves the steady-state performance of the control system. On 

the other hand, TV-MPC utilizes two effective vectors and one zero vector to 

synthesize the final output voltage, enabling accurate tracking of the reference 

voltage within the modulation range. Consequently, TV-MPC exhibits 

significantly smaller current and torque ripple compared to SV-MPC and DV-

MPC, leading to optimal steady-state performance. 

MPC can be categorized into two types based on prediction range: single-step 

model predictive control (SS-MPC) and multi-step model predictive control 

(MS-MPC). The increase in the number of voltage vectors enhances steady-

state performance but also introduces computational burden and higher 
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switching frequency to the inverter. This creates a contradiction between the 

steady-state control performance of AC motor MPC and the inverter's 

switching frequency. It is worth noting that MS-MPC can effectively solve the 

contradiction between steady-state control performance and switching 

frequency. MS-MPC involves iterative calculations using SS-MPC to predict 

the system state multiple times within the prediction range. To achieve the 

optimal voltage vector for multiple future prediction times, MS-MPC considers 

the system state at all sampling times within the prediction range when 

constructing the cost function. As a result, MS-MPC improves steady state 

performance and reduces switching frequency. However, MS-MPC's use of 

discrete prediction models leads to complex mathematical calculations, 

resulting in exponential increase in computational complexity compared to SS-

MPC. In practical systems, excessive calculation time may exceed the 

designated control cycle, significantly impacting control performance. Thus, 

MS-MPC methods require high-performance hardware processors, posing 

computational burden concerns. Despite its superior control performance, 

applying MS-MPC with multiple prediction layers in actual motor drives is 

currently challenging. Moreover, MS-MPC faces additional obstacles such as 

unclear theoretical guidance for weight coefficients design, simplified 

computational complexity, and lack of fixed switching frequency [260–263]. 

MPC is a widely researched and applied component in various fields, and its 

performance indicators, particularly those related to intensity and reliability, 

have garnered significant attention from specialists, scholars, and engineering 

technicians globally. Their studies and contributions have spanned different 
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aspects [264-277]: a prediction-error-driven position estimation method based 

on current prediction errors of finite control set model predictive control for the 

position-sensorless control of a PMSM [264]; a modulated model predictive 

current controller for PMSM [265]; the use of disturbance observations to 

improve MPC [266–268]; model predictive control and iterative learning control 

to not only speed up system response time but also effectively reduce speed 

ripples [269]; switching sequence model predictive direct torque control for 

IPMSMs for NEEVs in switch open-circuit fault-tolerant mode [270]; a 

cascaded variable rate sliding mode speed controller for model predictive 

current control [271]; a cascade-free modulated predictive direct speed control 

scheme for PMSM drives to further enhance steady-state performance on the 

basis of a simple control structure [272]; better quality currents and 

electromagnetic torque ripples in dual-vector model predictive current control 

[273]; ultra-local model-free predictive current control, which does not involve 

any motor parameters based on nonlinear disturbance compensation [274]; a 

data-driven, real-time-capable, recursive least-squares estimation method for 

the current control of a PMSM [275]; a discrete duty-cycle control strategy to 

reduce both the electromagnetic torque and flux ripples that appear in model 

predictive torque control [276]; and discrete space vector modulation to 

achieve flux-linkage and electromagnetic torque ripple reduction in finite set 

model predictive torque control [277]. 

Driving PMSM plays a crucial role in the electric drive control systems of 

NEEVs, with high-performance motors significantly improving durability and 

mileage. Among the options, the PMSM is favored for its precise control, wide 
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speed range, high density, smooth electromagnetic torque ripples, and low 

noise levels. However, the PMSM faces challenges in complex working 

conditions, making it imperative to optimize its control methodology. MPC is 

an advanced optimal control technology that utilizes system models to predict 

future changes in control variables and select optimal operations based on 

predetermined criteria. By setting appropriate criteria, MPC can flexibly control 

key parameters such as motor torque ripple, switching frequency, power loss, 

and maximum output current to achieve multi-objective optimal control. 

Compared to traditional motor control methods, MPC is intuitive, adaptable to 

specific control fields and objectives, and can be easily modified. 

2.8 Electromagnetic Interference and Compatibility 

Against this background of traditional fossil energy shortage crisis and 

sustainable green development road [278,279], it is encouraging that the new 

NEEVs have been rapidly popularized worldwide due to their inherent 

advantages of zero harmful gas emissions, low energy consumption and non-

pollution, high efficiency and use more environmentally friendly electric energy 

as power sources [280–283]. Compared with conventional engine ICE, the 

NEEVs have more electronic and electrical equipment, including power battery 

pack, inverters, traction electromotors, controllers, busbar cable, as shown in 

Figure 2.21 [284,285]. © C
OPYRIG
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Figure 2.21 : Main Electrical Components of NEEVs 
 

Obviously, the BMS communicate with vehicle control unit (VCU) to adjust the 

high direct voltage and current from power battery pack, the VCU establish a 

bidirectional data interchange channel through the controller area network 

(CAN) bus [286,287], and then the electronic control unit (ECU) send pulse 

width modulation (PWM) signal to drive the power switches silicon carbide 

metal oxide semiconductor field effect transistor (SiC MOSFET) in the inverter 

to turn on and off, thereby achieving permanent magnet synchronous motor 

(PMSM) speed control [288–290]. In actual operation, these high voltage, high 

current, and high power electrical components will produce EMI. To make 

matters even worse, the on-board electronic devices with high sensitivity, such 

as BMS, VCU, and ECU, are more susceptible to EMI. 

In actual operation, these high voltage, high current, and high power electrical 

components will produce EMI. To make matters even worse, the on-board 

electronic devices with high sensitivity, such as BMS, VCU, and ECU, are 

more susceptible to EMI, which is directly related to the safety, reliability, and 

comfort of NEEVs [291]. Therefore, the internal electromagnetic environment 
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is more complex, and EMC is also facing greater challenge and opportunities 

for NEEVs. which should attract more attention and further discussion 

[292,293]. 

It is particularly worrying that the high-speed switching actions of SiC MOSFET 

in motor drive control system can interact with the parasitic resistors, 

capacitors, and inductors from system circuit, resulting in surge voltage and 

ringing effect, which can lead to undesired and still worrisome EMI problems. 

In [294,295], the major high frequency EMI source of the SiC MOSFET is the 

changes from high voltage and current (dv/dt and di/dt) conversion, SiC 

MOSFET produce higher spectra amplitude Insulated Gate Bipolar Transistor 

(IGBT) in the 2MHz-50MHz frequency range. EMI has great potential to cause 

performance degradation, increased failure and shorten service life of NEEVs 

[296]. This has brought an important concern into consideration: EMC. In 

1833, the English physicist and chemist Faraday discovered electromagnetic 

induction (1791-1867). EMC originated in the 19th century. EMC performance 

refers to the abilities of a device or system to function properly in its 

electromagnetic environment and it also would not constitute unsustainable 

electromagnetic disturbance to anything in the environment [297]. To cut it 

short, the most EMI in motor drive control system comes from: 

a. High dv/dt and di/dt. 

b. Impedance characteristics of resistors, capacitors, and inductors 

change in the high frequency range. 

c. PWM contains rich voltage and current switching harmonics. 
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EMC testing is all about standards in Figure 2.22. Whether people are 

developing 5G products, automotive equipment, military equipment or 

something as simple as an ordinary table lamp, the device must meet the 

requirements set by standardization organizations shown Table 2.5 such as 

International Electrotechnical Commission (IEC), International Special 

Committee on Radio Interference (CISPR), international Standardization 

Organization (ISO), Institute of Electrical and Electronic Engineers (IEEE), 

Comite Europeen de Normalisation Electrotechnique (CENELEC), European 

Telecommunication Standards Institute (ETSI), Federal Communications 

Commission (FCC), American National Standards Institute (ANSI), Radio 

Technical Commission for Aeronautics (RTCA) or the Military Standards (MIL-

STD) committee.  

IEC

IC 65 CISPR TC 77 TC 88

ISO

GENELEC ETSI CEN
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Figure 2.22 : EMC Standardization Organizations Committee 
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Table 2.5 : Commercial EMC Standards 
 

Commercial Standards CISPR 
CENELEC 
(Europe) 

FCC 
(USA) 

METI 
(Japan) 

Industrial, scientific 
medical equipment 

11 EN 55011 Part 18, C J55011 

Vehicles, boats and 
internal combustion 
engines 

12/25 
EN 55012 
EN 55025 

SAEJ551 
J1113 

JASO 
D001-82 

Electrical devices, 
household appliances 
and tools 

14-1 EN 55014-1 NULL J55014-1 

Electrical lighting 15 EN 55015 NULL J55015 

Multimedia equipment 32 EN 55032 Part 15, B J55032 

Military equipment MIL-STD-461 

Aviation DO-160 

 

The serious EMI problems of motor drive control system are characterized by 

high noise amplitude, complex coupling, multipath, which are closely related 

to working conditions [298]. EMI can be divided into conducted EMI and 

radiated EMI, and CM interference and DM interference are two differential 

conducted form of the conducted EMI according to their own propagation path 

and coupling channel [299,300]. In addition, the generated CM and DM 

interference will form a small loop or wire antenna through busbar cable, which 

can cause radiated EMI to other systems or devices [301]. However, without 

EMC design and correction, the EMI can hardly meet the standard limit 

requirements (150 kHz to 30 MHz in CISPR 25). Therefore, the suppression 

of EMI from motor drive control system is increasingly receiving attention from 

both academia and the industry [302,303]. 

Motors that operate with a variable frequency drive (VFD) are more 

susceptible to bearing failure. In standard generated sine waves, the voltage 

is balanced; this means that the amplitudes of the wave form on both the 
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positive and negative sides are equal. In PWM (pulse wave modulated) 

generated sine waves, produced by VFD's, the voltages are not balanced. This 

imbalance can cause voltage potential in the motor structure, leading to 

voltage passing between the rotor and stator to ground through the motor 

bearings causing damage as shown in Figure 2.23. 

Bearing Pitting Damage
Electron Microscope 

Image

Bearing Fluting Damage EDM Pit

 

Figure 2.23 : Serious Bearing Damage Accidents 
 

The CM voltage has several negative effects, such as bearing corrosion, 

localized insulation breakdown of motor winding, and EMI. The electric 

corrosion of the bearing is attributed to the CM voltage of frequency converter 

through the distributed capacitance inside the motor acting on the shaft. 
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When the shaft voltage is low, the insulating effect of the lubricating oil film 

prevents bearing current by withstanding the voltage without breakdown. 

However, a high shaft voltage or unstable oil film during motor start-up can 

puncture the lubricating oil film, causing spark discharge and heat generation 

that degrades the oil performance. The resulting high temperature creates 

grooves on the bearing's inner ring, outer ring, or ball, while prolonged 

discharge corrodes the bearing raceway, increasing surface roughness and 

yielding electric corrosion traces, as depicted in Figure 2.24. Uneven raceways 

are more susceptible to breakdown than flat raceways, doubling the degree of 

electrical corrosion, and large grooves elevate motor vibration and noise. 

Failure to promptly address these issues significantly diminishes bearing 

reliability and may lead to irreparable damage. 

 

Figure 2.24 : Phenomenon of Electric Erosion on Motor Bearings 
 

At present, the EMI of motor drive control system, the scholars and 

researchers have focused on three aspects: mechanism analysis, modeling 

and suppression measures [304–311]. In [304], this research introduces the 

EMC problems and investigates the EMI mechanism of motor driving systems, 
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charging systems and other low voltage systems. The EMI of power 

components in NEEVs motor drive control system is studied in [305], including 

its propagation path and the method of interference measurement. [306] 

proposes a general device-based CM model that is able to describe 

propagating mechanism in the system. In this research [307], a high-frequency 

model is proposed to predict the system-level conducted EMI. A conducted 

emission model with lumped and finite element parameter circuit based 

electromagnetic simulation is presented in [308]. This work [309] describes a 

complete equivalent circuit model, the CM conducted emissions can be 

predicted and evaluated during the design phase for performance optimization 

purpose. [310] presents modified single stage and multistage three EMI filters 

to offer the same CM and DM attenuation performances for SiC inverter 

switching at 200 kHz. Two EMI filter design methods for high voltage DC ports 

of NEEVs motor controllers are proposed in [311].  

Figure 2.25 illustrates the structure of the insulated end cover. An insulating 

gasket is positioned between the end cover and the end cover bushing, and 

the assembly is secured with bolts. The bolts are covered with insulating 

sleeves, and additional insulating gaskets are placed between the bolts and 

the end cover to maintain insulation. The insulated end cover introduces an 

insulating layer into the bearing current circuit, thereby reducing the shaft 

voltage carried by the oil film. © C
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End 
Cover

Insulation 
Sleeve

Insulating 
Washer

Bearing Cover 
Bushing

 Insulation 
Spacer

Motor 
Bolts  

Figure 2.25 : Structure of Insulated end Cover 
 

2.9 Research Gaps 

SiC MOSFET, as a new and widely used power device, offers faster switching 

speeds and lower switching losses. The gate drive circuit, acting as an 

amplifier, connects the signal controller to the SiC MOSFET. Due to the unique 

characteristics of SiC MOSFET, designing an effective gate drive circuit 

presents several challenges. Despite numerous studies on gate drive circuits 

for SiC MOSFET, their application in NEEVs remains a critical area of focus. 

To address the high driving loss caused by the gate resistance in traditional 

SiC MOSFET gate drive circuits, a more efficient, stable, and reliable active 

gate drive circuit is needed. This circuit should recycle the energy stored in the 

SiC MOSFET' parasitic capacitance, reducing driving loss and enhancing 

switching frequency, thereby facilitating the broader adoption of SiC MOSFET 

in NEEVS. Literature reviews indicate that energy recovery or reuse from the 

power supply can minimize driving loss and increase the switching speed of 

SiC MOSFET. 
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To address these challenges and fully exploit the performance of SiC 

MOSFET, a specialized gate drive circuit is essential, rather than relying on 

traditional designs. Developing an appropriate gate drive circuit is a critical 

research focus for optimizing SiC MOSFET performance in NEEVs. As 

previously discussed, enhancing the switching speed of SiC MOSFET is 

challenging due to factors such as substantial internal gate resistance, high 

Miller voltage, and limited gate-source voltage ratings. Additionally, ensuring 

the stability and reliability of the gate drive circuit is crucial for the long-term 

safe operation of SiC MOSFET. Thus, studying dedicated gate drive circuits 

for SiC MOSFET in NEEVs is of significant importance. 

Environmental pollution and energy shortages have posed significant 

challenges to traditional ICE vehicles. The development of NEEVs offers a 

promising solution to address fossil energy depletion and mitigate air pollution. 

In NEEVs electrical propulsion system, the bidirectional DC–DC converter, as 

the power transmission unit of the power battery pack, plays a crucial role in 

energy distribution and management, which outputs electrical energy during 

driving and recovers braking electrical energy during deceleration, requiring 

bidirectional energy flow. Thus, research on the circuit structure and control 

methods of bidirectional DC–DC converters with a wide input range and high 

power transmission is of great significance. 

Through comparative analysis of various isolated and non-isolated DC–DC 

converter circuit topologies reveals that the bidirectional Buck/Boost converter 

offers advantages such as fewer power devices, lower electrical stress, higher 
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energy transfer efficiency, and simpler control, making it well-suited for the 

technical requirements of this research. When the NEEVs are running 

normally, the bidirectional Buck–Boost converter plays an important role as 

the core factor of electrical energy flow regulation and management between 

the power battery pack and motor drive inverter within the high voltage direct 

current bus, and transform voltage from two conversion directions, so that the 

motor drive system is always working in the optimal rate zone. In the process 

of starting or accelerating, the electrical energy flows forward to ensure the 

motor inverter drive performance; during braking or decelerating, the electrical 

energy flows back to effectively recover the excess electrical energy. The 

performance of the bidirectional Buck–Boost converter determines the power 

output and cruising range of the NEEVs, which directly has a deep impact on 

the performance, quality, and user experience. 

The output power of the traditional bidirectional Buck–Boost circuit is 

constrained by a single power device, limiting its suitability for high-power 

applications. Therefore, improvements are needed to reduce output voltage 

ripples and increase power transmission, while ensuring high power, efficiency, 

and density to meet the demands of NEEVs. 

PMSM offer significant advantages, including high reliability, compact size, low 

noise, strong overload capacity, and high power density, making them ideal 

for the electromotor of NEEVs. As PMSM must adapt to various driving 

conditions, the demand for accuracy, speed, and stability are increasing. 

Traditional control strategies are inadequate to meet these requirements. 
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Among advanced control technologies, MPC has gained attention for excellent 

dynamic performance, optimizing multiple control variables simultaneously, 

ensuring both steady-state performance and high-speed dynamics. Thus, 

applying MPC to PMSM drive control systems holds great potential. 

Due to the complex and dynamic operating environment of NEEVs, PMSM are 

vulnerable to disturbances from various external factors, which can 

compromise control accuracy. MPC is highly sensitive to system parameters, 

and disturbances can degrade or even disrupt system performance. Therefore, 

enhancing MPC to improve robustness against interference is essential for 

ensuring reliable performance under diverse conditions. The traditional MPTC 

strategy, which uses a single voltage vector per control cycle, limits control 

accuracy and involves a complex process for designing weight coefficients in 

the cost function. Novel MPTC strategies are needed to enhance control 

precision and further optimize PMSM performance. Advancing MPC for PMSM 

is crucial for high-performance motor control applications. 

MPTC, as one of the FCS-MPTC, incorporates motor torque and flux linkage 

amplitude into the cost function. However, due to their differing magnitudes, 

evaluating the control variable error is challenging. To address this, a 

weighting factor is used to balance the two control objectives, but the nonlinear 

relationship between electromagnetic torque and flux linkage complicates the 

design of an appropriate coefficient. Traditionally, the MPTC assigns a weight 

to the flux linkage amplitude term, with the initial coefficient set as the ratio of 

rated electromagnetic torque to rated flux linkage. Final selection of the weight 

© C
OPYRIG

HT U
PM



 
72 

coefficient, however, requires extensive simulations and experiments. 

Additionally, the traditional MPTC applies only one voltage vector per control 

cycle, limiting the control accuracy of electromagnetic torque and flux linkage, 

and resulting in significant pulsations. The online prediction and optimization 

of all voltage vectors within each control cycle further increases the 

computational load, burdening the processor. 

Traditional FCS-MPTC uses a single basic voltage vector per control cycle, 

causing system state variables to oscillate around reference values. Recent 

research has shifted towards using multiple voltage vectors to synthesize the 

reference voltage, becoming a key area of focus. Efficiently generating the 

optimal continuous reference voltage vector to enhance PMSM drive control 

is a critical challenge in MPC. This research aims to propose an advanced 

FCS-MPTC control strategy, which is significant for improving PMSM drive 

control system performance in NEEVs. 

As awareness of environmental protection and energy issues grows, the 

development of NEEVs is essential for promoting sustainability, energy 

conservation, industrial advancement, and reducing energy dependence, 

making it a critical trend for long-term development. Unlike traditional ICE 

vehicles, NEEVs are powered by power battery pack that transfer electrical 

energy to the PMSM through motor drive control system. NEEVs incorporate 

numerous power and electronic components, including high-voltage batteries, 

DC/DC converters, DC/AC inverters, electromotors, and high-voltage busbar 
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cables, generating significant EMI. As a result, ensuring EMC has become a 

crucial challenge in the application of NEEVs. 

The motor drive control of NEEVs relies on numerous electronic components. 

ring operation, voltage and current fluctuations, along with factors like power 

device switching and changes in PMSM speed or torque, induce alterations in 

the electromagnetic field. For instance, the high dv/dt and di/dt switching 

characteristics of power devices create high-frequency interference, while 

PMSM speed and torque variations produce low-frequency interference. 

These issues present significant challenges to the EMC of the motor drive 

control system. Consequently, research on predicting EMI in these systems is 

crucial for enhancing safety and reliability. 

The motor drive control system of NEEVs operates with high power, voltage, 

and current. While increasing the number of filtering components can 

effectively suppress EMI, it also introduces parasitic parameters that 

complicate circuit design. To address the interference source, optimization 

methods such as improving control strategies and switching circuits can 

reduce electromagnetic emission intensity. However, studies indicate these 

methods have limited effectiveness in EMI suppression, and optimizing 

switching circuits may increase energy loss. A port filter, when designed with 

appropriate parameters, can suppress most conducted emissions from the 

motor drive control system. Combining the filter with optimization of parasitic 

parameters and key interference circuits can achieve effective suppression. 
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EMC testing assesses the performance of electronic equipment in an 

electromagnetic environment, requiring significant amounts of time, resources, 

and cost. EMC simulation technology offers a systematic and effective 

approach to predict and address EMC in motor drive control systems. By 

creating an equivalent circuit model, the effects of EMI can be simulated, 

allowing for the prediction of system performance in various electromagnetic 

environments and the evaluation of reliability and safety. This enables the 

identification of potential EMI sources, assessing their impact, and informed 

design decisions to mitigate EMI risks. 

The internal electromagnetic environment of NEEVs is inherently complex, 

presenting greater challenges and opportunities for EMC. EMI directly impacts 

the safety, reliability, and comfort of these vehicles. Therefore, it is imperative 

to prioritize and engage in further discussions regarding this matter, in order 

to address these issues effectively and promote the development of NEEVs. 

This research needs to focus on the motor drive control system to investigate 

the generation mechanism, propagation path, and suppression measures of 

EMI. An equivalent circuit model for conducted interference is developed to 

create a system-level simulation platform, analyze key parasitic parameters 

affecting conducted emissions, and implement targeted optimization 

strategies. EMC simulation technology can identify potential EMI issues during 

the product design phase, reducing failure rates and accident risks in NEEVs, 

while enhancing overall safety and reliability. Additionally, it lowers testing 

costs, reduces production costs and improves market competitiveness. The 

methods and insights from this research not only address EMC challenges in 
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NEEVs but also provide valuable references for EMC testing and evaluation 

in other automotive electronics. 

The EMI of NEEVs motor drive control system holds significant practical 

research value. Given the widespread nature of EMI in these systems, 

predicting and simulating interference by analyzing propagation path and 

generation mechanisms allows for the early identification of interference 

frequency and intensity. This proactive approach can detect non-compliant 

products, implement suppression measures, reduce costly laboratory testing, 

improve system qualification rates, and shorten the development cycle for both 

motor drive control system and NEEVs. For manufacturers, predicting EMI is 

crucial for ensuring products meet standards and becoming an essential 

technical tool for NEEVs development. From an academic perspective, the 

research of EMI in motor drive control system integrates various fields, 

including circuit theory, electromagnetism, and mathematics, providing a 

robust platform for interdisciplinary research. Thus, analyzing EMI in motor 

drive control system is a critical topic in EMC, with significant research 

importance. 

2.10 Summary 

The literature review related to this research has been presented and 

discussed by the previous researchers. It begins with the background of 

NEEVs, providing an in-depth investigation into the present status, latest 

deployment, and future prospects in the implementation of NEEVs while 

introducing the subsystems and their components: electrification 
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transportation degrees, power battery pack, electrical propulsion system. Also, 

it has been found that, the research and design of PMSM drive control system 

for NEEVs based on SiC MOSFET have some directions: active gate driver, 

bidirectional Buck–Boost converter, model predictive control, electromagnetic 

interference and compatibility discussed in this chapter. The next chapter 

elaborates a thorough review of the methodological aspects as well as a 

detailed discussion of the approaches that are employed to fulfill the 

research's objective. 
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CHAPTER 3 

3 METHODOLOGY 

3.1 Introduction 

This chapter presents the methodologies used to achieve the research 

objectives. The second section covers the design of an active H-Bridge 

inverter discontinuous current source gate driver, while the third section 

discusses the three-phase interleaved parallel bidirectional Buck-Boost 

converter. Additionally, the fourth section explores the technical theories of 

PMSM, and the fifth proposes a three-voltage vector duty cycle optimization 

strategy based on finite set model predictive control. The sixth section 

addresses shaft voltage and bearing current of PMSM, and finally, the chapter 

clarifies the method for addressing electromagnetic interference and 

compatibility in a motor drive control system based on PMSM with SiC 

MOSFET. 

Figure 3.1 provides an overview of the research, detailing the various phases 

and processes involved, which illustrates the entire methodological framework 

employed in the study, with the research objectives highlighted in blue 

rectangles and the research methods outlined in brown rectangles. This 

chapter aims to elucidate the overall approach utilized from the project's 

inception to its successful completion. Consequently, the methodological 

steps must be carefully designed to align with the objectives outlined in 

Chapter 1. 
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Figure 3.1 : Methodology Flowchart of the Research Process 
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3.2 Active H-Bridge Inverter Discontinuous Current Source Gate 
Driver  

In recent years, the third-generation semiconductor materials have significant 

advantages in band gap, electric breakdown field, saturated electron drift 

velocity, thermal conductivity and radiation resistance, which further meet the 

new requirements of high temperature, high power, high voltage, high 

frequency in modern electronic technology field. SiC MOSFET have faster 

switching speed, smaller losses, and high temperature working tolerance, 

which can reduce the size and volume of passive components (such as heat 

sinks, inductors, capacitors) to achieve higher power density and efficiency. 

Therefore, SiC MOSFET has been widely predicted to be superior to that IGBT 

as power switch devices, which provides a promising solution for the motor 

drive control system in NEEVs. 

3.2.1 Switch State Analysis Based on Double Pulse Test Circuit 
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Figure 3.2 : Double Pulse Test Circuit with Parasitic Parameters 
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Figure 3.2 showcases the double pulse test circuit with gate driver, which is 

employed for the switch state analysis of the SiC MOSFET turn-on and turn-

off processes as well as the generation mechanism of voltage and current 

waveform oscillation. In this circuit, 𝑉𝐷𝐶  represents the DC input voltage for 

power supply, while 𝑅𝐷𝐶  and 𝐿𝑍  denote the parasitic resistance and 

inductance between the SiC MOSFET device module and the DC bus, 

respectively. Additionally, 𝐶𝐺𝐷𝐿 , 𝐶𝐺𝑆𝐿 , and 𝐶𝐷𝑆𝐿  represent the capacitance 

between the three interelectrode of the SiC MOSFET device module, while 

𝐿𝐺𝐿  signifies the parasitic inductance between the SiC MOSFET device 

module and the gate drive circuit. Furthermore, 𝑅𝐺𝑃𝐿  indicate the gate 

resistance between the SiC MOSFET device module and the external gate 

drive circuit. 

3.2.2 SiC MOSFET Switching Process Characteristics 

The turn-on and turn-off processes of SiC MOSFET can be divided into four 

stages. First, take the conduction process as an example. 
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3.2.2.1 SiC MOSFET Turn-On Process 
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Figure 3.3 : Turn-on process of SiC MOSFET 
 

[𝑡0~𝑡1]: Turn-on delay stage. A transition occurs in the driving voltage from a 

negative driving voltage 𝑉𝐸𝐸  to a positive driving voltage 𝑉𝐶𝐶 . The driving 

power supply charges the input capacitor 𝐶𝑖𝑠𝑠 = 𝐶𝑔𝑠 + 𝐶𝑔𝑑 of the SiC MOSFET 

through the driving resistor 𝑅𝑔. It is important to note that, at this point, the SiC 

MOSFET remains in the off state, and the current path can be observed in 

Figure 3.3. As the charging process advances, the voltage 𝑢𝑔𝑠 continues to 

increase: 

𝑢𝑔𝑠(𝑡) = 𝑉𝐸𝐸 + (𝑉𝐶𝐶 − 𝑉𝐸𝐸)[1 − 𝑒
−(𝑡−𝑡𝑔)𝑖𝜔𝑡 𝜏𝑊𝑖⁄ ] (3.1) 
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Upon the attainment of the threshold voltage 𝑉𝑡ℎ  by the voltage 𝑢𝑔𝑠, the initial 

stage terminates, and the duration 𝑡𝑑𝑜𝑛  of the turn-on delay stage can be 

expressed using Equation 3.2: 

𝑡𝑑𝑜𝑛 = 𝑡1 − 𝑡0 = 𝜏𝑖𝑠𝑠1 × ln (
𝑉𝐶𝐶 − 𝑉𝐸𝐸
𝑉𝐶𝐶 − 𝑉𝑡ℎ

) (3.2) 

 

Equation 3.2 demonstrates that the duration 𝑡𝑑𝑜𝑛 of the turn-on delay stage 

can be reduced by decreasing the external drive resistance 𝑅𝑔 or increasing 

the positive driving voltage 𝑉𝐶𝐶 . Moreover, injecting additional drive current 

facilitates an accelerated charging process, thereby shortening the turn-on 

delay stage time. 

[𝑡1~𝑡2]: Current rise stage. The voltage 𝑢𝑔𝑠 exceeds the threshold voltage 𝑉𝑡ℎ , 

resulting in an increase of the drain current 𝑖𝑑  from zero. This can be 

mathematically expressed as: 

𝑖𝑑 = 𝑔𝑚 × [𝑢𝑔𝑠(𝑡) − 𝑉𝑡ℎ] (3.3) 

 

During this stage, the driving power supply continues to charge the input 

capacitor 𝐶𝑖𝑠𝑠, causing the voltage 𝑢𝑔𝑠 to exponentially increase. As the drain 

current 𝑖𝑑  reaches the load current 𝐼𝐿, the voltage 𝑢𝑔𝑠 equates to the Miller 

level Vmiller. The duration 𝑡𝑟 of the current rise stage can be expressed as: 

𝑡𝑟 = 𝑡2 − 𝑡1 = 𝜏𝑔𝑠 × ln (
𝑉𝐶𝐶 − 𝑉𝑡ℎ
𝑉𝐶𝐶 − Vmiller

) (3.4) 

 

The current rate of change of 𝑖𝑑 can be expressed as: 
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𝑑𝑖𝑑
𝑑𝑡

= 𝑔𝑚 ×
𝑑𝑢𝑔𝑠
𝑑𝑡

= 𝑔𝑚 ×
𝑖𝑔
𝐶𝑖𝑠𝑠

 (3.5) 

 

During the turn-on process, when 𝑖𝑑 exceeds 𝐼𝐿, the charging current of the 

junction capacitor and the drain current 𝑖𝑑 collaborate to generate the peak 

current 𝐼dpeak: 

𝐼dpeak ≈ 𝐼𝐿 +√𝑄𝑛 ×
𝑑𝑖𝑑
𝑑𝑡

 (3.6) 

 

Once the turn-on current reaches its peak value, the interaction between the 

parasitic inductance, parasitic capacitance, and equivalent resistance in the 

power supply loop causes 𝑖𝑑 to gradually return to its steady-state value via 

second-order damping oscillation. The oscillation frequency 𝑓𝑜𝑛 and damping 

coefficient 𝜉𝑜𝑛𝑑  can be calculated using Equation 3.7 and Equation 3.8, 

respectively: 

𝑓𝑜𝑛 ≈
1

2𝜋√𝐿𝑒𝑞𝐶𝑒𝑞
 (3.7) 

  

𝜉𝑜𝑛𝑑 =
𝑅𝑒𝑞
2
√
𝐶𝑒𝑞
𝐿𝑒𝑞

 (3.8) 

 
 

By combining Equation 3.5 and Equation 3.6, it is evident that reducing the 𝑖𝑔 

during the current rise stage can suppress the 𝐼dpeak during turn-on process. 

Conversely, from Equation 3.7 and Equation 3.8, it is apparent that the 

oscillation frequency of 𝑖𝑑 solely relies on the parasitic parameters of the SiC 

MOSFET device and power loop. Despite 𝑅𝑒𝑞 being small and the damping 
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coefficient relatively low, the switching oscillation of the SiC MOSFET device 

is inevitable. However, the current amplitude and oscillation time are 

proportional to the current peak value. Consequently, reducing the turn-on 

process 𝐼dpeak can decrease the amplitude and duration of oscillation, leading 

to reduced high-frequency EMI emissions. 

[𝑡2~𝑡3]: Voltage drop stage. The drain current 𝑖𝑑 returns to 𝐼𝐿 after oscillation 

following the attainment of 𝐼dpeak. Simultaneously, the gate-source voltage 𝑢𝑔𝑠 

remains constant at the Miller level Vmiller, giving rise to what is known as the 

Miller platform. During this stage, the gate current 𝑖𝑔 remains steady as the 

Miller capacitor 𝐶𝑔𝑑 charges. The expression for 𝑖𝑔 can be given as: 

𝑖𝑔 =
𝑉𝐶𝐶 − Vmiller

𝑅𝑔
 (3.9) 

 

The voltage change rate of 𝑣𝑑𝑠  during the voltage drop stage can be 

mathematically expressed as: 

𝑑uds
𝑑𝑡

= −
𝑖𝑔
𝐶𝑔𝑑

 (3.10) 

 

The duration of the voltage drop stage, denoted as 𝑡𝑓𝑢, can be expressed as: 

 

𝑡𝑓𝑢 = 𝑡3 − 𝑡2 ≈
𝐶𝑔𝑑(Vdc − uds)

𝐼
 (3.11) 

 

By examining Equation 3.11, it becomes evident that both the duration of the 

voltage drop stage, and the switching loss can be decreased by increasing the 

driving current. 
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[ 𝑡3~𝑡4 ]: Saturated conduction stage. The driving power supply actively 

charges both the gate-source capacitance 𝐶𝑔𝑠 and the gate-drain capacitance 

𝐶𝑔𝑑 until the gate-source voltage 𝑢𝑔𝑠 reaches the positive driving voltage 𝑉𝐶𝐶 . 

It is worth noting that increasing the driving current can effectively shorten the 

duration of saturated conduction and expedite the turn-on process of the SiC 

MOSFET. 

3.2.2.2 SiC MOSFET Turn-Off Process 

The turn-off process, in contrast, can be divided into four distinct stages: the 

turn-off delay stage (𝑡5~𝑡6), the voltage rising stage (𝑡6~𝑡7), the current drop 

stage (𝑡7~𝑡8), and the closing stage (𝑡8~𝑡9) as depicted in Figure 3.4. 
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Figure 3.4 : Turn-off Process of SiC MOSFET 
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When 𝑢𝑑𝑠 rises to the bus voltage 𝑉𝑑𝑐 , 𝑖𝑑 begins to drop. Due to the influence 

of parasitic inductance in the power supply loop, the overvoltage peak 𝑉𝑑𝑠𝑝𝑒𝑎𝑘  

occurs when SiC MOSFET is turned off. 

When the drain-source voltage 𝑢𝑑𝑠  reaches the bus voltage 𝑉𝑑𝑐 , the drain 

current 𝑖𝑑  starts to decrease. However, due to the presence of parasitic 

inductance in the power supply loop, an overvoltage peak 𝑉𝑑𝑠𝑝𝑒𝑎𝑘  occurs when 

the SiC MOSFET is turned off: 

𝑉𝑑𝑠𝑝𝑒𝑎𝑘 = Vdc + 𝐿𝑙𝑜𝑜𝑝
𝑑𝐼𝑑
𝑑𝑡

 (3.12) 

 

Equation 3.7 and Equation 3.8 can still be employed to describe the oscillation 

frequency and damping coefficient of 𝑢𝑑𝑠  during turn-off process, but the 

equivalent capacitance is now 𝐶𝑒𝑞 = 𝐶𝑑𝑠 + 𝐶𝑔𝑑 , while the equivalent 

inductance remains 𝐿𝑙𝑜𝑜𝑝. The current rate of change can still be described by 

Equation 3.5. Thus, during the current falling stage, decreasing the driving 

current can effectively attenuate overvoltage occurrences during turn-off 

process, diminish the amplitude of voltage oscillation, and expedite the 

oscillation process. 

The turn-off process, the voltage rising stage, and the turn-off end stage can 

be equivalently represented as an RC discharge process. Adding a discharge 

path in these stages facilitates the rapid discharge of the gate capacitor, 

thereby expediting the turn-off process and reducing turn-off losses. 
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3.2.3 Active Gate Driver for SiC MOSFET 

To safeguard the SiC MOSFET against the risks associated with positive 

overvoltage or negative overvoltage breakdown, it is imperative to provide an 

ample voltage margin for crosstalk compensation. The principle underlying 

crosstalk elimination can be summarized as follows: 

a. During the occurrence of a positive spike in the gate signal, it is 

necessary to establish a suitably negative gate-source voltage in 

order to rapidly deactivate the SiC MOSFET and prevent the 

occurrence of false triggering events associated with positive 

overvoltage or negative overvoltage breakdown. 

b. Following the period of a positive spike in the gate signal, it is essential 

to promptly raise the gate-source voltage to the zero level to facilitate 

conduction and prevent the risk of negative overvoltage breakdown. 

c. The proposed gate driver circuit should fulfill this objective without the 

need for additional control signals, while also maintaining simplicity 

and cost-effectiveness. 

 

To fully exploit the exceptional performance of SiC MOSFET, crosstalk in the 

three-phase leg must be suppressed in the PMSM drive control system. 

Currently, effective crosstalk mitigation strategies can be classified into the 

following four categories: 

a. Reducing gate resistance or increasing the gate-source capacitance. 

However, decreasing the gate resistance can lead to an increase in 

dv/dt and may result in spikes and oscillation in the switching 

waveform due to the presence of parasitic parameters in the circuit. 

Typically, the turn-off resistance is lower than the turn-on resistance, 

and a capacitor connected in parallel with the turn-off resistance can 

mitigate the positive spike of the gate-source voltage. Nevertheless, 
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the introduction of additional capacitance prolongs the turn-off 

process delay time. The capacitor is only connected in parallel with 

the gate-source when crosstalk occurs, effectively reducing the delay 

time. However, this approach solely suppresses the positive spike of 

the gate-source voltage. 

b. Raising the negative gate bias voltage. This approach can regulate 

the positive peak value of the gate-source, but it can also exacerbate 

the negative overvoltage stress on the gate-source. The datasheet 

indicates that the optimal negative bias voltage for SiC MOSFET is –

5V, and its maximum negative voltage tolerance is approximately –

10V, which offers a narrow range for voltage adjustment. 

Consequently, when negative stray gate voltage emerges, exceeding 

the maximum negative voltage is likely to occur, elevating the 

electrical stress on the SiC MOSFET. 

c. Using an active Miller clamp is a viable solution. This method involves 

the inclusion of an additional transistor between the gate and source 

terminals. This transistor is activated to create a short circuit in the 

gate-source region when the gate voltage of the affected SiC 

MOSFET surpasses the clamping threshold voltage. The technology 

has been successfully commercialized and is widely employed in gate 

drive integrated circuit (IC). However, in practical applications, the 

presence of parasitic parameters in the circuit introduces a coupling 

effect between the gate loop and the power loop. As a result, during 

fast-switching transients of the SiC MOSFET, the gate voltage may 

experience violent oscillations, leading to inaccuracies in detecting the 

true gate-source voltage. Therefore, the effectiveness of the active 

Miller clamp method may be compromised. The specific 

implementation of the three aforementioned methods for mitigating 

crosstalk is illustrated in Figure 3.5, depicting the corresponding 

concrete electrical circuit. 
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Figure 3.5 : Concrete Measures to Reduce the Crosstalk (a) Reducing the 
Gate Resistance or Increasing the Gate-Source Capacitance; (b) Raising 
the Negative Gate Bias Voltage; (c) Using Active Miller Clamp 
 

d. Adding a multi-level gate voltage. This approach involves the 

integration of auxiliary circuits in the gate-source loop to regulate the 

gate voltage level during the switching transient process of SiC 

MOSFET. The primary objective is to prevent false triggering of 

positive overvoltage or negative overvoltage breakdown. Figure 3.6 

illustrates the implementation of gate driver IC and peripheral auxiliary 

circuits (transistors, diodes, resistors, capacitors) to generate multi-

level gate voltage, which can effectively alleviate crosstalk issues. 

However, implementing this technique requires the control of auxiliary 

switches, which significantly increases the complexity of control. 
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Figure 3.6 : Adding Multi-Level Gate Voltage (a) Circuit Topology; (b) Key 
Waveform 
 

The performance of SiC MOSFET is contingent upon its electrical parameters 

and gate driver configuration. The primary responsibility of the gate driver is to 

guarantee the reliable operation of the SiC MOSFET within its safe operating 

area (SOA) throughout whole lifespan. An appropriate gate driver circuit 

should encompass the following considerations: 
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a. Applying a sufficiently high positive gate bias voltage is essential for 

minimizing the turn-on resistance 𝑅𝐺𝑆(𝑜𝑛) of the SiC MOSFET. 

b. Employing a suitably low negative gate bias voltage level serves to 

enhance noise immunity by mitigating the possibility of triggering the 

gate threshold voltage. 

c. Selecting a driver that offers a low impedance path from the gate side, 

thereby preventing the generation of hazardous voltage spikes on the 

gate due to 𝐼𝐷𝐺 caused by dv/dt. Utilizing separate turn-on resistance 

𝑅𝑔(𝑜𝑛)  and turn-off resistance 𝑅𝑔(𝑜𝑓𝑓)  may prove beneficial in 

achieving the desired switching on and off speed. Each independent 

gate resistance for SiC MOSFET facilitates noise reduction. 

d. To enhance the performance and reliability of the gate drive circuit, it 

is recommended to position additional Zener diodes or snubber 

capacitors in close proximity to the gate-source pins. 

e. Incorporating decoupling capacitors serves to bypass power supply 

voltage noise to the ground, thereby enhancing the gate drive circuit's 

performance and reliability. 

f. The adoption of a Kelvin connection is necessary due to the significant 

impact of the gate-source inductance, which is a key contributing 

factor to the generation of high levels of ringing resulting from high 

current voltage swing rates. 

g. Minimizing the gate loop inductance is achieved by reducing the 

length of the PCB layout. 

h. To mitigate the influence of high dv/dt noise from switch nodes on gate 

signals, it is advisable to prevent the overlapping of power and signal 

routes. 
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3.2.4 H-Bridge Inverter Discontinuous Current Source Gate Driver 

As previously discussed, enhancing the switching speed of SiC MOSFET is 

challenging due to factors such as substantial internal gate resistance, high 

Miller voltage, and limited gate-source voltage ratings. To address problem, 

this research presents a solution in the form of a discontinuous current source 

gate driver circuit (CSGD). This circuit comprises a voltage source, H-bridge 

inverter, and input inductor. Experimental results affirm the feasibility and 

effectiveness of this approach. 

The circuit topology of the discontinuous CSGD is depicted in Figure 3.7. It 

consists of an H-bridge inverter comprising four controllable SiC MOSFET, 

denoted as 𝑆1~𝑆4, including their respective body diodes. Additionally, VCC 

serves as a low voltage power supply providing the driving voltage, while 𝐿𝑟 

functions as a current source inductor. The core concept behind this design is 

to generate positive and negative current pulses that are applied to the gate-

source capacitor (𝐶𝑔𝑠) during each switch transient. These pulses cause the 

gate voltage to rise and fall correspondingly, enabling the SiC MOSFET to 

initiate conduction and turn off effectively with a nearly constant driving 

current. 
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Figure 3.7 : Circuit Topology of H-Bridge Inverter Discontinuous CSGD 
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Figure 3.8 : Key Waveforms the Proposed Discontinuous CSGD 
 

The operation stages of four drive switches 𝑆1 , 𝑆2 , 𝑆3 , 𝑆4 , discontinuous 

inductor current 𝑖𝐿, gate drive current 𝑖𝐺𝑆 and gate to source voltage 𝑣𝐺𝑆 are 

illustrated in Figure 3.8.  

© C
OPYRIG

HT U
PM



 
94 

3.2.5 Reflections and Concepts on Intelligent Gate Drivers 

The primary function of conventional gate driver is to amplify the control signal 

applied to the SiC MOSFET, offer signal isolation, and safeguard the SiC 

MOSFET during fault conditions. However, intelligent gate drivers go beyond 

these functions by enhancing switching performance and protection 

capabilities. The integration of SiC MOSFET with intelligent gate drivers 

presents an opportunity to enhance the performance of future power 

converters. Figure 3.9 introduces several novel concepts of intelligent gate 

drivers. 

a. Optimization of Switch Performance 

Conventional gate drivers employ 𝑅𝑔(𝑜𝑛) and 𝑅𝑔(𝑜𝑓𝑓) resistors to apply turn on 

and off voltages to SiC MOSFET. Conversely, intelligent gate drivers utilize 

current controlled gate source circuits or gate array resistors as control 

variables, which can be modified based on measurement results to regulate 

switching behavior. The implementation of intelligent gate drivers enables the 

online optimization of significant parameters such as dead time, di/dt, dv/dt, 

overvoltage, switch loss, and EMI.  

b. Monitoring and Protection 

To facilitate monitoring and protection, intelligent gate drivers require access 

to real-time information on the electrical parameters and performance of SiC 

MOSFET. This can be accomplished through the monitoring of primary 

equipment voltage and current. A suitable circuit can be employed to measure 

the voltage and current on both the gate side and current side. As the 
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operating temperature significantly affects the performance and parameters of 

SiC MOSFET, current intelligent power module (IPM) integrates an on-chip 

temperature sensor to measure the junction temperature of SiC MOSFET. 

However, obtaining an accurate junction temperature reading for traditional 

discrete SiC MOSFET remains challenging, and it is typically estimated using 

housing temperature and electrical measurements. 

Acquisition Stage 
Voltage, Current 

Gate Driver 
Control Unit

Output Stage Gate 
Current Control

• Optimization of Switching Performance

➢ dv/dt and di/dt minimization
➢ switching loss minimization
➢ overvoltage control
➢ smart dead time control

• Motorization and Protection Techniques

➢ thermal stress reduction
➢ fault detection and prediction
➢ abnormal operation detection  

Figure 3.9 : Concept and Function of Intelligent Gate Driver 
 

Switching behavior optimization necessitates the real-time monitoring of the 

switching waveform and speed of SiC MOSFET, which typically operate within 

the microsecond range. These places elevated demands on sensing circuitry, 

whereby the sampling of voltage and current signals is required to occur within 

nanoseconds. Unfortunately, conventional sensors cannot provide GHz 

bandwidth range, with the parallel coaxial resistor being the only exception. 

However, due to its large size, integrating it into a commercial gate driver 

circuit is infeasible. Consequently, current measurement based intelligent gate 

drivers’ operation for SiC MOSFET is unviable, and voltage measurement 
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must serve as the basis for the intelligent gate drive algorithm. Furthermore, 

voltage measurement must be performed within the GHz bandwidth. Given 

that commercial power electronics transformers operate within the kHz range, 

methods such as high-speed Analog-to-Digital (ADC) converter circuit must 

be considered. 

Moreover, the intelligent gate drive algorithm needs to be compatible with the 

GHz bandwidth range. The higher switching speed necessitates enhanced 

capabilities for the control processor, thus warranting the utilization of high-

speed microprocessors such as digital signal processor (DSP) and field 

programmable gate array (FPGA). Closed-loop control, due to its requirement 

for multiple GHz bandwidths, is not an appropriate solution. Therefore, the 

development of novel control technologies is imperative in addressing this 

limitation. 

3.3 Three Phase Interleaved Parallel Bidirectional Buck–Boost 
Converter 

In large power applications of the NEEVs, the requirements for power 

switching devices, rectifier diodes, filter capacitors, energy storage inductors, 

and other parts (active and passive) are becoming much higher than before, 

which leads to difficulties in circuit design. From the above Section 2.5 

literature review, it can be found that the interleaved parallel multiphase 

identical circuits technology is widely used in low voltage and high current with 

large power supply occasions, which has more significant advantages than 

single-phase circuit [312,313]: 
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a. Each phase circuit only shares part of the power capacity, reducing 

the voltage and current stress of electronic switch devices. 

b. Improve reliability, even if there are problems in one phase circuit, 

other phase circuits can still work normally. 

c. High-efficiency range of the circuit can be widened by switching phase 

mode under different power levels. 

d. Interleaved parallel technology can improve the equivalent switching 

frequency of the whole system, depress current ripple, and help to 

reduce the volume and weight of the filter. 

 

Therefore, in order to effectively increase power and reduce voltage and 

current stress of electronic components, improve the inherent high ripple rate 

disadvantage of the traditional bidirectional Buck–Boost converter, a three-

phase interleaved parallel bidirectional Buck–Boost (TPIPBi-Buck–Boost) 

converter is analyzed, and designed in this research, study circuit topology 

and control strategy, which has very important theoretical research value and 

broad practical application prospects. In recent years, it is also the hot spot of 

the energy management system in NEEVs. 

3.3.1 Principal Configuration and Operation State in TPIPBi-Buck–
Boost Converter 

As shown in Figure 3.10, the TPIPBi-Buck–Boost converter, which integrates 

three same topological structures, 𝑉𝐵𝑜𝑜𝑠𝑡 is the high-voltage side of the direct 

current bus, 𝑉𝐵𝑢𝑐𝑘 is the low-voltage side of the power battery pack, 𝑄1 to 𝑄6 

are the SiC MOSFET while 𝐷o1  to 𝐷o6  and 𝐶𝑜𝑠𝑠1  to 𝐶𝑜𝑠𝑠6  are their parasitic 

antiparallel diodes and block capacitors, 𝐿1  to 𝐿3  is the energy storage 
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inductors, 𝑅1 to 𝑅2 and 𝐶1 to 𝐶2 are the load resistors and filter capacitors of 

input and output, respectively. 𝑄1 , 𝑄2 , 𝑄3 , 𝑄4 , 𝑄5 , and 𝑄6  are connected in 

series on three-phase inverter bridge, the upper and lower power switches 

adopt pulse width modulation (PWM) phase shift interleaved complementary 

control method, and the phase angle of the drive signal differs by 2π/3 = 120° 

in turn (regardless of dead time). 
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Figure 3.10 : Proposed TPIPBi-Buck–Boost Converter 
 

Based on the above analysis, the TPIPBi-Buck–Boost converter has three 

operating modes:  

a. Charge Buck mode, the battery pack stores the feedback electric 

energy from the motor drive inverter in the direct current bus through 

the Boost–Buck converter.  

b. Discharge Boost mode, the battery pack release the inner electric 

energy for direct current bus through the Buck–Boost converter to 

maintain voltage stability.  

c. Electric energy interaction mode, when the NEEVs run normally, 

transmit and exchange bidirectional electric energy in real time 

between the power battery pack and direct current bus, so that the 

Buck and Boost mode can always switch quickly to prevent 

overcharge or over-discharge of the battery pack.  
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In order to clarify the operation modes of the TPIPBi-Buck–Boost converter, 

the battery pack is equivalent to the direct current power supply, and its 

internal resistance and voltage equalization between single modules are 

ignored. Some assumptions are summarized as follows: 

a. The electrical components and parameters of each phase circuit are 

the same, and the circulating current loss is not considered. 

b. The switch drive signal of each phase shift circuit is strictly conducted, 

and the phase-to-phase current is equal without offset. 

c. The converter is in a stable state, and the inductance works in 

continuous conduction mode (CCM), regardless of non-ideal 

saturation conditions. 

 

3.3.1.1 Charge Buck Mode of TPIPBi-Buck–Boost Converter 

The switching cycle of the TPIPBi-Buck–Boost converter in charge Buck mode 

can be dived into eight stages, corresponding to the eight equivalent circuits 

shown in Figure 3.11. The operation stages are described as follows: 

Stage 1 (Figure 3.11a): 𝑄1, 𝑄3, and 𝑄5 are turned off, at the same time, 𝐷o2, 

𝐷o4, and 𝐷o6 conduct naturally, while high voltage side 𝑉𝐵𝑜𝑜𝑠𝑡 stores 𝐿1, 𝐿2 and 

𝐿3 are transmitting electrical energy to the low voltage side 𝑉𝐵𝑢𝑐𝑘. The voltage 

drops of the 𝐿1 to 𝐿3 and current of the 𝐶2 are given as follows: 
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{
 
 
 
 

 
 
 
 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= −𝑉𝐵𝑢𝑐𝑘

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= −𝑉𝐵𝑢𝑐𝑘

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= −𝑉𝐵𝑢𝑐𝑘

𝐶2
𝑑𝑉𝐵𝑢𝑐𝑘
𝑑𝑡

= 𝑖𝐿1 + 𝑖𝐿2 + 𝑖𝐿3 −
𝑉𝐵𝑢𝑐𝑘
𝑅2

 (3.13) 

 

Stage 2 (Figure 3.11b): 𝑄1 turn on, 𝑄3 and 𝑄5 are turned off, at the same time, 

𝐷o4 and 𝐷o6 conduct naturally, 𝐷o2 is off, while high voltage side 𝑉𝐵𝑜𝑜𝑠𝑡 stores 

𝐿1 together with 𝐿2 and 𝐿3 are transmitting electrical energy to the low voltage 

side 𝑉𝐵𝑢𝑐𝑘. The voltage drops of the 𝐿1 to 𝐿3 and current of the 𝐶2 are given as 

follows: 

{
 
 
 
 

 
 
 
 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝐵𝑜𝑜𝑠𝑡 − 𝑉𝐵𝑢𝑐𝑘

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= −𝑉𝐵𝑢𝑐𝑘

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= −𝑉𝐵𝑢𝑐𝑘

𝐶2
𝑑𝑉𝐵𝑢𝑐𝑘
𝑑𝑡

= 𝑖𝐿1 + 𝑖𝐿2 + 𝑖𝐿3 −
𝑉𝐵𝑢𝑐𝑘
𝑅2

 (3.14) 

 

Stage 3 (Figure 3.11c): 𝑄3 turn on, 𝑄1 and 𝑄5 are turned off, at the same time, 

𝐷o2 and 𝐷o6 conduct naturally, 𝐷o4 is off, while high voltage side 𝑉𝐵𝑜𝑜𝑠𝑡 stores 

𝐿2 together with 𝐿1 and 𝐿3 are transmitting electrical energy to the low voltage 

side 𝑉𝐵𝑢𝑐𝑘. The voltage drops of the 𝐿1 to 𝐿3 and current of the 𝐶2 are given as 
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{
 
 
 
 

 
 
 
 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= −𝑉𝐵𝑢𝑐𝑘

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑉𝐵𝑜𝑜𝑠𝑡 − 𝑉𝐵𝑢𝑐𝑘

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= −𝑉𝐵𝑢𝑐𝑘

𝐶2
𝑑𝑉𝐵𝑢𝑐𝑘
𝑑𝑡

= 𝑖𝐿1 + 𝑖𝐿2 + 𝑖𝐿3 −
𝑉𝐵𝑢𝑐𝑘
𝑅2

 (3.15) 

 

Stage 4 (Figure 3.11d): 𝑄5 turn on, 𝑄1 and 𝑄3 are turned off, at the same time, 

𝐷o2 and 𝐷o4 conduct naturally, 𝐷o6 is off, while high voltage side 𝑉𝐵𝑜𝑜𝑠𝑡 stores 

𝐿3 together with 𝐿1 and 𝐿2 are transmitting electrical energy to the low voltage 

side 𝑉𝐵𝑢𝑐𝑘. The voltage drops of the 𝐿1 to 𝐿3 and current of the 𝐶2 are given as 

follows: 

{
 
 
 
 

 
 
 
 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= −𝑉𝐵𝑢𝑐𝑘

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= −𝑉𝐵𝑢𝑐𝑘

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= 𝑉𝐵𝑜𝑜𝑠𝑡 − 𝑉𝐵𝑢𝑐𝑘

𝐶2
𝑑𝑉𝐵𝑢𝑐𝑘
𝑑𝑡

= 𝑖𝐿1 + 𝑖𝐿2 + 𝑖𝐿3 −
𝑉𝐵𝑢𝑐𝑘
𝑅2

 (3.16) 

 

Stage 5 (Figure 3.11e): 𝑄1 and 𝑄3 turn on, 𝑄5 is turned off, at the same time, 

𝐷o6  conducts naturally, 𝐷o2  and 𝐷o4  are off, while high voltage side 𝑉𝐵𝑜𝑜𝑠𝑡 

stores 𝐿1 and 𝐿2 together with 𝐿3 are transmitting electrical energy to the low 

voltage side 𝑉𝐵𝑢𝑐𝑘. The voltage drops of the 𝐿1 to 𝐿3 and current of the 𝐶2 are 

given as follows: © C
OPYRIG
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{
 
 
 
 

 
 
 
 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝐵𝑜𝑜𝑠𝑡 − 𝑉𝐵𝑢𝑐𝑘

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑉𝐵𝑜𝑜𝑠𝑡 − 𝑉𝐵𝑢𝑐𝑘

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= −𝑉𝐵𝑢𝑐𝑘

𝐶2
𝑑𝑉𝐵𝑢𝑐𝑘
𝑑𝑡

= 𝑖𝐿1 + 𝑖𝐿2 + 𝑖𝐿3 −
𝑉𝐵𝑢𝑐𝑘
𝑅2

 (3.17) 

 

Stage 6 (Figure 3.11f): 𝑄1 and 𝑄5 turn on, 𝑄3 is turned off, at the same time, 

𝐷o4  conducts naturally, 𝐷o2  and 𝐷o6  are off, while high voltage side 𝑉𝐵𝑜𝑜𝑠𝑡 

stores 𝐿1 and 𝐿3 together with 𝐿2 are transmitting electrical energy to the low 

voltage side 𝑉𝐵𝑢𝑐𝑘. The voltage drops of the 𝐿1 to 𝐿3 and current of the 𝐶2 are 

given as follows: 

{
 
 
 
 

 
 
 
 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝐵𝑜𝑜𝑠𝑡 − 𝑉𝐵𝑢𝑐𝑘

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= −𝑉𝐵𝑢𝑐𝑘

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= 𝑉𝐵𝑜𝑜𝑠𝑡 − 𝑉𝐵𝑢𝑐𝑘

𝐶2
𝑑𝑉𝐵𝑢𝑐𝑘
𝑑𝑡

= 𝑖𝐿1 + 𝑖𝐿2 + 𝑖𝐿3 −
𝑉𝐵𝑢𝑐𝑘
𝑅2

 (3.18) 

 

Stage 7 (Figure 3.11g): 𝑄3 and 𝑄5 turn on, 𝑄1 is turned off, at the same time, 

𝐷o2  conducts naturally, 𝐷o4  and 𝐷o6  are off, while high voltage side 𝑉𝐵𝑜𝑜𝑠𝑡 

stores 𝐿2 and 𝐿3 together with 𝐿1 are transmitting electrical energy to the low 

voltage side 𝑉𝐵𝑢𝑐𝑘. The voltage drops of the 𝐿1 to 𝐿3 and current of the 𝐶2 are 

given as follows: © C
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{
 
 
 
 

 
 
 
 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= −𝑉𝐵𝑢𝑐𝑘

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑉𝐵𝑜𝑜𝑠𝑡 − 𝑉𝐵𝑢𝑐𝑘

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= 𝑉𝐵𝑜𝑜𝑠𝑡 − 𝑉𝐵𝑢𝑐𝑘

𝐶2
𝑑𝑉𝐵𝑢𝑐𝑘
𝑑𝑡

= 𝑖𝐿1 + 𝑖𝐿2 + 𝑖𝐿3 −
𝑉𝐵𝑢𝑐𝑘
𝑅2

 (3.19) 

 

Stage 8 (Figure 3.11h): 𝑄1, 𝑄3 and 𝑄5 turn on, at the same time, 𝐷o2, 𝐷o4 and 

𝐷o6 are off, while high voltage side 𝑉𝐵𝑜𝑜𝑠𝑡 stores 𝐿1, 𝐿2 and 𝐿3 are transmitting 

electrical energy to the low voltage side 𝑉𝐵𝑢𝑐𝑘. The voltage drops of the 𝐿1 to 

𝐿3 and current of the 𝐶2 are given as follows: 

{
 
 
 
 

 
 
 
 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝐵𝑜𝑜𝑠𝑡 − 𝑉𝐵𝑢𝑐𝑘

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑉𝐵𝑜𝑜𝑠𝑡 − 𝑉𝐵𝑢𝑐𝑘

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= 𝑉𝐵𝑜𝑜𝑠𝑡 − 𝑉𝐵𝑢𝑐𝑘

𝐶2
𝑑𝑉𝐵𝑢𝑐𝑘
𝑑𝑡

= 𝑖𝐿1 + 𝑖𝐿2 + 𝑖𝐿3 −
𝑉𝐵𝑢𝑐𝑘
𝑅2

 (3.20) 
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(g) (h) 

  
Figure 3.11 : Equivalent Circuits in Charge Buck Mode: (a) Stage 1; (b) 
Stage 2; (c) Stage 3; (d) Stage 4; (e) Stage 5; (f) Stage 6; (g) Stage 7; (h) 
Stage 8 
 

The key waveforms of the charge Buck mode of TPIPBi-Buck–Boost converter 

are shown in Figure 3.12. In each switching cycle, Table 3.1 depicts that they 

can be divided into three cases: 

Table 3.1 : Define Stages of Charge Buck Mode under Duty Ratio 
 

Duty Ratio Charge Buck Mode 

0<d≤1/3 stages 1,2,3,4 

1/3<d≤2/3 stages 2,3,4,5,6,7 

2/3<d<1 stages 5,6,7,8 
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Figure 3.12 : Key Waveforms the Charge Buck Mode: (a) 0 < d ≤ 1/3; (b) 
1/3 < d ≤ 2/3; (c) 2/3 < d < 1 
 

3.3.1.2 Discharge Boost Mode of TPIPBi-Buck–Boost Converter 

The switching cycle in discharge Boost mode of the TPIPBi-Buck–Boost 

converter can be divided into eight stages in a similar way, corresponding to 

the eight equivalent circuits shown in Figure 3.13. The operation stages are 

also described as follows: 

Stage 1 (Figure 3.13a): 𝑄2, 𝑄4 and 𝑄6 are turned off, at the same time, 𝐷o1, 

𝐷o3 and 𝐷o5 conduct naturally, while low voltage side 𝑉𝐵𝑢𝑐𝑘 stores 𝐿1, 𝐿2 and 

𝐿3  are transmitting electrical energy to the high voltage side 𝑉𝐵𝑜𝑜𝑠𝑡 . The 

voltage drops of the 𝐿1 to 𝐿3 and current of the 𝐶1 are given as follows: 
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 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘 − 𝑉𝐵𝑜𝑜𝑠𝑡

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘 − 𝑉𝐵𝑜𝑜𝑠𝑡

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘 − 𝑉𝐵𝑜𝑜𝑠𝑡

𝐶1
𝑑𝑉𝐵𝑜𝑜𝑠𝑡
𝑑𝑡

= 𝑖𝐿1 + 𝑖𝐿2 + 𝑖𝐿3 −
𝑉𝐵𝑜𝑜𝑠𝑡
𝑅1

 (3.21) 

 

Stage 2 (Figure 3.13b): 𝑄2 turn on, 𝑄4 and 𝑄6 are turned off, at the same time, 

𝐷o3 and 𝐷o5 conduct naturally, 𝐷o1 is off, while low voltage side 𝑉𝐵𝑢𝑐𝑘 stores 

𝐿1 together with 𝐿2 and 𝐿3 are transmitting electrical energy to the high voltage 

side 𝑉𝐵𝑜𝑜𝑠𝑡. The voltage drops of the 𝐿1 to 𝐿3 and current of the 𝐶1 are given 

as follows: 

{
 
 
 
 

 
 
 
 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘 − 𝑉𝐵𝑜𝑜𝑠𝑡

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘 − 𝑉𝐵𝑜𝑜𝑠𝑡

𝐶1
𝑑𝑉𝐵𝑜𝑜𝑠𝑡
𝑑𝑡

= 𝑖𝐿2 + 𝑖𝐿3 −
𝑉𝐵𝑜𝑜𝑠𝑡
𝑅1

 (3.22) 

 

Stage 3 (Figure 3.13c): 𝑄4 turn on, 𝑄2 and 𝑄6 are turned off, at the same time, 

𝐷o1 and 𝐷o5 conduct naturally, 𝐷o3 is off, while low voltage side 𝑉𝐵𝑢𝑐𝑘 stores 

𝐿2 together with 𝐿1 and 𝐿3 are transmitting electrical energy to the high voltage 

side 𝑉𝐵𝑜𝑜𝑠𝑡. The voltage drops of the 𝐿1 to 𝐿3 and current of the 𝐶1 are given 

as follows: © C
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 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘 − 𝑉𝐵𝑜𝑜𝑠𝑡

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘 − 𝑉𝐵𝑜𝑜𝑠𝑡

𝐶1
𝑑𝑉𝐵𝑜𝑜𝑠𝑡
𝑑𝑡

= 𝑖𝐿1 + 𝑖𝐿3 −
𝑉𝐵𝑜𝑜𝑠𝑡
𝑅1

 (3.23) 

 

Stage 4 (Figure 3.13d): 𝑄6 turn on, 𝑄2 and 𝑄4 are turned off, at the same time, 

𝐷o1 and 𝐷o3 conduct naturally, 𝐷o5 is off, while low voltage side 𝑉𝐵𝑢𝑐𝑘 stores 

𝐿3 together with 𝐿1 and 𝐿2 are transmitting electrical energy to the high voltage 

side 𝑉𝐵𝑜𝑜𝑠𝑡. The voltage drops of the 𝐿1 to 𝐿3 and current of the 𝐶1 are given 

as follows: 

{
 
 
 
 

 
 
 
 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘 − 𝑉𝐵𝑜𝑜𝑠𝑡

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘 − 𝑉𝐵𝑜𝑜𝑠𝑡

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘

𝐶1
𝑑𝑉𝐵𝑜𝑜𝑠𝑡
𝑑𝑡

= 𝑖𝐿1 + 𝑖𝐿2 −
𝑉𝐵𝑜𝑜𝑠𝑡
𝑅2

 (3.24) 

 

Stage 5 (Figure 3.13e): 𝑄2 and 𝑄4 turn on, 𝑄6 is turned off, at the same time, 

𝐷o5 conducts naturally, 𝐷o1 and 𝐷o3 are off, while low voltage side 𝑉𝐵𝑢𝑐𝑘 stores 

𝐿1 and 𝐿2 together with 𝐿3 are transmitting electrical energy to the high voltage 

side 𝑉𝐵𝑜𝑜𝑠𝑡. The voltage drops of the 𝐿1 to 𝐿3 and current of the 𝐶1 are given 

as follows: © C
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 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘 − 𝑉𝐵𝑜𝑜𝑠𝑡

𝐶1
𝑑𝑉𝐵𝑜𝑜𝑠𝑡
𝑑𝑡

= 𝑖𝐿3 −
𝑉𝐵𝑜𝑜𝑠𝑡
𝑅1

 (3.25) 

 

Stage 6 (Figure 3.13f): 𝑄2 and 𝑄6 turn on, 𝑄4 is turned off, at the same time, 

𝐷o3 conducts naturally, 𝐷o1 and 𝐷o5 are off, while low voltage side 𝑉𝐵𝑢𝑐𝑘 stores 

𝐿1 and 𝐿3 together with 𝐿2 are transmitting electrical energy to the high voltage 

side 𝑉𝐵𝑜𝑜𝑠𝑡. The voltage drops of the 𝐿1 to 𝐿3 and current of the 𝐶1 are given 

as follows: 

{
 
 
 
 

 
 
 
 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘 − 𝑉𝐵𝑜𝑜𝑠𝑡

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘

𝐶1
𝑑𝑉𝐵𝑜𝑜𝑠𝑡
𝑑𝑡

= 𝑖𝐿2 −
𝑉𝐵𝑜𝑜𝑠𝑡
𝑅1

 (3.26) 

 

Stage 7 (Figure 3.13g): 𝑄4 and 𝑄6 turn on, 𝑄2 is turned off, at the same time, 

𝐷o1 conducts naturally, 𝐷o3 and 𝐷o5 are off, while low voltage side 𝑉𝐵𝑢𝑐𝑘 stores 

𝐿2 and 𝐿3 together with 𝐿1 are transmitting electrical energy to the high voltage 

side 𝑉𝐵𝑜𝑜𝑠𝑡. The voltage drops of the 𝐿1 to 𝐿3 and current of the 𝐶1 are given 

as follows: © C
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 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘 − 𝑉𝐵𝑜𝑜𝑠𝑡

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘

𝐶1
𝑑𝑉𝐵𝑜𝑜𝑠𝑡
𝑑𝑡

= 𝑖𝐿1 −
𝑉𝐵𝑜𝑜𝑠𝑡
𝑅1

 (3.27) 

 

Stage 8 (Figure 3.13h): 𝑄2, 𝑄4 and 𝑄6 turn on, at the same time, 𝐷o1, 𝐷o3 and 

𝐷o5 are off, while low voltage side 𝑉𝐵𝑢𝑐𝑘 stores 𝐿1, 𝐿2 and 𝐿3 are transmitting 

electrical energy to the high voltage side 𝑉𝐵𝑜𝑜𝑠𝑡. The voltage drops of the 𝐿1 to 

𝐿3 and current of the 𝐶1 are given as follows: 

{
 
 
 
 

 
 
 
 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘

𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= 𝑉𝐵𝑢𝑐𝑘

𝐶1
𝑑𝑉𝐵𝑜𝑜𝑠𝑡

𝑑𝑡
= −

𝑉𝐵𝑜𝑜𝑠𝑡

𝑅1

 (3.28) 
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Figure 3.13 : Equivalent Circuits in Discharge Boost Mode: (a) Stage 1; 
(b) Stage 2; (c) Stage 3; (d) Stage 4; (e) Stage 5; (f) Stage 6; (g) Stage 7; 
(h) Stage 8 
 

The key waveforms of the charge Boost mode of TPIPBi-Buck–Boost 

converter are shown in Figure 3.14. In each switching cycle, Table 3.2 depicts 

that they can be divided into three cases: 

Table 3.2 : Define Stages of Discharge Boost Mode under Duty Ratio 
 

Duty Ratio Charge Boost Mode 

0<d≤1/3 stages 1,2,3,4 

1/3<d≤2/3 stages 2,3,4,5,6,7 

2/3<d<1 stages 5,6,7,8 
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Figure 3.14 : Key Waveforms the Discharge Boost Mode: (a) 0 < d ≤ 1/3; 
(b) 1/3 < d ≤ 2/3; (c) 2/3 < d < 1 
 

3.3.1.3 Electrical Energy Interaction Mode 

The previous theoretical analysis proves that the TPIPBi-Buck–Boost 

converter not only achieves charge Buck and discharge Boost mode, but also 

has the ability of real-time bidirectional electrical energy exchange when the 

entire system is working properly. 

As shown in Figure 3.15, in the electrical energy interaction mode, when the 

EVs run normally, the battery pack and direct current bus transmit real-time 

bidirectional electrical energy exchange, so that the TPIPBi-Buck–Boost 

converter can switch between charge Buck mode and discharge Boost mode 

quickly, smoothly and flexibly, to prevent overcharge or over discharge of the 
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battery pack. In addition, this electrical energy interaction mode is not 

fundamentally different from the working conditions of Buck and Boost 

conversion of normal circuits. The drive angle of the power switches 𝑄1 to 𝑄6 

are phase-shifted by 120° and independent of each other, which avoids the 

discontinuous current conduction of the energy storage inductors 𝐿1  to 𝐿3 

when the light load, poor current stability, and large instantaneous inrush 

current when the modes are switching. In this mode, regardless of whether 

charge Buck mode and discharge Boost mode is implemented, the duty cycle 

of 𝑄1 , 𝑄2 , 𝑄3 , or 𝑄4 , 𝑄5 , 𝑄6  are correspondingly close to 0. Both the low 

voltage side 𝑉𝐵𝑢𝑐𝑘  and high voltage side 𝑉𝐵𝑜𝑜𝑠𝑡  of the TPIPBi-Buck–Boost 

converter is kept constant and energy exchange is realized, to hold the voltage 

stability of the battery pack and the direct current bus in all circumstances. 
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Figure 3.15 : Equivalent Circuits in Electrical Energy Interaction Mode 
 

3.3.2 Mathematical Model of TPIPBi-Buck–Boost Converter 

The TPIPBi-Buck–Boost converter is a nonlinear, strongly coupled 

multivariable system, and it is necessary to solve mathematical equations to 

obtain the relationship among variables in the circuits [314,315]. 
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Section 3.2.2 puts forward the AC small signal equivalent circuit model based 

on the non-ideal electronic components and supplies by using the basic 

modeling method for the proposed TPIPBi-Buck–Boost converter in Section 2. 

The transfer functions of voltage and current double closed control loop in 

charge buck and discharge Boost mode are viewed, which lay the foundations 

for the digital control strategy in Section 4. In a modeled and analyzed process, 

the TPIPBi-Buck–Boost converter in CCM is to reduce the voltage and current 

ripple because of increasing the power. 

3.3.2.1 Charge Buck Mode Based on AC Small Signal Analysis 

In the charge Buck mode of the TPIPBi-Buck–Boost converter, 𝑄1, 𝑄3 and 𝑄5 

turn on, the voltage drops of the 𝐿1 to 𝐿3 are given as follows: 

{
 
 

 
 𝑣𝐿1(𝑡) = 𝐿1

𝑑𝑖𝐿1(𝑡)

𝑑𝑡
= 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡) − 𝑣𝐵𝑢𝑐𝑘(𝑡)

𝑣𝐿2(𝑡) = 𝐿2
𝑑𝑖𝐿2(𝑡)

𝑑𝑡
= 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡) − 𝑣𝐵𝑢𝑐𝑘(𝑡)

𝑣𝐿3(𝑡) = 𝐿3
𝑑𝑖𝐿3(𝑡)

𝑑𝑡
= 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡) − 𝑣𝐵𝑢𝑐𝑘(𝑡)

 (3.29) 

 

𝑄1, 𝑄3 and 𝑄5 are turned off, the voltage drops of the 𝐿1 to 𝐿3 are given as 

follows: 

{
 
 

 
 𝑣𝐿1(𝑡) = 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= −𝑣𝐵𝑢𝑐𝑘(𝑡)

𝑣𝐿2(𝑡) = 𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= −𝑣𝐵𝑢𝑐𝑘(𝑡)

𝑣𝐿3(𝑡) = 𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= −𝑣𝐵𝑢𝑐𝑘(𝑡)

 (3.30) 
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In order to eliminate the influence of switching ripple, when the TPIPBi-Buck–

Boost converter needs to satisfy the small ripple assumption 𝑓𝑡 ≪ 𝑓𝑠 and the 

low frequency assumption 𝑓𝑔 ≪ 𝑓𝑠 (turnover frequency 𝑓𝑡, switching frequency 

𝑓𝑠 , and AC small signal frequency 𝑓𝑔 ), the input voltage 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)  and the 

output voltage 𝑣𝐵𝑢𝑐𝑘(𝑡) are continuous and change little in one switching cycle 

𝑇𝑠, so they can be approximately equivalent to the average value, namely: 

{
𝑣𝐵𝑜𝑜𝑠𝑡(𝑡) ≈ 〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠

𝑣𝐵𝑢𝑐𝑘(𝑡) ≈ 〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠

 (3.31) 

 

According to Equation 3.30 and Equation 3.31, the average voltages of the 𝐿1 

to 𝐿3 in 𝑇𝑠 are, respectively: 

{
 
 
 
 
 

 
 
 
 
 
〈𝑣𝐿1(𝑡)〉𝑇𝑠 =

1

𝑇𝑠
[∫ 𝑣𝐿1(𝑡) 𝑑𝑡

𝑑1𝑇𝑠

0

+ ∫ 𝑣𝐿1(𝑡) 𝑑𝑡

𝑇𝑠

𝑑1𝑇𝑠

] = 𝑑1〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠 − 〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠

〈𝑣𝐿2(𝑡)〉𝑇𝑠 =
1

𝑇𝑠
[∫ 𝑣𝐿2(𝑡) 𝑑𝑡

𝑑3𝑇𝑠

0

+ ∫ 𝑣𝐿2(𝑡) 𝑑𝑡

𝑇𝑠

𝑑3𝑇𝑠

] = 𝑑3〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠 − 〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠

〈𝑣𝐿3(𝑡)〉𝑇𝑠 =
1

𝑇𝑠
[∫ 𝑣𝐿3(𝑡) 𝑑𝑡

𝑑5𝑇𝑠

0

+ ∫ 𝑣𝐿3(𝑡) 𝑑𝑡

𝑇𝑠

𝑑5𝑇𝑠

] = 𝑑5〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠 − 〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠

 
(3.32

) 

 

Averaging characteristic of the energy storage inductors 𝐿1 to 𝐿3: 
 

{
  
 

  
 〈𝑣𝐿1(𝑡)〉𝑇𝑠 = 𝐿1

𝑑〈𝑖𝐿1(𝑡)〉𝑇𝑠
𝑑𝑡

〈𝑣𝐿2(𝑡)〉𝑇𝑠 = 𝐿2
𝑑〈𝑖𝐿2(𝑡)〉𝑇𝑠

𝑑𝑡

〈𝑣𝐿3(𝑡)〉𝑇𝑠 = 𝐿3
𝑑〈𝑖𝐿3(𝑡)〉𝑇𝑠

𝑑𝑡

 (3.33) 
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Substituting Equation 3.32 into Equation 3.33 yields: 
 

{
  
 

  
 𝐿1

𝑑〈𝑖𝐿1(𝑡)〉𝑇𝑠
𝑑𝑡

= 𝑑1
′ 〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠 − 〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠

𝐿2
𝑑〈𝑖𝐿2(𝑡)〉𝑇𝑠

𝑑𝑡
= 𝑑3

′ 〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠 − 〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠

𝐿3
𝑑〈𝑖𝐿3(𝑡)〉𝑇𝑠

𝑑𝑡
= 𝑑5

′ 〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠 − 〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠

 (3.34) 

 

where 𝑑𝑖
′ = 1 − 𝑑𝑖(𝑖 = 1,3,5) , according to Kirchhoff’s Law, the average 

current of the capacitor 𝐶2 in 𝑇𝑠 is: 

〈𝑖𝐶2(𝑡)〉𝑇𝑠 = 𝐶2
𝑑〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠

𝑑𝑡

= 𝑑1
′ 〈𝑖𝐿1(𝑡)〉𝑇𝑠 + 𝑑3

′ 〈𝑖𝐿2(𝑡)〉𝑇𝑠 + 𝑑5
′ 〈𝑖𝐿3(𝑡)〉𝑇𝑠 −

〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠
𝑅2

 

(3.35) 

 

So far, the relationship between the voltage and current of the TPIPBi-Buck–

Boost converter in charge Buck mode has been established, but Equation 3.34 

and Equation 3.35 are a set of nonlinear equations, and each variable contains 

direct current and low frequency small signal components. An approximate 

analytical method can be used to solve the nonlinear equations, that is, to find 

the static operating point and perform linearization processing to separate the 

direct current component and the AC small signal component. In order to 

ensure that the linearization of the TPIPBi-Buck–Boost converter at the static 

operating point does not cause large errors, the small signal assumption must 

be satisfied: 

{
𝑥̂(𝑡) ≪ |𝑋(𝑡)|

x(𝑡) ≈ 〈x(𝑡)〉𝑇𝑠
 (3.36) 
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where 𝑥̂(𝑡)  is the AC component magnitude of each variable, |𝑋|  is the 

corresponding direct current component. For the average 〈x(𝑡)〉𝑇𝑠 of 𝑥(𝑡) in 𝑇𝑠, 

it can be decomposed into the sum of the direct current component 𝑋 and the 

AC small signal component 𝑥̂(𝑡), that is: 

〈x(𝑡)〉𝑇𝑠 = 𝑋 + 𝑥̂(𝑡) (3.37) 

 

Thus, the assumption is 
 

{
 
 

 
 
〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠 = 𝑉𝐵𝑢𝑐𝑘 + 𝑣𝐵𝑢𝑐𝑘(𝑡)

〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠 = 𝑉𝐵𝑜𝑜𝑠𝑡 + 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)

〈𝑖𝐿1(𝑡)〉𝑇𝑠 = 𝐼𝐿3 + 𝑖̂𝐿1(𝑡)

〈𝑖𝐿2(𝑡)〉𝑇𝑠 = 𝐼𝐿3 + 𝑖̂𝐿2(𝑡)

〈𝑖𝐿3(𝑡)〉𝑇𝑠 = 𝐼𝐿3 + 𝑖̂𝐿3(𝑡)

 (3.38) 

 

Substituting Equation 3.38 into Equation 3.35 yields: 
 

{
  
 

  
 𝐿1

𝑑[𝐼𝐿1 + 𝑖̂𝐿1(𝑡)]

𝑑𝑡
= [𝐷1 + 𝑑̂1(𝑡)][𝑉𝐵𝑜𝑜𝑠𝑡 + 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)] − [𝑉𝐵𝑢𝑐𝑘 − 𝑣𝐵𝑢𝑐𝑘(𝑡)]

𝐿2
𝑑[𝐼𝐿2 + 𝑖̂𝐿2(𝑡)]

𝑑𝑡
= [𝐷3 + 𝑑̂3(𝑡)][𝑉𝐵𝑜𝑜𝑠𝑡 + 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)] − [𝑉𝐵𝑢𝑐𝑘 − 𝑣𝐵𝑢𝑐𝑘(𝑡)]

𝐿3
𝑑〈𝐼𝐿3 + 𝑖̂𝐿3(𝑡)〉

𝑑𝑡
= [𝐷5 + 𝑑̂5(𝑡)][𝑉𝐵𝑜𝑜𝑠𝑡 + 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)] − [𝑉𝐵𝑢𝑐𝑘 − 𝑣𝐵𝑢𝑐𝑘(𝑡)]

 (3.39) 

 

Finishing Equation 3.39, and can be obtained by ignoring the second order 

minute term: 

{
  
 

  
 𝐿1

𝑑𝑖̂𝐿1(𝑡)

𝑑𝑡
= 𝐷1𝑣𝐵𝑜𝑜𝑠𝑡(𝑡) + 𝑉𝐵𝑜𝑜𝑠𝑡𝑑̂1(𝑡) − 𝑣𝐵𝑢𝑐𝑘(𝑡)

𝐿2
𝑑𝑖̂𝐿2(𝑡)

𝑑𝑡
= 𝐷3𝑣𝐵𝑜𝑜𝑠𝑡(𝑡) + 𝑉𝐵𝑜𝑜𝑠𝑡𝑑̂3(𝑡) − 𝑣𝐵𝑢𝑐𝑘(𝑡)

𝐿3
𝑑𝑖̂𝐿3(𝑡)

𝑑𝑡
= 𝐷5𝑣𝐵𝑜𝑜𝑠𝑡(𝑡) + 𝑉𝐵𝑜𝑜𝑠𝑡𝑑̂5(𝑡) − 𝑣𝐵𝑢𝑐𝑘(𝑡)

 (3.40) 
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Similarly, substituting Equation 3.38 into Equation 3.37 yields: 
 

𝐶2
𝑑𝑉𝐵𝑢𝑐𝑘(𝑡)

𝑑𝑡
= 𝑑1

′ 𝑖̂𝐿1(𝑡) − 𝐼𝐿1𝑑̂1(𝑡) + 𝑑3
′ 𝑖̂𝐿2(𝑡) − 𝐼𝐿2 𝑑̂3(𝑡) + 𝑑5

′ 𝑖̂𝐿3(𝑡)

− 𝐼𝐿3 𝑑̂5(𝑡) −
𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)

𝑅1
 

(3.41) 

 

According to Equation 3.40 and Equation 3.41, the AC small signal equivalent 

circuit model of the TPIPBi-Buck–Boost Converter in charge Buck mode can 

be established, as illustrated in Figure 3.16. 

C1R1

L1

L2

L3

vBoost(t)

VBoostd1

C2 R2 vBuck(t)

iL1(t)

iL2(t)

iL3(t)

1 : D1

1 : D3

1 : D5

IL1d1(t) IL2d3(t) IL3d5(t)

VBoostd3

VBoostd5

 

Figure 3.16 : Charge Buck Mode Based on AC Small Signal Analysis 
 

If the TPIPBi-Buck–Boost converter is in ideal conditions, the three-phase 

circuit parameters are completely consistent: 

{

𝐿1 = 𝐿2 = 𝐿3 = 𝐿
𝐼𝐿1 = 𝐼𝐿1 = 𝐼𝐿1 = 𝐼𝐿
𝑑1 = 𝑑2 = 𝑑3 = 𝑑

 (3.42) 

 

The frequency domain equation after Laplace transform of Equation 3.40 and 

Equation 3.41 is: 
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{

𝐿𝑠𝑖̂𝐿(𝑠) = 𝐷𝑣𝐵𝑜𝑜𝑠𝑡(𝑠) + 𝑉𝐵𝑜𝑜𝑠𝑡 𝑑̂(𝑠) − 𝑣𝐵𝑢𝑐𝑘(𝑠)

𝐶𝑠𝑣𝐵𝑢𝑐𝑘(𝑠) = 3𝑖̂𝐿(𝑠) −
𝑣𝐵𝑢𝑐𝑘(𝑠)

𝑅2

 (3.43) 

 

To calculate the AC small signal equivalent circuit model of the TPIPBi-Buck–

Boost converter in charge Buck mode, to control the low voltage side 𝑉𝐵𝑢𝑐𝑘, 

make 𝑣𝐵𝑜𝑜𝑠𝑡(𝑠) = 0 , and substitute into Equation 3.43, and the controlled 

𝐺𝑖𝑑(𝑠) of the current inner loop can be obtained through a series of simplified 

calculations, that is, the transfer function from 𝑑(𝑠) to 𝑖𝐿(𝑠) is: 

 

𝐺𝑖𝑑(𝑠) =
𝑖̂𝐿(𝑠)

𝑑̂(𝑠)
|
𝑣̂𝐵𝑜𝑜𝑠𝑡(𝑠)=0

=
𝑉𝐵𝑜𝑜𝑠𝑡𝐶2𝑠 +

𝑉𝐵𝑜𝑜𝑠𝑡
𝑅2

𝐿𝐶2𝑠
2 +

𝐿𝑠
𝑅2
+ 3

 (3.44) 

 

The transfer function from 𝑑(𝑠) to 𝑉𝐵𝑜𝑜𝑠𝑡(𝑠) is: 
 

𝑉̂𝐵𝑢𝑐𝑘(𝑠)

𝑑̂(𝑠)
|
𝑣̂𝐵𝑜𝑜𝑠𝑡(𝑠)=0

=
3𝑉𝐵𝑜𝑜𝑠𝑡

𝐿𝐶𝑠2 +
𝐿𝑠
𝑅2
+ 3

 (3.45) 

 

The voltage loop controlled 𝐺𝑣𝑖(𝑠), that is, the transfer function from 𝑖𝐿(s) to 

𝑉𝐵𝑜𝑜𝑠𝑡(𝑠) is: 

𝐺𝑣𝑖(𝑠) =
𝑣𝐵𝑢𝑐𝑘(𝑠)

𝑖̂𝐿(𝑠)
|
𝑣̂𝐵𝑜𝑜𝑠𝑡(𝑠)=0

=
𝑣𝐵𝑢𝑐𝑘(𝑠)

𝑑̂(𝑠)
|
𝑣̂𝐵𝑜𝑜𝑠𝑡(𝑠)=0

𝑑̂(𝑠)

𝑖̂𝐿(𝑠)
|
𝑣̂𝐵𝑜𝑜𝑠𝑡(𝑠)=0

=
3

𝐶2𝑠 +
1
𝑅2

 

(3.46) 
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3.3.2.2 Discharge Boost Mode Based on AC Small Signal Analysis 

From the modeling of charge Buck mode in the previous section, it can be 

seen that there is a dual relationship between charge Buck mode and 

discharge boost mode of TPIPBi-Buck–Boost Converter. Similarly, in 

discharge Boost mode, 𝑄2, 𝑄4 and 𝑄5 turn on, the voltage drops of the 𝐿1 to 

𝐿3 are given as follows: 

{
 
 

 
 𝑣𝐿1(𝑡) = 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑣𝐵𝑢𝑐𝑘(𝑡)

𝑣𝐿2(𝑡) = 𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑣𝐵𝑢𝑐𝑘(𝑡)

𝑣𝐿3(𝑡) = 𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= 𝑣𝐵𝑢𝑐𝑘(𝑡)

 (3.47) 

 

𝑄2, 𝑄4 and 𝑄6 are turned off, the voltage drops of the 𝐿1 to 𝐿3 are given as 

follows: 

{
 
 

 
 𝑣𝐿1(𝑡) = 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑣𝐵𝑢𝑐𝑘(𝑡) − 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)

𝑣𝐿2(𝑡) = 𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑣𝐵𝑢𝑐𝑘(𝑡) − 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)

𝑣𝐿3(𝑡) = 𝐿3
𝑑𝑖𝐿3
𝑑𝑡

= 𝑣𝐵𝑢𝑐𝑘(𝑡) − 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡) 

(3.48) 

 

According to Equation 3.47 and Equation 3.48, the average voltages of the 𝐿1 

to 𝐿3 in 𝑇𝑠 are, respectively: 
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{
 
 
 
 
 

 
 
 
 
 
〈𝑣𝐿1(𝑡)〉𝑇𝑠 =

1

𝑇𝑠
[∫ 𝑣𝐿1(𝑡) 𝑑𝑡

𝑑2𝑇𝑠

0

+ ∫ 𝑣𝐿1(𝑡) 𝑑𝑡

𝑇𝑠

𝑑2𝑇𝑠

] = 〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠 − (1 − 𝑑2)〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠

〈𝑣𝐿2(𝑡)〉𝑇𝑠 =
1

𝑇𝑠
[∫ 𝑣𝐿2(𝑡) 𝑑𝑡

𝑑4𝑇𝑠

0

+ ∫ 𝑣𝐿2(𝑡) 𝑑𝑡

𝑇𝑠

𝑑4𝑇𝑠

] = 〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠 − (1 − 𝑑4)〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠

〈𝑣𝐿3(𝑡)〉𝑇𝑠 =
1

𝑇𝑠
[∫ 𝑣𝐿3(𝑡) 𝑑𝑡

𝑑6𝑇𝑠

0

+ ∫ 𝑣𝐿3(𝑡) 𝑑𝑡

𝑇𝑠

𝑑6𝑇𝑠

] = 〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠 − (1 − 𝑑6)〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠

 
(3.49

) 

 

After averaging the inductance characteristic: 
 

{
  
 

  
 〈𝑣𝐿1(𝑡)〉𝑇𝑠 = 𝐿1

𝑑〈𝑖𝐿1(𝑡)〉𝑇𝑠
𝑑𝑡

〈𝑣𝐿2(𝑡)〉𝑇𝑠 = 𝐿2
𝑑〈𝑖𝐿2(𝑡)〉𝑇𝑠

𝑑𝑡

〈𝑣𝐿3(𝑡)〉𝑇𝑠 = 𝐿3
𝑑〈𝑖𝐿3(𝑡)〉𝑇𝑠

𝑑𝑡

 (3.50) 

 

Substituting Equation 3.50 into Equation 3.49 yields: 
 

{
  
 

  
 𝐿1

𝑑〈𝑖𝐿1(𝑡)〉𝑇𝑠
𝑑𝑡

= 〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠 − 𝑑2
′ 〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠

𝐿2
𝑑〈𝑖𝐿2(𝑡)〉𝑇𝑠

𝑑𝑡
= 〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠 − 𝑑4

′ 〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠

𝐿3
𝑑〈𝑖𝐿3(𝑡)〉𝑇𝑠

𝑑𝑡
= 〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠 − 𝑑6

′ 〈𝑣𝐵𝑢𝑐𝑘(𝑡)〉𝑇𝑠

 (3.51) 

 

where 𝑑𝑖
′ = 1 − 𝑑𝑖(𝑖 = 2, 4, 6) , according to Kirchhoff’s Law, the average 

current of the capacitor 𝐶1 in 𝑇𝑠 is: 

〈𝑖𝐶1(𝑡)〉𝑇𝑠 = 𝐶1
𝑑〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠

𝑑𝑡

= 𝑑2
′ 〈𝑖𝐿1(𝑡)〉𝑇𝑠 + 𝑑4

′ 〈𝑖𝐿2(𝑡)〉𝑇𝑠 + 𝑑6
′ 〈𝑖𝐿3(𝑡)〉𝑇𝑠 −

〈𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)〉𝑇𝑠
𝑅1

 

(3.52) 
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Substituting Equation 3.38 into Equation 3.51 yields: 
 

{
  
 

  
 𝐿1

𝑑〈𝐼𝐿1 + 𝑖̂𝐿1(𝑡)〉

𝑑𝑡
= [𝑉𝐵𝑢𝑐𝑘 + 𝑣𝐵𝑢𝑐𝑘(𝑡)] − [𝑑2

′ − 𝑑̂2(𝑡)][𝑉𝐵𝑜𝑜𝑠𝑡 + 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)]

𝐿2
𝑑〈𝐼𝐿2 + 𝑖̂𝐿2(𝑡)〉

𝑑𝑡
= [𝑉𝐵𝑢𝑐𝑘 + 𝑣𝐵𝑢𝑐𝑘(𝑡)] − [𝑑4

′ − 𝑑̂4(𝑡)][𝑉𝐵𝑜𝑜𝑠𝑡 + 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)]

𝐿3
𝑑〈𝐼𝐿3 + 𝑖̂𝐿3(𝑡)〉

𝑑𝑡
= [𝑉𝐵𝑢𝑐𝑘 + 𝑣𝐵𝑢𝑐𝑘(𝑡)] − [𝑑6

′ − 𝑑̂6(𝑡)][𝑉𝐵𝑜𝑜𝑠𝑡 + 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)]

 (3.53) 

 

Finishing Equation 3.53, and can be obtained by ignoring the second order 

minute term: 

{
  
 

  
 𝐿1

𝑑𝑖̂𝐿1(𝑡)

𝑑𝑡
= 𝑣𝐵𝑢𝑐𝑘(𝑡) + 𝑑2

′ 𝑣𝐵𝑜𝑜𝑠𝑡(𝑡) + 𝑉𝐵𝑜𝑜𝑠𝑡𝑑̂2(𝑡)

𝐿2
𝑑𝑖̂𝐿2(𝑡)

𝑑𝑡
= 𝑣𝐵𝑢𝑐𝑘(𝑡) + 𝑑4

′𝑣𝐵𝑜𝑜𝑠𝑡(𝑡) + 𝑉𝐵𝑜𝑜𝑠𝑡𝑑̂4(𝑡)

𝐿3
𝑑𝑖̂𝐿3(𝑡)

𝑑𝑡
= 𝑣𝐵𝑢𝑐𝑘(𝑡) + 𝑑6

′𝑣𝐵𝑜𝑜𝑠𝑡(𝑡) + 𝑉𝐵𝑜𝑜𝑠𝑡𝑑̂6(𝑡)

 (3.54) 

 

Similarly, substitute Equation 3.38 into Equation 3.52 yields: 
 

𝐶2
𝑑𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)

𝑑𝑡
= 𝑑2

′ 𝑖̂𝐿1(𝑡) − 𝐼𝐿1𝑑̂2(𝑡) + 𝑑4
′ 𝑖̂𝐿2(𝑡) − 𝐼𝐿2𝑑̂4(𝑡) + 𝑑6

′ 𝑖̂𝐿3(𝑡)

− 𝐼𝐿3 𝑑̂6(𝑡) −
𝑣𝐵𝑜𝑜𝑠𝑡(𝑡)

𝑅1
 

(3.55) 

 

According to Equation 3.54 and Equation 3.55, the AC small signal equivalent 

circuit model of the TPIPBi-Buck–Boost Converter in discharge Boost mode 

can be established, as illustrated in the Figure 3.17. © C
OPYRIG

HT U
PM



 
122 

C1 R1

L1

L2

L3

vBoost(t)

VBuckd2

C2R2vBuck(t)

iL1(t)

iL2(t)

iL3(t)

D4 : 1

D6 : 1

IL3d6(t)IL2d4(t)IL1d2(t)

VBuckd4

VBuckd6

D2 : 1

 

Figure 3.17 : Discharge Boost Mode Based on AC Small Signal Analysis 
 

If the TPIPBi-Buck–Boost converter is in ideal conditions, the three-phase 

circuit parameters are completely consistent: 

{

𝐿1 = 𝐿2 = 𝐿3 = 𝐿
𝐼𝐿1 = 𝐼𝐿2 = 𝐼𝐿3 = 𝐼𝐿
𝑑2 = 𝑑4 = 𝑑6 = 𝑑

 (3.56) 

 

The frequency domain equation after Laplace transform of Equation 3.55 and 

Equation 3.56 are: 

{

𝐿𝑠𝑖̂𝐿(𝑠) = 𝑣𝐵𝑢𝑐𝑘(𝑠) − 𝐷
′𝑣𝐵𝑜𝑜𝑠𝑡(𝑠) − 𝑉𝐵𝑜𝑜𝑠𝑡𝑑̂(𝑠)

𝐶𝑠𝑣𝐵𝑜𝑜𝑠𝑡(𝑠) = 3𝐷
′𝑖̂𝐿(𝑠) − 3𝐼𝐿𝑑̂(𝑠) −

𝑣𝐵𝑜𝑜𝑠𝑡(𝑠)

𝑅1

 (3.57) 

 

To calculate the AC small signal equivalent circuit model of the TPIPBi-Buck–

Boost converter in discharge Buck mode, to control the high voltage side 𝑉𝐵𝑜𝑜𝑠𝑡 

make 𝑣𝐵𝑢𝑐𝑘(𝑠) = 0 , and substitute into Equation 3.57, and the controlled 

𝐺𝑖𝑑(𝑠) of the current inner loop can be obtained through a series of simplified 

calculations, that is, the transfer function from 𝑑(𝑠) to 𝑖𝐿(𝑠) is: 
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𝐺𝑖𝑑(𝑠) =
𝑖̂𝐿(𝑠)

𝑑̂(𝑠)
|
𝑣̂𝐵𝑢𝑐𝑘=0

=
𝑉𝐵𝑜𝑜𝑠𝑡𝐶1𝑠 +

2𝑉𝐵𝑜𝑜𝑠𝑡
𝑅1

𝐿𝐶1𝑠
2 +

𝐿𝑠
𝑅1
+ 3𝐷′2

 (3.58) 

 

The transfer function from 𝑉𝐵𝑜𝑜𝑠𝑡(𝑠) to 𝑑(𝑠) is: 
 

𝑣𝐵𝑜𝑜𝑠𝑡(𝑠)

𝑑̂(𝑠)
|
𝑣̂𝐵𝑢𝑐𝑘=0

=
3𝐷′ −

𝐿𝑠
𝑅𝐷′

𝐿𝐶1𝑠2 +
𝐿𝑠
𝑅1
+ 3𝐷′2

 (3.59) 

 

The voltage loop controlled 𝐺𝑣𝑖(𝑠), that is, the transfer function from 𝑖𝐿(s) to 

𝑉𝐵𝑜𝑜𝑠𝑡(𝑠) is: 

 

𝐺𝑣𝑖(𝑠) =
𝑣𝐵𝑜𝑜𝑠𝑡(𝑠)

𝑖̂𝐿(𝑠)
|
𝑣̂𝐵𝑢𝑐𝑘=0

=
𝑣𝐵𝑜𝑜𝑠𝑡(𝑠)

𝑑̂(𝑠)
|
𝑣̂𝐵𝑢𝑐𝑘=0

𝑑̂(𝑠)

𝑖̂𝐿(𝑠)
|
𝑣̂𝐵𝑢𝑐𝑘=0

=
3𝐷′2𝑅1 − 𝐿𝑠

𝐶1𝑅1𝐷′𝑠 + 2𝐷′
 

(3.60) 

 

3.3.3 Digital Implementation for TPIPBi-Buck–Boost Converter with 
Infineon 

The analysis and design of the control method determine the performance of 

the TPIPBi-Buck–Boost converter, which is the focus and difficulty of the whole 

system. In order to improve the stability and dynamic response of the new 

NEEVs, Section 3.3.3 will combine the open loop derivation results based on 

the AC small signal model in Section 3.3.2, and purposefully carry out the 

optimal design of the double closed-loop control system with XDPTM Digital 

Power Controllers by Infineon Technologies AG, which also provides an 
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important theoretical basis for the concrete realization methods of hardware 

and software. 

3.3.3.1 Analysis and Design of Double Closed-Loop Control System 

According to the actual application requirements, in the process of frequent 

starting, acceleration, deceleration, and braking of the drive motor, the voltage, 

and current of the direct current bus are constantly changing in a wide range. 

For the TPIPBi-Buck–Boost converter with different power flow directions, the 

transfer functions are also very different, and stable and accurate control is 

relatively difficult. 

In view of the specific requirements of the above problems, a double closed-

loop control strategy is considered in Figure 3.18, in which the voltage loop is 

used as the outer loop and the current loop as the inner loop, which not only 

enhances the system stability, but also improves the dynamic response. 

Analyzing the TPIPBi-Buck–Boost converter circuit topology, low voltage side 

𝑉𝐵𝑢𝑐𝑘 and high voltage side 𝑉𝐵𝑜𝑜𝑠𝑡, a novel control strategy is adopted to place 

the controlled voltage and current at different sides, it not only achieves that 

the direct current bus voltage is controlled in the forward direction, and the 

reverse charging current of the battery pack is well controlled. 

In the digital signal control system, the direct bus voltage and the energy 

storage inductor current are simultaneously sampled in one sampling period, 

converted into digital signals by A/D, digitally filtered, and subtracted from the 

corresponding offset to obtain the digital signal. The high side voltage terminal 
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command is given by the Infineon XDPP1100-Q040, and compared with the 

voltage sampling value to obtain the voltage error signal, the output value 

obtains the current given signal through the PID regulator, and the current 

given signal is compared with the current sampling value to obtain the current 

error signal, the output value of the PWM register is output through the PID 

regulator, so as to achieve the purpose of controlling the high side voltage 

output and low side current. 

Gu(s) Gi(s)
Vref

*

Vf
*

Iref
*

If
*

e-τs d(s)
Gvd(s)

uo(s)

Gid(s)

Hu(s)  

Figure 3.18 : Block Diagram of Double Closed-Loop Control System 
 

Where 𝐺𝑢(𝑠) is the voltage loop correction network transfer function, 𝐺𝑖(𝑠) is 

the current loop correction network transfer function, 𝑒−𝜏𝑠 is the delay caused 

by digital sampling, calculation and update of the duty cycle, 𝐺𝑖𝑑(𝑠) is the 

transfer function of duty cycle 𝑑̂ to the inductive current, 𝐺𝑣𝑑(𝑠) is the transfer 

function of duty cycle 𝑑̂ to the input and output voltage, 𝐻𝑢(𝑠) is the transfer 

function for voltage sampling. 

3.3.3.2 Current inner Loop Compensation Controller 

In Figure 3.19, the current inner loop is designed with a PI controller. Since 

the delay segment does not change the system gain, only changes the phase, 
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and is not considered, for the time being, the open loop transfer function of the 

current inner loop can be expressed as: 

𝐺𝑖𝑜(𝑠) =
𝑉̂𝐵𝑢𝑐𝑘(𝑠)

𝑑′2(𝑠)

𝐾𝑖𝑝𝑠 + 𝐾𝑖𝑖
𝑠

𝑉𝐵𝑜𝑜𝑠𝑡𝐶2𝑠 +
𝑉𝐵𝑜𝑜𝑠𝑡
𝑅2

𝐿𝐶2𝑠2 +
𝐿𝑠
𝑅2
+ 3

 (3.61) 

  Gi(s) Gpwm(s)
d(s)

N(s)

Gid(s)

Hi(s)

iL(s)

if
*

iref
*

 

Figure 3.19 : Block Diagram of Current Inner Loop Compensation 
Controller 
The closed-loop transfer function of the current inner loop: 
 

𝐺𝑖
′(𝑠) = 𝐾

(𝐾𝑖𝑝𝑠 + 𝐾𝑖𝑖) (𝑉𝐵𝑜𝑜𝑠𝑡𝐶2𝑠 +
𝑉𝐵𝑜𝑜𝑠𝑡
𝑅2

)

𝐾1𝑠3 +𝐾2𝑠2 + 𝐾3𝑠1 + 𝐾4𝑠0
 (3.62) 

 

where 𝐾 =
𝑉𝐵𝑢𝑐𝑘

𝑑′
2 , 𝐾1 =

𝐶2𝐿

𝑑′
2, 𝐾2 =

𝐿

𝑅2𝑑
′2
+

𝐾𝑖𝑝

𝐶2
, 𝐾3 = 𝐾𝑖𝑖𝐶2 +

2𝐾𝑖𝑝

𝑅2
+ 1, 𝐾3 =

2𝐾𝑖𝑝

𝑅2
. 

From the analysis of Equation 3.62, it can be known that 𝐾1 is much smaller 

than the other coefficients and the 𝑠3 is negligible: 

(𝐾𝑖𝑝𝑠 + 𝐾𝑖𝑖) (𝑉𝐵𝑜𝑜𝑠𝑡𝐶2𝑠 +
𝑉𝐵𝑜𝑜𝑠𝑡
𝑅2

) = 𝐾1𝑠
3 +𝐾2𝑠

2 +𝐾3𝑠
1 +𝐾4𝑠

0 (3.63) 

 

Therefore, 𝐺𝑖𝑜𝑝𝑒𝑛_𝑙𝑜𝑜𝑝(𝑠) ≅ 𝐾  in Equation 6.62, the current inner loop is 

equivalent to a proportional segment. In the system, the delay segment can 

be equivalent to a first-order inertial segment, and the influence of the pole 

can be offset by the PI parameter of the current inner loop. 
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3.3.3.3 Voltage Outer Loop Compensation Controller 

For the TPIPBi-Buck–Boost converter with insufficient phase and amplitude 

margins in open loop state, and the right half plane zero-point problem, it 

needs to be corrected accordingly. The double pole and double zero 

compensation network are usually selected to achieve closed-loop control to 

meet the stability requirements. 

In digital power supply, PID correction is usually chosen, which is essentially 

an active lag-ahead correction whose transfer function can be expressed as: 

𝐺𝑝𝑖𝑑(𝑠) = 𝐾𝑝 (1 +
1

𝜏𝑖
+

𝜏𝑖

1 +
𝜏𝑑
𝑁
𝑠
) = 𝐾1 [

𝐾2𝑠
2 + 𝐾3𝑠

1 + 𝑠0

𝑠(𝐾4𝑠 + 1)
] (3.64) 

 

where 𝐾1 =
𝐾𝑝

𝜏𝑖
, 𝐾2 =

𝜏𝑖𝜏𝑑

1+
1

𝑁

, 𝐾3 = 𝜏𝑖 +
𝜏𝑑

𝑁
, 𝐾4 =

𝜏𝑑

𝑁
, 𝜏𝑖  and 𝜏𝑑  are, respectively, 

integral and differential time constants, 𝑁 ≧ 10. 

In the Figure 3.20, 𝐺𝑖
′(𝑠) is a closed-loop transfer function of the voltage outer 

loop, and 𝐺𝑖
′(𝑠) can be equivalent to a proportional segment, which makes it 

relatively convenient to design the voltage outer loop compensator. 
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Figure 3.20 : Block Diagram of Voltage Outer Loop Compensation 
Controller 
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3.3.3.4 Power Feedforward Compensation Controller 

Under the complex conditions of the NEEVs, if the power demand and load 

current of the drive motor suddenly drop, causing the system to provide more 

electrical energy than needed, and the filter capacitor on the direct current bus 

voltage side is charged to absorb excess energy. The direct current bus 

voltage fluctuates during the frequent charging and discharging process. In 

general, increasing the filter capacitor capacity, but enlarges the volume and 

cost of the system virtually. Aiming at the problem of insufficient voltage 

fluctuation and dynamic response under transient response, a power 

feedforward control strategy is adopted in this research to predict the power 

demand trend through the electromagnetic torque of the drive motor, and 

eliminate voltage fluctuation, which is easy to be realized in digital control 

systems. 

By adding an input voltage compensation segment to the system, the transient 

response speed caused can be increased by the input disturbance. The 

control block diagram is shown in Figure 3.21. 
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Figure 3.21 : Block Diagram of Power Feedforward Compensation 
Controller 
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𝑃𝑒 = 2𝜋
𝛾𝑇𝑒𝑛

60
 (3.65) 

 

𝑃𝑒 is the electromagnetic power of the permanent magnet synchronous motor, 

𝛾, 𝑇𝑒, 𝑛 are, respectively, power factor, electromagnetic torque, and speed. 

The electromagnetic power 𝑃𝑒 of the drive motor can be calculated by using 

Equation 3.65. When the operating condition of NEEVs, Infineon XDPP1100-

Q040 issues a torque instruction through the CAN bus and subtract with the 

𝑃𝑒 . The result is divided from the bus voltage instruction, and the current 

instruction value 𝑖2
∗  is obtained. The output 𝑖1

∗  of the voltage compensation 

controller is added as the given instruction of the current inner loop. It allows 

the system to adjust the output electrical energy depending on the instruction 

value given by the electromagnetic power even if the voltage is still constant. 

Thus, the purpose of eliminating direct current bus voltage fluctuation caused by 

electrical energy change is achieved. 

 

For the compensation of input voltage disturbance 𝑢𝑖
∗, it should satisfy: 

 

𝐺𝑣𝑢(𝑠) = 𝐾𝑢𝐺𝑢(𝑠)𝐺𝑖
′(𝑠)𝐺𝑣𝑑(𝑠) (3.66) 

 

Derived from Equation 3.66, when 𝐾𝑢 =
𝐺𝑣𝑢(𝑠)

𝐺𝑢(𝑠)𝐺𝑖
′(𝑠)𝐺𝑣𝑑(𝑠)

, thus, 
𝑢𝑜(𝑠)

𝑢𝑖(𝑠)
= 0 , 

theoretically, the disturbance of the output voltage is completely unaffected by 

the input voltage disturbance 𝑢𝑖
∗. © C

OPYRIG
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3.3.3.5 Bidirectional Switching Logic Controller 

When the TPIPBi-Buck–Boost converter is in discharge Boost mode, the direct 

current bus voltage 𝑉𝑏𝑢𝑠 is collected to form the voltage outer loop, and after 

comparing with 𝑉𝑏𝑢𝑠_𝑟𝑒𝑓 , 𝑖𝐿_𝑏𝑜𝑜𝑠𝑡_𝑟𝑒𝑓  of the current inner loop is generated 

through the voltage outer loop compensator, comparing with 𝑖𝐿_𝑏𝑜𝑜𝑠𝑡, and the 

final duty cycle 𝑑𝑏𝑢𝑐𝑘−𝑏𝑜𝑜𝑠𝑡 is produced by the current inner loop compensator. 

In the charge Buck mode, the battery pack voltage 𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 is collected to form 

the voltage outer loop, and after comparing with 𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓, 𝑖𝐿_𝑏𝑢𝑐𝑘_𝑟𝑒𝑓 of the 

current inner loop is generated through the voltage outer loop compensator, 

comparing with 𝑖𝐿_𝑏𝑢𝑐𝑘, and the final duty cycle 𝑑𝑏𝑜𝑜𝑠𝑡−𝑏𝑢𝑐𝑘 is produced by the 

current inner loop compensator. The driving signal is output through the 

Infineon Technologies AG Digital Power Controllers XDPP1100-Q040 to 

change the operating state. To reduce voltage and current surges, the TPIPBi-

Buck–Boost converter works by soft start in electric energy interaction mode 

seen in Figure 3.22.  
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Figure 3.22 : Block Diagram of Bidirectional Switching Logic Controller 
with Infineon 
 

3.4 Three Voltage Vector Duty Cycle Optimization Strategy Based 
on Finite Set Model Predictive Control 

PMSM are widely used in NEEVs and in other fields because of their simple 

structure, light weight, small size, and high power density. With the continuous 

advancement of production technology, the requirements of accuracy, 

rapidity, and stability in permanent magnet synchronous motor systems have 

gradually increased. Among many advanced control technologies, this 

research proposes an optimized model predictive torque control strategy 

based on voltage vector expansion. This strategy involves the construction of 

a reference stator flux linkage vector based on the analytical relationship 

between electromagnetic torque, reference stator flux linkage amplitude, and 
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rotor flux linkage and the transfer of the separate control of electromagnetic 

torque and flux linkage amplitude into flux linkage vector control. At the same 

time, the optimal duty cycle corresponding to the two adjacent extended 

voltage vectors and the zero vector is calculated according to geometric 

relationships so as to realize the three voltage vector duty cycle optimization 

control. 

3.4.1 Brief Discussion on Principle of Model Predictive Control 

Among the high-performance control methods for PMSM, MPC has garnered 

attention in PMSM control research due to its simple structure, straightforward 

implementation, and notable performance. In contrast to vector control, MPC 

eliminates the need for a current loop PI controller design. By leveraging the 

cost function, it enables the direct selection of the optimal voltage vector to act 

on the PMSM, resulting in improved dynamic performance. Unlike DTC, MPC 

utilizes real-time calculations to ensure the application of the optimal voltage 

vector, leading to more accurate voltage selection and enhanced steady-state 

performance. Furthermore, the cost function employed in MPC for optimal 

vector selection can be extended with control variables to achieve multi-

objective control, offering greater flexibility in control structure compared to 

traditional vector control and DTC. 

Dead-beat control (DBC) and finite control set model predictive control (FCS-

MPC) are prevalent predictive control methods. DBC focuses on tracking the 

electromagnetic torque, stator flux linkage command, or stator current 

command within a single cycle. DBC utilizes the mathematical model to predict 
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the reference voltage vector and modulates the inverter's switching signal 

through SVPWM, thereby exhibiting commendable dynamic and steady-state 

tracking performance. However, the efficacy of DBC hinges upon the accuracy 

of the mathematical model. Inaccurate motor model parameters or parameter 

variations during operation can lead to deviations between the calculated 

reference voltage vector and the expected value. Additionally, inherent delays 

in the digital control system, such as current sampling delay and duty cycle 

update delay, result in the reference voltage vector being calculated at one 

time but applied to the inverter at the subsequent time, thereby diminishing the 

PMSM control performance. 

MPC leverages the discrete mathematical model and the discrete switching 

state of the inverter to optimize the cost function online, selecting the optimal 

voltage vector (the inverter's switching state) to be applied to the PMSM at the 

subsequent control time. MPC offers the advantages of a simple principle, 

robust nonlinear constraint capability, and favorable dynamic characteristics. 

Furthermore, MPC can directly output the switch state without PWM, 

simplifying implementation. Nonetheless, MPC encounters several 

challenges, including extensive computation, intricate weight coefficient 

design, and substantial torque, flux linkage, or current ripple. The issue of 

considerable computation is particularly prominent, especially when multi-step 

prediction is employed, leading to an exponential increase in computational 

load. To address this challenge, various methods have been proposed, such 

as the sphere decoding algorithm, binary search tree method, and voltage 
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vector preselection method, all of which effectively reduce the computational 

burden. 

MPC can be categorized into MPTC and MPCC based on different control 

variables. MPCC governs the stator current, while MPTC concurrently 

manages electromagnetic torque and stator flux linkage, which pertain to 

distinct dimensions. As a result, it is crucial to design weight coefficients in the 

cost function to balance the relationship between these control variables. In 

MPCC, the cost function pertains to the current magnitude, and as the 

dimensions of each current magnitude are identical, the weight coefficient 

design issue among these magnitudes can be circumvented. Conversely, in 

MPTC, the primary control variables in the cost function are electromagnetic 

torque and stator flux linkage, with differing dimensions. Therefore, designing 

the weight coefficients is necessary to achieve control balance between torque 

and flux linkage, and the reasonableness of this design directly impacts the 

control system's performance. Currently, weight coefficient design typically 

involves time-consuming and non-intuitive methods such as experimental or 

simulation-based adjustments. Moreover, the inadequate steady-state 

performance of the MPC method has impeded its further advancement. To 

enhance the steady-state performance, the DV-MPC and TV-MPC are 

proposed. DV-MPC operates on two vectors per cycle, effectively mitigating 

over-regulation and under-regulation issues associated with single-vector 

operation, resulting in smoother electromagnetic torque, stator flux linkage, 

and three-phase current. Similarly, TV-MPC's steady-state control effect, 

acting on three vectors per cycle, rivals that of vector control. However, 
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employing more action vectors leads to a more intricate control structure, 

increased computational load, and elevated switching loss and average 

switching frequency. 

The principal block diagram of traditional MPTC is depicted in Figure 3.23. The 

outer loop corresponds to speed control, with the desired electromagnetic 

torque achieved through PI adjustment using the variance between the 

desired value and the feedback speed. Subsequently, the desired stator flux 

linkage can be computed using maximum torque per ampere (MTPA) control. 

Concurrently, the control system acquires the phase current through current 

sampling, which is then transformed into the current 𝑖𝑠(𝑘)  in the static 

coordinate system by Clarke transformation. The system predicts the current 

𝑖𝑠(𝑘 + 1) at time (𝑘 + 1) by leveraging the voltage value and electrical angular 

velocity. Substituting seven fundamental voltage vectors (treating two zero 

vectors as one) successively into the prediction equation for electromagnetic 

torque and stator flux linkage yields the predictions for electromagnetic torque 

𝑇𝑒(𝑘 + 1) and stator flux linkage 𝜓𝑠(𝑘 + 1) at the subsequent time step. These 

predicted torque and flux linkage values are then utilized in the cost function, 

and the cost function's value is evaluated. The basic voltage vector yielding 

the minimum cost function value is chosen as the optimal voltage vector at the 

next time step. © C
OPYRIG
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Figure 3.23 : Principal Block Diagram of Traditional MPTC 
 

Similar to MPCC, the practical implementation of MPTC involves digital control 

systems that necessitate sampling, logical calculations, and algorithmic 

execution to realize the control algorithm. Consequently, the optimal voltage 

vector selected at time 𝑘 only influences PMSM at time 𝑘 + 1, introducing a 

one-step delay that significantly affects the system's control performance, 

albeit being unavoidable. Particularly, at lower sampling frequencies, this one-

step delay exerts a more pronounced impact on the control system, 

underscoring the need for compensation. 

Utilizing the mathematical model of PMSM, the flux linkage equation is 

integrated into the voltage equation, and subsequently discretized to derive 

the current prediction model. 

𝑖𝑠(𝑘 + 1) = 𝑖𝑠(𝑘) +
𝑇𝑠
𝐿𝑠
[𝑢𝑠(𝑘) − 𝑅𝑖𝑠(𝑘) − 𝑗𝜔𝛹𝑓𝑒

𝑗𝜃] (3.67) 

 

Where, 𝑖𝑠 = (
𝑖𝛼
𝑖𝛽
), 𝑢𝑠 = (

𝑢𝛼
𝑢𝛽
). Equation 3.67 reveals that the sampling current 

𝑖𝑠(𝑘 + 1) at 𝑘 + 1 can be forecasted based on the sampling current 𝑖𝑠(𝑘) at 𝑘 

and the optimal basic voltage vector 𝑢𝑠(𝑘), thus facilitating one-step delay 

© C
OPYRIG

HT U
PM



 
137 

compensation. Nonetheless, the accuracy of this prediction approach is 

relatively limited. To enhance the precision of current prediction, the Euler 

formula with prediction and correction functions is employed: 

{
 

 𝑖𝑝(𝑘 + 1) = 𝑖𝑠(𝑘) +
𝑇𝑠
𝐿𝑠
[𝑢𝑠(𝑘) − 𝑅𝑖𝑠(𝑘) − 𝑗𝜔𝛹𝑓𝑒

𝑗𝜃]

𝑖𝑠(𝑘 + 1) = 𝑖𝑝(𝑘 + 1) −
𝑇𝑠𝑅

2𝐿𝑠
[𝑖𝑝(𝑘 + 1) − 𝑖𝑠(𝑘)]

 (3.68) 

 

Where, 𝑖𝑝(𝑘 + 1) represents the predicted value, while 𝑖𝑠(𝑘 + 1) denotes the 

corrected value. Building upon the current prediction derived from Equation 

3.68, the electromagnetic torque and flux linkage for the subsequent control 

cycle can be further predicted by integrating the motor flux equation and 

electromagnetic torque equation. The specific prediction equation is as 

follows: 

{
𝛹𝛼 = 𝐿𝑑𝑖𝛼 +𝛹𝑓 𝑐𝑜𝑠 𝜃

𝛹𝛽 = 𝐿𝑞𝑖𝛽 +𝛹𝑓 𝑠𝑖𝑛 𝜃
 (3.69) 

  

𝑇𝑒 =
3

2
𝑝(𝛹𝛼𝑖𝛽 −𝛹𝛽𝑖𝛼) (3.70) 

 
 

3.4.2 Three Voltage Vector Duty Cycle Optimization 

In order to apply MPC in the motor driving systems of NEEVs, it is necessary 

to build a mathematical description of the prediction model for the PMSM. A 

discrete time model needs to include all of the control variables and predict 

them. The forward Euler formula can be expressed as: 

𝑑𝑥

𝑑𝑡
=
𝑥(𝐾 + 1) − 𝑥(𝑘)

𝑇𝑠
 (3.71) 
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where 𝑇𝑠  is the sampling period, 𝐾 is the current time, and 𝑥(𝐾 + 1) is the 

predictive value at the next time. 

In the d and q rotating coordinate system, discretizing the voltage expressions 

for the PMSM by the forward Euler formula, the current prediction model can 

be written as follows: 

{
 
 

 
 𝑖𝑑(𝐾 + 1) = 𝑖𝑑(𝑘) +

1

𝐿𝑑
[−𝑅𝑠𝑖𝑑(𝑘) + 𝜔𝑒𝐿𝑞𝑖𝑑(𝑘) + 𝑢𝑑(𝑘)]𝑇𝑠

𝑖𝑞(𝐾 + 1) = 𝑖𝑞(𝑘) +
1

𝐿𝑞
[−𝑅𝑠𝑖𝑞(𝑘) + 𝜔𝑒𝐿𝑑𝑖𝑞(𝑘) + 𝑢𝑞(𝑘) − 𝜔𝑒𝛹𝑓]𝑇𝑠

 (3.72) 

 

Discretizing the flux linkage expressions of the PMSM by the forward Euler 

formula, the flux linkage prediction models are: 

{
𝛹𝑑(𝐾 + 1) = 𝑇𝑠[𝑢𝑑(𝑘) − 𝑅𝑠𝑖𝑑(𝑘) + 𝜔𝑒𝛹𝑞(𝑘)] + 𝜔𝑒𝛹𝑑(𝑘)

𝛹𝑞(𝐾 + 1) = 𝑇𝑠[𝑢𝑞(𝑘) − 𝑅𝑠𝑖𝑞(𝑘) + 𝜔𝑒𝛹𝑑(𝑘)] + 𝜔𝑒𝛹𝑞(𝑘)
 (3.73) 

 

Substituting Equation 3.72 and Equation 3.73 for electromagnetic torque 

expressions yields: 

{𝑇𝑒(𝐾 + 1) =
3

2
𝑝𝑖𝑞(𝑘 + 1)[𝑖𝑑(𝑘 + 1)(𝐿𝑑 − 𝐿𝑞) + 𝛹𝑓] (3.74) 

 

Therefore, Equation 3.72, Equation 3.73 and Equation 3.74 are the important 

components and theoretical fundaments of the mathematical model for 

predictive control with the PMSM. © C
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3.4.2.1 Alternative Voltage Vector Extension 

In traditional MPTC, eight basic voltage vectors generated by a three-phase 

inverter are directly used as inputs to the MPTC controller to predict the 

current, electromagnetic torque, and flux linkage. Rolling optimization of the 

prediction results is carried out according to the cost function, so that the 

voltage vector with the smallest cost function acts on the motor system. Since 

the selection of voltage vectors is limited to the eight basic voltage vectors, 

they usually have high electromagnetic torque and flux linkage pulsations. In 

addition, the traditional MPTC needs to optimize the prediction of each voltage 

vector in a control cycle, which increases the computational burden. 

t

Ψs(k)

Ψs(k+1)

kTs (k+1)Ts  
t

Ψs(k)

Ψs(k+1)

kTs (k+1)Ts  

(a) (b) 
 
Figure 3.24 : Different Predictions of the Stator Flux Linkage Vector: (a) 
before; (b) after 
 

To improve the selection accuracy, an improved finite voltage vector control 

set is adopted based on the traditional eight voltage vectors. At the same time, 

in order to make full use of the flux linkage vector control algorithm, the 

traditional finite control set is optimized to allow more choice regarding the 
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numbers and phase angles of alternative voltage vectors, and a filter for 

predicting flux linkage vectors can be obtained, which enables the cost 

function to select a voltage vector with less electromagnetic torque and flux 

linkage error for more effective control. Furthermore, the electromagnetic 

torque and flux linkage pulsations can be reduced by increasing the virtual 

voltage vector. As shown in Figure 3.24, increase in the different voltage 

vectors makes the prediction result of the flux linkage vector more refined, and 

the cost function can select the predictive flux linkage vector with less error. 
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Figure 3.25 : Extended Voltage Vector Control Set 
 

The specific improvement methods are as follows: the two-level three-phase 

voltage source inverter can only produce eight switch states, according to the 

arrangement and combination, corresponding to six non-zero vectors and two 

zero vectors. In order to improve the accuracy of MPTC, six virtual voltage 

vectors are added to the traditional basic voltage vectors, which are half of the 

two adjacent synthesized voltage vectors, and the amplitude is 0.866 times 
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that of the basic voltage vector. In this way, the number of alternative effective 

voltage vectors is changed from 6 to 12. The extended voltage vector control 

sets 𝑉1⋯𝑉12 are defined in Figure 3.25. 

According to traditional MPTC, fourteen extended voltage vectors are 

substituted into each control cycle for prediction, and screening through the 

cost function will greatly increase the algorithm’s calculational burden for the 

microprocessor, reducing the operating efficiency. Therefore, this research 

makes further improvements while extending the voltage vector screening 

range. 

The extended voltage vectors 𝑉1-𝑉12 are shown in Figure 3.25. Two adjacent 

extended basic voltage vectors can be determined at the spatial position of 

the reference voltage vector in the spatial sector, such that they are close to 

the actual reference stator flux linkage vector, reducing the number of 

alternative voltage vectors to two adjacent extended voltage vectors. In 

traditional MPTC, an optimal voltage vector is selected based on the cost 

function and acts throughout the whole system. There are only eight basic 

voltage vectors, and the design of weight coefficients is cumbersome. The 

optimized FCS-MPTC strategy realizes the duty cycle control of multiple 

voltage vectors based on the reference voltage vector. Applying multiple 

voltage vectors to the SPMSM not only eliminates the weight coefficient design 

process, but also effectively balances the electromagnetic torque and flux 

linkage pulsations. 
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3.4.2.2 Double Voltage Vector Duty Cycle Control 

The extended voltage vector 𝑉𝑖 and the zero-voltage vector 𝑉0 are combined 

to form a candidate voltage vector. By adjusting the duty cycle of the extended 

voltage vector 𝑉𝑖, the candidate stator voltage vector 𝑢𝑠
⋅  can be expressed as: 

𝑢𝑠
⋅ =

𝑡𝑣𝑖
𝑇𝑠
𝑉𝑖 = 𝑑𝑖𝑉𝑖 + (1 − 𝑑𝑖)𝑉0 (3.75) 

 

where 𝑡𝑣𝑖 is the action time and 𝑑𝑖 is the duty cycle. 

In order to evaluate the influence of the combined candidate voltage vectors 

on the stator flux linkage vectors, Equation 3.76 is used to replace the 

traditional cost function in MPTC; it only contains the flux linkage vectors and 

includes no design for the weight factor: 

𝑔 = |𝛹𝑠
∗ −𝛹𝑠(𝑘 + 2)| 

(3.76) 

 

The new stator flux linkage vector cost function incorporates the actual 

amplitude of the electromagnetic torque and flux linkage, including the 

corresponding reference values. The candidate voltage vectors obtained from 

Equation 3.74 are used to predict the stator flux linkage vector 𝛹𝑠(𝑘 + 2) at 

(𝑘 + 2)𝑇𝑠 by means of Equation 3.72, which is carried into Equation 3.76: 

𝑔 = |𝛹𝑠
∗ − 𝛹𝑠(𝑘 + 2)| = |𝛹𝑠

∗ + 𝑇𝑠𝑅𝑠𝑖𝑠(𝑘 + 1) − 𝑇𝑠𝑑𝑖𝑉𝑖 − 𝛹𝑠(𝑘 + 1)|

= 𝑇𝑠|𝑢𝑠
∗ − 𝑑𝑖𝑉𝑖 | 

(3.77) 

It can be seen from Equation 3.77 that in order to minimize the cost function, 

it is necessary for the difference vector between the candidate voltage vector 

and the reference voltage vector to be perpendicular to the extended voltage 
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vector when the cost function is the smallest. The optimal duty cycle of the 

extended voltage vector can be expressed as: 

𝑑𝑖
𝑜𝑝𝑡

=
|𝑢𝑠
∗| 𝑐𝑜𝑠 𝜃𝑣𝑢
|𝑉𝑖|

=
|𝛹𝑠

∗ −𝛹𝑠(𝑘 + 1) + 𝑇𝑠𝑅𝑠𝑖𝑠(𝑘 + 1)| 𝑐𝑜𝑠 𝜃𝑣𝑢
|𝑉𝑖|𝑇𝑠

 (3.78) 

 

where 𝑑𝑖
𝑜𝑝𝑡

 is the duty cycle of the extended voltage vector and 𝜃𝑣𝑢  is the 

included angle between the extended voltage vector and the reference voltage 

vector. Bringing the optimal duty cycle derived from Equation 3.78 into 

Equation 3.77 and selecting the extended voltage vector, which minimizes the 

cost function and the corresponding optimal duty cycle from the two adjacent 

extended voltage vectors of the reference voltage vector, acts on the system 

to achieve double-vector control. 

3.4.2.3 Three Voltage Vector Duty Cycle Control 

t
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Figure 3.26 : Schematic View of the Different Voltage Vectors on the 
Stator Flux Linkage Vectors 
 

Based on the reference stator voltage vectors obtained in the double voltage 

vector duty cycle control above, by filtering out the two adjacent extended 
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voltage vectors to reduce two vector numbers, the duty cycle is introduced with 

zero vectors to obtain the voltage vectors for different amplitudes. The optimal 

voltage vector and its duty cycle are selected to act on the motor system by 

using the new stator flux linkage vector cost function. Therefore, the control 

precision of the electromagnetic torque and flux linkage is effectively 

improved. The effects of different voltage vector combinations on the 

pulsations of the stator flux linkage vectors are shown in Figure 3.27. It can be 

seen from Figure 3.26 that the tracking control of the stator flux vector can be 

achieved by optimally allocating the duty cycles of the different voltage 

vectors. 

us*

di+1Vi+1

opt
Vi

α

β

di  Vi

opt

30
o

θvu
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Figure 3.27 : Diagrammatic Sketch of Three Voltage Vectors Used to 
Synthesize a Reference Vector 
 

On the basis of the double voltage vector duty cycle control, an additional 

effective voltage vector is added, that is, two adjacent extended voltage 

vectors and zero vectors are used to construct a reference voltage vector to 

realize the duty cycle control of three voltage vectors. By adjusting the 
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operating times of the three voltage vectors in one control cycle, the synthetic 

candidate voltage vectors are coincident with the reference voltage vectors, 

thus achieving more accurate control. The principle of using three voltage 

vectors to synthesize a reference voltage vector is shown in Figure 3.26. 

𝑢𝑠
∗ = 𝑑𝑖𝑉𝑖 + 𝑑𝑖+1𝑉𝑖+1 + (1 − 𝑑𝑖 − 𝑑𝑖+1)𝑉0 (3.79) 

 

where 𝑉𝑖 is the extended voltage vector and 𝑑𝑖+1 is duty cycle of 𝑉𝑖. 

Similarly, in order to evaluate the influence of the combined candidate voltage 

vectors on the stator flux linkage vectors through three voltage vector duty 

cycle control, as expressed in Equation 3.76, the candidate voltage vector 

obtained from Equation 3.79 is used to predict the stator flux linkage vector 

𝛹𝑠(𝑘 + 2) at (𝑘 + 2)𝑇𝑠, which is carried into Equation 3.80 to obtain:  

               g = |𝛹𝑠
∗ −𝛹𝑠(𝑘 + 2)|                                                                  

= |𝛹𝑠
∗ + 𝑇𝑠𝑅𝑠𝑖𝑠(𝑘 + 1) − 𝑇𝑠𝑑𝑖𝑉𝑖 − 𝑇𝑠𝑑𝑖+1𝑉𝑖+1 − 𝛹𝑠(𝑘 + 1)|

= 𝑇𝑠|𝑢𝑠
∗ − 𝑑𝑖𝑉𝑖 − 𝑑𝑖+1𝑉𝑖+1| 

(3.80) 

 

In order to optimize the cost function of the stator flux linkage vectors, the 

reference voltage vector and candidate voltage vector of the three voltage 

vector combination are equal, and the optimal duty cycle of two adjacent 

extended voltage vectors can be obtained according to the parallelogram 

vector combination method. Using the triangle sine theorem from geometric 

relationships: 
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𝑑𝑖
𝑜𝑝𝑡|𝑉𝑖|

𝑠𝑖𝑛(𝜋 6⁄ − 𝜃𝑣𝑢)
=
𝑑𝑖+1
𝑜𝑝𝑡|𝑉𝑖+1|

𝑠𝑖𝑛(𝜃𝑣𝑢)
=

|𝑢𝑠
∗|

𝑠𝑖𝑛(5𝜋 6⁄ )
 (3.81) 

 

The optimal duty cycle of two adjacent extended voltage vectors can be 

derived from Equation 3.81: 

𝑑𝑖
𝑜𝑝𝑡

=
|𝑢𝑠
∗| 𝑠𝑖𝑛(𝜋 6⁄ − 𝜃𝑣𝑢)

|𝑉𝑖| 𝑠𝑖𝑛(5𝜋 6⁄ )
=
2|𝑢𝑠

∗| 𝑠𝑖𝑛(𝜋 6⁄ − 𝜃𝑣𝑢)

|𝑉𝑖|
 (3.82) 

  

𝑑𝑖+1
𝑜𝑝𝑡 =

|𝑢𝑠
∗| 𝑠𝑖𝑛(𝜃𝑣𝑢)

|𝑉𝑖+1| 𝑠𝑖𝑛(5𝜋 6⁄ )
=
2|𝑢𝑠

∗| 𝑠𝑖𝑛(𝜃𝑣𝑢)

|𝑉𝑖+1|
 (3.83) 

 

Based on two adjacent extended basic voltage vectors and their 

corresponding optimal duty cycle, two effective and zero vectors are combined 

to achieve duty cycle control. The control effectiveness of the combinational 

voltage vectors with the duty cycle is fully considered, ensuring that the added 

voltage vector follows the reference voltage vectors and achieves the 

deadbeat control of the stator flux linkage vector according to its reference 

value, effectively improving the control accuracy of the electromagnetic torque 

and stator flux linkage. A block diagram of FCS-MPTC is presented in Figure 

3.28. 
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Figure 3.28 : Block Diagram of the Optimization Strategy for FCS-MPTC 
 

The PMSM is driven by a three-phase inverter module, and the reference rotor 

electrical angular velocity 𝜔𝑒
∗  compares with the rotor electrical angular 

velocity 𝜔𝑒(𝑘) obtained from speed measurement. After the PI controller, the 

reference electromagnetic torque 𝑇𝑒
∗ , the reference stator flux linkage 

amplitude |𝛹𝑠
∗|, and the stator flux linkage vector 𝛹𝑠(𝐾 + 2) are included in a 

stator flux linkage vector calculation. The reference stator flux linkage vector 

𝛹𝑠
∗ , the stator flux linkage vector 𝛹𝑠(𝑘 + 1) , and the stator current vector 

𝑖𝑠(𝑘 + 1) are incorporated into a reference stator voltage vector 𝑢𝑠
∗  by flux 

linkage vector estimation and time-delay compensation (through conversion 

of the three-phase current 𝑖𝑎𝑏𝑐 to the stator current vector 𝑖𝑠(𝑘) of the α and β 

static coordinate system after Clarke transformation, with the stator voltage 

vector 𝑢𝑠(𝑘) from the voltage estimation). Based on the extended voltage 

vector control sets 𝑉1⋯𝑉12, the drive signals 𝑄𝑔𝑠1⋯𝑄𝑔𝑠6 are generated from 

the cost functions 𝑑𝑖𝑉𝑖  and 𝑑𝑖+1𝑉𝑖+1 . All that has been described above is 

indispensable for the PMSM to work well. 
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3.5 Shaft Voltage and Bearing Current of PMSM 

Statistically, 41% of motor failures result from bearing damage. The causes of 

bearing failure encompass shaft voltage, load mutation, load vibration, 

overload, bearing pollution, overheating, insufficient or invalid lubricating oil, 

misaligned installation, looseness, and improper maintenance. This section 

primarily discusses the causes, hazards, and solutions for internal shaft 

voltage in motors. 

3.5.1 Generation Mechanism 

The causes of shaft voltage can be classified into five main categories: 

a. Unipolar Effect of Axial Flux 

In electrically excited synchronous motors there exist various circuits, such as 

collector ring devices and rotor winding ends, surround the rotating shaft. The 

design should ensure that the magnetomotive force generated by these 

circuits offsets each other. Improper design or short circuiting of the rotor 

winding between turns can lead to unbalanced magnetomotive forces and 

result in axial remanence. Moreover, abnormal conditions such as generator 

short circuiting can magnetize the shaft, bearing bush, casing, and other 

devices, retaining residual magnetism. The resulting magnetic field lines flow 

through the bearing bush, generating shaft voltage as the main shaft rotates. 

This shaft voltage, produced by the monopole effect of axial flux, comprises a 

DC component that varies with the load. 
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b. Generator Static Excitation System 

In the static excitation system of electrically excited synchronous motors, the 

rectifier introduces high-amplitude voltage pulses into the rotor winding, 

generating shaft voltage on the shaft through the distributed capacitance 

between the rotor winding and the shaft. 

c. Electrostatic Charge Accumulation 

In a turbine generator, water molecules in the steam collide with and create 

friction on the turbine generator blades, resulting in the generation of 

electrostatic charge on the high-speed rotating turbine generator rotor. The 

accumulation of this electrostatic charge causes shaft voltage. 

d. Unbalanced Magnetic Circuit 

Rotor eccentricity, sector structure, fractional slot structure, three-phase 

winding imbalance, three-phase power supply voltage imbalance, winding turn 

short circuit due to motor manufacturing deviation, bearing wear, and other 

factors result in magnetic circuit imbalance. This imbalance generates an 

alternating net magnetic flux around the shaft, inducing inherent shaft voltage. 

e. CM Voltage of Three-Phase Inverter 

In conventional PWM control, the three-phase output voltage of the frequency 

converter exhibits a 120° phase angle difference, but the sum of the three-

phase output voltage is non-zero, resulting in a stepped zero sequence 

voltage known as the CM voltage. The alternating frequency corresponds to 

the switching frequency of the frequency converter. Due to distributed 
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capacitors in the motor, the CM voltage traverses various circuits between the 

coil and rotor, the coil and stator core, and the coil and casing, ultimately 

leading to the application of CM shaft voltage on the bearing. 

In the early stages of permanent magnet motor development, limited single 

machine power, low speeds, and an integer number of slots per pole resulted 

in either negligible or no shaft voltage production, leading to minimal 

associated harm. 

In the 1980s, the advent of high-performance permanent magnet materials 

propelled the research, development, and utilization of permanent magnet 

motors into a new era of rapid advancement. This period witnessed continuous 

increases in the capacity and speed of single-machine permanent magnet 

motors. Inverter-powered permanent magnet motors experienced substantial 

growth, leading to an increasingly significant impact of shaft voltage. For 

instance, high-power line-start PMSM commonly exhibit elevated inherent 

shaft voltage due to rotor eccentricity and machining deviation. Meanwhile, 

CM shaft voltage presents a prevalent issue in small power inverter fed PMSM, 

necessitating the implementation of corresponding measures to mitigate 

bearing damage caused by shaft voltage. 

The line-start PMSM is powered directly by the grid, resulting in only inherent 

shaft voltage. Conversely, the PMSM fed by a frequency converter exhibits 

both inherent shaft voltage and CM shaft voltage. The generation mechanism 

and characteristics of these two types of shaft voltage are elaborated below. 
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3.5.1.1 Inherent Shaft Voltage 

In a permanent magnet motor, the permanent magnetic field and armature 

reaction magnetic field can both generate inherent shaft voltage: 

a. Inherent Shaft Voltage of Permanent Magnetic Field  

As previously discussed, motor manufacturing deviations such as rotor 

eccentricity, sector structure, fractional slot stator structure, and bearing wear 

can lead to asymmetry in the motor's magnetic circuit. The resulting shaft 

voltage generated by the interaction between the permanent magnet and the 

asymmetric stator magnetic circuit structure is referred to as the inherent shaft 

voltage of the permanent magnetic field. 

b. Inherent Shaft Voltage of Armature Reaction Magnetic Field  

In the case of a SPMSM with a uniform air gap and integral slot winding, along 

with the application of symmetrical or asymmetrical three-phase current, the 

inherent shaft voltage of the armature reaction magnetic field will not be 

generated. Conversely, in fractional slot winding PMSM, the application of 

symmetrical or asymmetrical three-phase current typically leads to the 

generation of inherent shaft voltage from the armature reaction magnetic field. 

Additionally, the inherent shaft voltage of the armature reaction magnetic field 

is also alternating, and the path of shaft current generated by the armature 

reaction magnetic field aligns with that of the permanent magnet magnetic 

field. © C
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3.5.1.2 CM Shaft Voltage 

The voltage between the neutral point and the reference ground of the motor 

denotes the CM voltage. When PMSM is powered by symmetrical sine wave 

three-phase voltage, the CM voltage remains at zero. However, when a 

frequency converter is employed for power supply, the three-phase voltage is 

comprised of a series of pulses, resulting in the CM voltage no longer being 

zero but an alternating voltage made up of pulses, as illustrated in Figure 3.29. 

This CM voltage establishes a circuit through the distributed capacitance and 

bearing capacitance across the stator, rotor, winding, and permanent magnet, 

thereby giving rise to bearing current. Based on different flow paths, three 

types of bearing current are generated by the CM voltage shaft voltage 

t

CM Voltage

 

Figure 3.29 : Generated CM Voltage Waveform by PWM 
 

a. Capacitive Discharge Current 

The CM voltage results in shaft voltage through the distributed capacitance 

among the stator winding, stator core, and rotor. If the bearing oil film breaks 
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down, high frequency bearing current is produced, following the path: stator 

winding→rotor→shaft→end caps at both ends→motor shell→ground 

wires→frequency converter. Typically, the shaft is grounded by a brush or 

protective ring to protect the bearing. 

b. Rotation Shaft Grounding Current 

The CM voltage generates high-frequency leakage current that flows to the 

casing through the capacitance between the stator winding and the stator 

core. This current must be returned to the frequency converter. The majority 

of it returns to the frequency converter through the casing ground wire, 

bypassing the bearing and therefore having no impact on it. However, any 

return circuit carries impedance, resulting in the shell potential being higher 

than ground. When the motor shaft is connected to a gearbox or other 

transmission machinery that is firmly grounded and has a similar potential to 

the frequency converter housing through a metal coupling, the bearing will 

experience an elevated voltage level. In the event of a breakdown in the 

bearing oil film, a portion of the current will flow through the bearing, shaft, and 

transmission machinery before returning to the frequency converter. If the 

rotating shaft lacks direct contact with ground level, part of the current will flow 

through the bearings of the gearbox or load machinery, causing damage to 

these bearings prior to the motor bearings. 

c. High Frequency Circulating Bearing Current 

As previously discussed, the CM voltage produces high-frequency leakage 

current that flows to the stator core and casing through the capacitance 
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between the stator winding and stator core. Consequently, the high-frequency 

current entering the stator winding from the frequency converter is greater than 

the high-frequency current flowing back to the frequency converter from the 

stator winding, leading to a non-zero axial current in the winding. This axial 

current generates high-frequency alternating magnetic flux, resulting in high-

frequency shaft voltage following the same path as the inherent shaft voltage. 

In the event of a breakdown in the bearing oil film, high frequency circulating 

current will flow through the bearing. 

3.5.1.3 CM Voltage Equivalent Circuit   

The distributed capacitance between the stator core, rotor core, stator winding, 

permanent magnet, and bearing capacitance collectively form a circuit, giving 

the CM shaft voltage. 

The CM voltage represents the zero-sequence component, leading to the 

need for the PMSM to be treated as an equivalent zero sequence circuit during 

CM voltage analysis. In PMSM, in addition to winding resistance and 

inductance, distributed capacitance is also present. From a capacitive 

perspective, the PMSM comprises four electrodes: stator core (including 

shell), rotor core (including shaft), permanent magnet, and stator winding. 

Distributed capacitance exists between these electrodes, and the bearing is 

considered as a capacitance prior to breakdown. Considering the structure of 

the PMSM, the distributed capacitance, zero sequence resistance, zero 

sequence inductance, and inverter are combined to form the CM equivalent 

circuit of the motor frequency converter system, as illustrated in Figure 3.30. 
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Figure 3.30 : Equivalent Circuit Diagram of CM Voltage 
Where, 𝑅0 represents the winding zero sequence resistance, equal to 1/3 of 

the phase winding resistance, while 𝐿0 denotes the winding zero sequence 

inductance, equivalent to 1/3 of the phase winding inductance. Additionally, 𝐶𝑏 

stands for the bearing capacitance, 𝐶𝑠𝑤  is the capacitance between the 

winding and the stator core, 𝐶𝑤𝑚  represents the capacitance between the 

winding and the permanent magnet, 𝐶𝑤𝑟  signifies the capacitance between 

the winding and the rotor core, 𝐶𝑠𝑚  denotes the capacitance between the 

stator core and the permanent magnet, and 𝐶𝑠𝑟  indicates the capacitance 

between the stator core and the rotor core. 

3.5.2 Suppressing Measures 

The PMSM, as an advanced motor type, plays a critical role in modern 

industry. Implementing effective protective measures and strategies is 

essential for ensuring its optimal and efficient operation. © C
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3.5.2.1 Bearing Protection Measures 

When the shaft voltage is insufficient to damage the bearing, protective 

measures cannot be implemented. However, when the shaft voltage is high 

enough to puncture the bearing oil film, mitigation measures must be 

employed. These measures include reducing the shaft voltage, minimizing the 

voltage borne by the bearing oil film, and directly grounding the shaft voltage. 

Methods for reducing the voltage borne by the bearing oil film primarily involve 

using insulated bearings and insulated end caps. Directly grounding the shaft 

voltage entails installing a grounding brush on the shaft. These methods are 

briefly outlined below: 

 

a. Insulated Bearing 

An insulated bearing is characterized by its insulating properties, which are 

achieved through the application of a specialized process to coat the outer or 

inner ring with an insulating material, or by utilizing ceramic rolling elements. 

b. Insulated Bearing Housing 

The inner hole and end face of the insulated bearing housing are coated with 

a layer of insulating material of specific hardness, serving the same function 

as the insulated bearing. 

c. Grounding Brush 

Grounding brushes are installed at one or both ends of the shaft. However, 

this method is susceptible to reduced reliability due to exposure to 

environmental dust and oil stains, necessitating regular maintenance. 
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d. Grounding Protection Ring 

The grounding protection ring consists of a grounding ring with numerous fixed 

conductive fibers. When secured to the end cover with screws, the conductive 

fibers make substantial contact with the shaft, ensuring effective conduction 

between the shaft and the end cover, and direct grounding of the shaft voltage. 

Its function parallels that of a grounding brush, while boasting heightened 

reliability. 

The shaft grounding ring, located near either end of the shaft refers to Figure 

3.31, utilizes carbon fiber brushes to establish contact with the shaft, providing 

a direct path to ground for the current flowing through the shaft. This 

redirection of current prevents it from passing through the bearings, thus 

mitigating bearing failure resulting from unbalanced PWM waves. 

 

 

 

© C
OPYRIG

HT U
PM



 
158 

 

    (a)  

Driven 
Equipment Shaft Rotor

Stator

VFD

 

    (b)  

Figure 3.31 : Physical Map of Grounding Protection Ring: (a) Contour 
Structure; (b) Installation Location 
 
 
There are several designs of shaft grounding rings. While they provide the 

same protection, each of them offers unique mounting options specific for 

need: 

a. Split Rings 

Split rings come in two pieces allowing for insulation on a motor shaft that it 

still connected to the driven equipment without removing the pulley or 
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coupling. These rings can either be mounted with screws, clips or with 

conductive epoxy. 

b. Solid Rings 

These rings are installed flush with the motor using conductive epoxy, clips, 

stand-off brackets or bolt through. The Epoxy takes 10 minutes to dry after 

installation. This line (method of installation) of rings is often installed when 

motors are in a shop for repair or in the field prior to installation on the driven 

equipment. 

c. Press Fit  

Rings can be press fit installed if the motor is in a shop. The motor end bracket 

is bored out to a 0.0005"-0.0015" interference fit. 

Insulated bearings, insulated bearing chambers and insulated end cover are 

suitable for weakening the inherent shaft voltage and not suitable for common 

mode shaft voltage. The grounding brush and grounding protection ring are 

suitable for the weakening of common mode shaft voltage and not suitable for 

the inherent shaft voltage. 

3.5.2.2 Suppressing Measures of CM Voltage 

As is mentioned above, shaft voltage and bearing current can cause significant 

damage to the PMSM, and some Suppressing Measures need to be taken to 

decrease CM voltage. 
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a. Active and Passive Filter 
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(b) 

 
Figure 3.32 : Variable Frequency Motor Drive Control System with 
Suppressing Measures (a) Active Filter; (b) Passive Filter 
 

Figure 3.32(a) depicts a variable frequency motor drive system featuring a 

source filter. The active power filter comprises voltage detection, push-pull 

circuit, and CM transformer circuit. 𝑉𝐶𝑀  and 𝑖0 denote common mode voltage 

and common mode current, respectively. 𝑍1  and 𝑍2  represent CM voltage 

detection circuits comprising passive devices. Upon detecting the CM voltage, 
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the detection circuit generates control current. The push-pull circuit amplifies 

the control current and applies it to the transformer to produce a voltage with 

equivalent amplitude but opposite polarity to the CM voltage, thereby 

counteracting the CM voltage at the inverter output. 

Figure 3.32(b) illustrates the variable frequency motor drive system with a 

passive filter, where an RLC passive filter is inserted between the frequency 

converter and the motor, with the common end of the filter connected to the 

midpoint of the DC bus. 
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b. Multilevel Inverters 

 

(a) 

  

(b) (c) 

Figure 3.33 : Multilevel Inverters: (a) NPC (b) FC (c) CHB 
 

Multilevel inverters have gained significant attention in the research 

community due to their application in high voltage and large power conversion 

scenarios. The exploration of circuit topologies and PWM control methods for 

multilevel inverters has emerged as a prominent area of investigation. In 

comparison to the conventional two-level inverters, the multilevel inverters 

offer several advantages such as reduced voltage stress on SiC MOSFET, 
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lower THD, and EMI. These desirable features make multilevel inverters well-

suited for motor drive control systems, which can be categorized into three 

main configurations: neutral point clamped (NPC), flying capacitor (FC), and 

cascaded H-bridge (CHB), as illustrated in Figure 3.33. 

3.6 EMI Harm and Protection about Motor Drive Control System 
Based on PMSM with SiC MOSFET 

The wide band gap SiC MOSFET and PMSM become advantageous source 

for NEEVs, leading to EMI problems, which make the motor drive control 

system difficult to EMC standards. In this research, the generation 

mechanism, propagation path and test infrastructure of EMI are explained, and 

a system level conducted EMI equivalent circuit models for the motor drive 

control system is proposed, which includes power battery pack, busbar cable, 

LISN, three phase inverter, and PMSM. On this foundation, the principles of 

suppression and optimization EMI noise are discussed. 

3.6.1 EMI Testing Fundamentals 

Section 2.8 introduces conducted EMI testing principles, techniques and 

equipment to lay the foundation of simulate and experiment. 
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3.6.1.1 LISN and EMI Receiver 
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Figure 3.34 : LISN Internal Detailed Circuit Schematic 
 

Conducted EMI propagates to other components or whole system through the 

busbar cable, which can be measured by voltage or current method. Generally 

speaking, the line impedance stability network (LISN) is a low pass filter 

connected between the device under test (DUT) and power supply lines, as 

shown in Figure 3.34. The LISN is used as EMI testing setup for two purposes: 

the first function is to block and transfer high frequency electrical noise 

pollution from external grid system; another function is to provide test ports 

and interfaces for spectrum analyzers or EMI receivers. 

The measurement frequency range of LISN is 150 kHz and 30 MHz for motor 

drive control system, the measuring point resistance and inductance are 5Ω 

and 250uH respectively between each input power line and the common 

ground, so as to ensure the consistency of the measured data results in 

different test sites. The impedance characteristics curve of LISN are given in 

Figure 3.35. 

© C
OPYRIG

HT U
PM



 
165 

10
-1

10
0

10
1

10
2

0

10

30

40

50

60

20

Impedance

Frequency(MHz)  

Figure 3.35 : LISN Impedance Curve 
 

The normal workflow of EMI receiver is indicated in Figure 3.36. The RF input 

signal measured by LISN is first passed through attenuator and preselector 

and enlarged by high frequency amplifier. Then, the preprocessed signal 

mixes with the local oscillator and enters an intermediate frequency filter, the 

attenuator and amplifier ensure that only the intermediate frequency signal 

passes through them. After that, the peak, RMS, average or quasi peak of the 

intermediate frequency signal can be obtained by choosing different detector 

circuits. Finally, these values are selected by low frequency amplifier, filter and 

analog to digital (A/D) conversion to display the spectrum curve on the screen. 
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Figure 3.36 : EMI Receiver Block Diagram 
 

3.6.1.2 Test Platform 

The LISN, EMI receiver, DUT are placed on a metal ground plane seen in 

Figure 3.37.  

Power

LISN

LISN

Chassis Ground Plane

Dielectric Support

DUT

Coaxial Cable

Bulkhead 
Connector

Shielded Enclosure

EMI Receiver
 

Figure 3.37 : EMI Test Environment 
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3.6.1.3 Conducted CM and DM Interference 

The conductive EMI noise voltage is decomposed into CM and DM voltage. 

The CM noise is the average voltage 𝑉𝐶𝑀  and the DM noise is the difference 

voltage 𝑉𝐷𝑀  of two LISN resistors: 

𝑉𝐶𝑀 = (𝑉𝑢 + 𝑉𝑑) 2⁄  (3.84) 

  

𝑉𝐷𝑀 = 𝑉𝑢 − 𝑉𝑑  (3.85) 

  

where 𝑉𝑢 and 𝑉𝑑 are the voltage noise signals measured across the upward 

and downward LISN respectively.  

The conductive EMI noise currents are also defined into CM and DM currents. 

CM currents flow through the phase and neutral conductors and take ground 

wire as the return path whereas differential mode currents flow between 

neutral and phase conductors. The phase noise currents 𝐼𝑃 and neutral noise 

currents 𝐼𝑁 can be rewritten as: 

𝐼𝐶𝑀 = (𝐼𝑃 + 𝐼𝑁) 2⁄  (3.86) 

  
𝐼𝐷𝑀 = (𝐼𝑃 − 𝐼𝑁) 2⁄  (3.87) 

 
 

Where 𝐼𝐶𝑀  and 𝐼𝐷𝑀 are CM and DM currents respectively depicted in Figure 

3.38. 𝐼𝑃 and 𝐼𝑁 represent the current flowing in phase and neutral lines.  © C
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Figure 3.38 : CM and DM Flowing Paths 
 

3.6.2 EMI Modeling of Motor Drive Control System 

In the past, EMI modeling was considered difficult and impractical because it 

required detailed parameters that could not be predicted until the printed circuit 

board (PCB) layout was completed. Section 3.6.2 establishes and analyzes 

the EMI system level equivalent circuit model, which follows the top-down 

process and can be changed with the project progress to improve fidelity. 

3.6.2.1 Equivalent Circuit Models of Power Electronic Components 

The EMI of the motor drive control system is fundamentally caused by its own 

power electronics components. Therefore, it is necessary to establish an 

effective and accurate equivalent circuit model, such as resistor, capacitor, 

busbar cable, power battery pack, SiC MOSFET, PMSM, and PCB wiring. 

a. Electric Capacitor Models 

As Figure 3.39 shows Capacitance 𝐶  is the ideal capacitor, and 𝑅𝑝  is the 

insulation resistance corresponding to the direct leakage current. Heat 

dissipation within the plates, terminals and all conducting parts are 
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represented by 𝑅𝑠  and it is known as the equivalent series resistance 

(ESR). L stands for the total inductance of the leads and plates as the 

equivalent series inductance (ESL). 

Rp

CL Rs

OUTIN

 

Figure 3.39 : Equivalent Circuit Model of an Electric Capacitor 
 

b. Busbar Cable 

Busbar cables, found in power distribution systems, are distributed elements 

whose lengths may by far exceed the operating wavelength in Figure 3.40. 

They can be modeled as multi-conductor transmission lines, where many 

frequency-dependent characteristics including per unit length parameters, 

skin and proximity effect, dielectric losses, and transmission line propagation, 

reflections, and delay need to be appropriately accounted. 
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Figure 3.40 : Equivalent Circuit for Modeling a Long Three Phase Busbar 
Cable 
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Therefore, the main purpose of modeling the busbar cable is to determine the 

resistance 𝑅, inductance 𝐿 and the capacitance 𝐶 per unit length cable. 

First, calculate the resistance 𝑅: 
 

𝑅 = 𝜌 𝑠 = 𝜌 𝜋𝑟1
2⁄⁄  (3.88) 

 

Where, 𝜌 is the resistivity of materials, 𝑠 is the cross-sectional area, 𝑟1 is the 

cross-section radius. 

Next, calculate the inductance 𝐿. The cable has an inner conductor and an 

outer conductor, also called shielding layer. So 𝐿 consists of the inner self-

inductance 𝐿𝑖 and the outer self-inductance 𝐿𝑒 in Figure 3.41. 

Outer 

Conductor

Inner 

Conductor

a

b

 

Figure 3.41 : Busbar Cable Self-Inductance Diagram 
 

According to the transmission line theory, internal self-inductance per meter 

𝐿𝑖 is: 

𝐿𝑖 = 𝜇0 8𝜋⁄  (3.89) 

 

𝜇0 is the permeability of vacuum. The value of the outside self-inductance per 

meter is: 
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𝐿𝑒 = (𝜇0 2𝜋⁄ ) 𝑙𝑛 𝑏 𝑎⁄  (3.90) 

 

So, the value of the self-inductance per meter of the cable 𝐿 is: 
 

𝐿 = 𝐿𝑖 + 𝐿𝑒 = 𝜇0 8𝜋⁄ + (𝜇0 2𝜋⁄ ) 𝑙𝑛 𝑏 𝑎⁄  (3.91) 

 

At last, calculate the capacitance between the shielding layer and the unit 

length cable 𝐶. 

According to transmission line theory, the expression of 𝐶 is: 
 

𝐶 = ∫𝐸 ⋅ 𝐷 𝑑𝑣
𝑉

𝑈1𝑈2⁄  (3.92) 

 

Where 𝑈1  is the inner conductor to ground voltage, and 𝑈2  is the shielding 

layer to ground voltage. They are all fixed values. 𝐸 is electric field intensity, 

𝐷 is the electric displacement. 

c. Power Battery Pack 

In the market, in order to extend the driving mileage of NEEVs, a large number 

of low voltage single cell are required to be connected into high-voltage power 

battery pack. The equivalent circuit model is shown in Figure 3.42. 
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Figure 3.42 : Equivalent Circuit Model of Power Battery Pack 
 

d. SiC MOSFET 

For SiC MOSFET, parasitic capacitance and inductance need to be 

considered for more accurate modeling. As shown in Figure 3.43, the turn on 

resistance 𝑅𝐺, 𝐶𝐺𝐷 and 𝐶𝐺𝑆 are parasitic capacitances between the grid and 

drain respectively from the manufacturer datasheet. The 𝐶𝐷𝑆 is both parasitic 

capacitance from the drain to the source and the junction capacitance of the 

antiparallel diode. 𝐿𝐺 , 𝐿𝐷 , and 𝐿𝑆  are parasitic inductances of drain, source 

and gate, as well as packaging pins. 𝐶𝑝1 and 𝐶𝑝2 are the parasitic capacitance 

between the power module and the metal substrate. 
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Figure 3.43 : SiC MOSFET Equivalent Circuit Model with Parasitic 
Parameters 
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Figure 3.44 : Coupled Three Phase RLC Equivalent Circuit Model of 
PMSM 
 

PMSM can be as the most complex electrical parts in the motor drive control 

system. And it is impossible to know the whole parameter details in practice, 

the physical modeling method of the motor is usually not applicable. The 

PMSM is a low frequency induction device and modeled by a three phase 

linear RLC circuit in Figure 3.44. 
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f. PCB Tracks 

The influence of PCB tracks interconnect design is sometimes overlooked in 

EMC research and analysis. When extracting the parasitic parameters of PCB 

tracks, only the parasitic resistance and inductance are considered because 

the parasitic capacitance is very small. For example, PCB tracks L and N can 

be regarded as two conductors. The equivalent circuit model is shown in 

Figure 3.45, where 𝑅1 and 𝐿1 are the resistance and self-inductance of track 

𝐿, 𝑅2 and 𝐿2 are the resistance and self-inductance of track 𝑁, and 𝐾𝐿−𝑁 is the 

mutual inductance between the two tracks. 
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Figure 3.45 : HF Equivalent Circuit Model of the PCB Tracks L and N 
 

It can be seen from Table 3.3 that with the increase of frequency, self-

inductance and mutual inductance values hardly change, while resistance 

changes greatly and provide some useful experiences and lessons for ultra-

high frequency motor drive control system. 

Table 3.3 : HF Parasitic Parameters of PCB Tracks L and N 
 

frequency R1(mΩ) R2(mΩ) L1(nH) L2 (nH) M12 (nH) 

f=150kHz 13.33 12.91 32.92 34.95 6.48 

f=10MHz 14.36 13.89 32.81 34.83 6.41 

f=30MHz 21.05 20.91 31.70 33.71 6.16 
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3.6.2.2 Equivalent Circuit Models of Motor Drive Control System 

Figure 3.46 represents the system level equivalent circuit models of motor 

drive control system, including power battery pack, LISN, three phase inverter, 

busbar cable and PMSM. The spectrum of EMI source is distributed in the 

frequency range from 150kHz to 30MHz. Therefore, the parasitic parameters 

must be considered to research and analysis the transmission path of 

conducted EMI. 
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Figure 3.46 : System Level Equivalent Circuit Models of Motor Drive 
Control System 
 

3.6.3 EMI Affects of High Switching Frequency for Motor Drive 
Control System 

While fast switching SiC MOFET presents both exciting opportunities and 

significant technical challenges in motor drive control systems. Figure 3.47 

illustrates that the utilization of SVPWM in a three-phase inverter driving a 

PMSM results in asymmetrical instantaneous voltages, leading to a high 

frequency CM voltage that adversely affects the windings, stator, and rotor of 

the motor. This high frequency CM voltage further impacts the stray and 
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parasitic capacitances, resulting in the generation of high amplitude and 

frequency CM current. More importantly, the CM current has a detrimental 

effect on motor bearings, significantly reducing the operation life span of 

frequency conversion motors. 
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Figure 3.47 : Sketch Map of CM/DM Voltage in Motor Drive Control 
System 
 

3.6.3.1 Failure Mechanism of Motor Insulation 

In a voltage source inverter motor drive control system, the output pulses 

during fast turn-on and turn-off of SiC MOSFET can cause an increase in 

overvoltage levels at the motor terminals and stator neutral, referred to as the 

reflected wave. This overvoltage is characterized by CM (phase-to-ground) 

motor-terminal overvoltage, DM (phase-to-phase) motor-terminal overvoltage, 

and CM stator-neutral overvoltage (motor-neutral-to-ground), and is 

influenced by factors such as the busbar cable length, the impedance 

mismatch between the busbar cable and the motor, and the rise and fall times 

of the inverter output voltage. In addition, the overvoltage occurs at the motor 

side and the overcurrent also exists at the inverter side. Overvoltage leads to 

© C
OPYRIG

HT U
PM



 
177 

partial discharge (PD) onset, which can accelerate motor winding insulation 

degradation, increase stress on bearings, and result in premature failure. At 

the same time, overvoltage creates EMI problems, while overcurrent impacts 

the switching characteristics of electric power equipment. 

3.6.3.2 Damage of Shaft Voltage and Bearing Current 

In motor drive control systems, the switching operations of power electronic 

devices may give rise to high-frequency leakage currents of up to 10MHz. 

These leakage currents can inadvertently impact circuit breakers and initiate 

trip faults, in addition, it is highly likely that they are highly likely to flow through 

the motor bearings and cause serious damage. There are three main bearing 

current phenomena: bearing discharge current, capacitive bearing current, 

and induced (or circulating) bearing current. Bearing discharge currents are 

caused by breakthroughs of the bearing grease, resulting in the discharge of 

the bearing capacitance. These discharge currents circulate solely within the 

motor and cannot be measured externally, flowing through both bearings and 

the capacitance between the rotor and stator. Capacitive bearing currents are 

generated when CM voltage is applied to the motor, with a portion of the CM 

voltage also being applied to the bearings due to the parasitic capacitance of 

the motor. Similar to the bearing discharge current, the induced bearing 

current circulates inside the motor and cannot be measured externally. © C
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Figure 3.48 : Coupling Path Schematics of Bearing Current 
 

The high CM voltage is produced through the PWM operation of the inverter, 

exerting an influence on the capacitive coupling paths formed by three primary 

stray capacitors within the motor. These capacitors include the capacitance 

between the stator winding and frame (𝐶𝑤𝑓), the capacitance between the rotor 

and frame (𝐶𝑟𝑓), and the capacitance between the stator winding and rotor 

(𝐶𝑤𝑟). As a result of this coupling, a bearing voltage (𝑉𝑏) is generated. The 

coupling paths are illustrated in Figure 3.48. 

Shaft voltage encompasses the voltage that arises at the two bearing ends of 

the motor or between the motor rotor shaft and the bearings during motor 

operation. Normally, when the shaft voltage remains low, the lubricating oil film 

between the motor rotor shaft and the bearing functions as an effective 

insulator. However, if the shaft voltage exceeds to a certain threshold duo to 

external factors, the lubricating oil film will be penetrated, leading to discharge 

and the creation of a bearing current circuit. This bearing current not only 
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disrupts the stability of the lubricating oil film but also gradually deteriorates 

the quality of the cooling and lubricating oil. Additionally, as the bearing current 

passes through the metal contact point between the bearing and the shaft, it 

generates intense heat instantaneously, resulting in localized bearing melting. 

The melted bearing alloy then splashes under rolling pressure, causing the 

formation of small pits and burnouts on the inner surface of the bearing. 

Ultimately, accelerated mechanical wear occurs, leading to bearing damage, 

while severe cases may result in bearing shell burnouts, accidents, and 

enforced shutdowns. 

As the voltage arcs between the bearings and the housing, it leaves 

microscopic weld splatters. These splatters make the bearings' rolling 

elements; ball or roller, and internal raceways rough; which could lead to the 

bearing failure. 
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Figure 3.49 : Causal Chain of Bearing Damage 
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Figure 3.49 illustrates the generation of high-frequency CM voltage and 

current by the PWM CM source. These CM signals, upon passing through 

coupling capacitors and inductors, give rise to shaft voltage and bearing 

current. Consequently, this phenomenon results in degradation of bearing 

performance. 

3.6.4 EMI Suppression Discussion of Motor Drive Control System 

Section 3.6.4 introduces the conducted EMI model of motor drive control 

system in NEEVS to better understand how generates and propagates paths 

and predict noise levels. However, due to EMC standards, the conducted EMI 

needs to be limited. In order to improve the conducting of EMI, it is usually 

necessary to consider three aspects: suppressing interference source, 

optimizing propagation path and improving equipment immunity. 

3.6.4.1 EMI Suppression and Optimization Measures 

At the moment, as for the motor drive control system, specific measures mainly 

include electromagnetic shielding grounding, installation filters, advanced 

PWM strategies, and redesigning the system structure and layout. 

a. Electromagnetic Shielding 

Electromagnetic waves are the main mode of electromagnetic energy 

transmission. Electromagnetic shielding is a shell made of soft magnetic metal 

material that almost surrounds the equipment to prevent external 

electromagnetic fields effect. The inverter can be shielded as a whole and has 

a sound grounding. 
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b. Filter 

Electromagnetic shields are usually used to prevent radiation EMI. And for 

conduction EMI, filtering is the most effective measure of protection. Adding 

filters is a convenient solution, including passive and active EMI filters. 

However, due to the limited bandwidth of integrated operational amplifiers in 

active EMI filters, it is difficult to suppress EMI effectively in a wide frequency 

range. Because of relatively simple structure, effective frequency bandwidth 

and large noise attenuation, passive EMI filter is the most widely used to 

suppress EMI in motor drive control system. 

The EMI filter mismatched impedance usually has a better performance. 

According to the filter mismatch principle: inductor 𝐿 is regarded as a high 

resistance element; capacitor 𝐶 is a low resistance element. If the output load 

is inductive high resistance, the output filter is capacitive low resistance; and 

the output load is capacitive low resistance, the output filter load is inductive 

high resistance, as shown in Figure 3.50. 
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Figure 3.50 : Impedance Mismatch of Passive EMI Filters 
 

The CM and DM passive EMI filter are now mainly applicable to the motor 

drive control system. When the CM component of a signal tries to go through 

the choke, it will meet a high impedance, due to the inductance created by the 

magnetization of the core and the coils. In opposition to the CM behavior, the 

DM component of the signal will see almost no impedance in the choke, this 

phenomenon could be explained with the magnetic field compensation inside 

the core. If the core is not magnetized, then no inductance will appear in the 

line. The two and three phase common mode busbar cable chokes of Würth 

Elektronik Group are widely used in conduction EMI filtering circuits because 

of their high impedance parameters, high power density and diverse magnetic 

cores in Figure 3.51. © C
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Figure 3.51 : CM busbar Cable Choke and Physical Picture (a) Two Phase 
(b) Three Phase 
 

c. Advanced PWM Strategies 

The angular frequency of the EMI spectrum is determined by the duty cycle 

and switching frequency of the PWM waveform. According to the different 

frequency, it can be divided into constant switching frequency PWM 

(CSFPWM) and variable switching frequency (VSFPWM): random switching 

frequency PWM(RSFPWM), period switching frequency PWM(PSFPWM), 

and model prediction switching frequency PWM(MPSFPWM). By using 

VSFPWM, the output voltage and current concentrated harmonic of inverter in 

low frequency range are expanded to a wider band, which has lower EMI peak 
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value. As shown in Figure 3.52, the ordinate axis is harmonic amplitude, and 

𝑓 on abscissa axis is carrier frequency. 
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Figure 3.52 : Harmonic Magnitude of VSFPWM and CSFPWM (a) 
RSFPWM; (b) PSFPWM; (c) MPSFPWM 
 

d. Complex Inverter Circuit Topologies 

EMI always exists in the motor drive control system based on three-phase two-

level inverter. To further minimize EMI, some improved inverter circuit 

topologies have been proposed, such as three level inverter, and double 

parallel inverter as shown in Figure 3.53. Multistage inverters have smaller 

dv/dt, which can reduce the inverter output voltage and current harmonics. 

Unfortunately, more complex inverter circuit topologies have higher hardware 

costs and control complexity and reduce the power density of the system. 
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(b) 

Figure 3.53 : Complex Inverter Circuit Topologies (a) Three Level 
Inverter; (b) Double Parallel Inverter 
 

3.6.4.2 EMI Solve Solution of Motor Drive Control System 

In order to suppress the conducted EMI noise of the motor drive control 

system, passive filters with high insertion loss, wide frequency band and 

strong currents are usually installed on the power battery pack, bus cables, 

three phase inverters and the motors, as shown in Figure 3.54. 
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(b) 

Figure 3.54 : CM and DM Passive EMI Filter (a) between Power Battery 
Back to Inverter; (b) between Inverter to PMSM 
 

The parasitic parameters coupling to ground and shielding from the busbar 

cables and PMSM are the main cause of CM current in the motor drive control 

system. The high frequency current produces DM noise. After accurately 

capturing CM and DM effects, the EMC filters can be calculated to meet EMC 

standards. © C
OPYRIG

HT U
PM



 
187 

3.6.5 Summary 

As a summary, this chapter discusses strategies and methodology used. 

Detailed discussion is emphasized on the procedure of conducting the study 

and the research framework as the direction of this study. This chapter 

discusses the research and design of PMSM drive control system for NEEVs 

based on SiC MOSFET. The developed study designs consisted of the active 

H-bridge inverter discontinuous current source gate driver for SiC MOSFET, 

three phase interleaved parallel bidirectional Buck–Boost converter, three 

voltage vector duty cycle optimization strategy based on finite set model 

predictive control, shaft voltage and bearing current of PMSM, and EMI harm 

and protection measures about motor drive control system. The next chapters 

cover the results of the proposed research objectives. 
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CHAPTER 4 

4 RESULTS AND DISCUSSIONS 

4.1 Introduction 

This chapter presents and discusses the specific results of the study, which 

involve the achievement of the main objectives of this research through 

experimentation. The chapter provides detailed discussions and observations 

on the experimental results, including the design and performance of an active 

H-Bridge inverter discontinuous current source gate driver, a three-phase 

interleaved parallel bidirectional Buck–Boost converter, a voltage vector duty 

cycle optimization strategy based on finite set model predictive control, and 

measures for suppressing electromagnetic interference in a motor drive 

control system based on PMSM with SiC MOSFET. 

4.2 Active H-Bridge Inverter Discontinuous Current Source Gate 
Driver  

As previously discussed, enhancing the switching speed of SiC MOSFET is 

challenging due to factors such as substantial internal gate resistance, high 

Miller voltage, and limited gate-source voltage ratings. To address problems, 

this research presents a solution in the form of a discontinuous CSGD circuit. 

This circuit comprises a voltage source, H-bridge inverter, and input inductor. 

Experimental results affirm the feasibility and effectiveness of this approach. 

To further substantiate the efficacy of the proposed discontinuous CSGD and 

facilitate a comparison with the conventional VSGD, extensive data regarding 
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the main parameters and waveforms of the SiC MOSFET power module 

throughout the turn-on and turn-off processes are obtained, as illustrated in 

Figure 4.1 and Figure 4.2. 

Figure 4.1 presents the waveforms captured during the turn-on process for 

both the conventional VSGD and the proposed discontinuous CSGD, obtained 

via a double pulse test. Under dynamic testing, the discontinuous CSGD has 

lower turn-on loss, smaller delays, and shorter rise time on the SiC MOSFET 

compared to conventional VSGD. 

 

(a) 

 

(b) 

Figure 4.1 : Turn-On Process (a) Conventional VSGD; (b) Discontinuous 
CSGD 
 

C1:𝑉𝐺𝑆, C4: 𝐼𝐺𝑆  

C1:𝑉𝐺𝑆, C4: 𝐼𝐺𝑆  
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(a)  

 

(b) 

Figure 4.2 : Switching Waveform of Discontinuous CSGD (a) Turn-On 
Process; (b) Turn-Off Process 
 

Table 4.1 demonstrates that the discontinuous CSGD exhibits lower turn-on 

loss and delay time during dynamic testing. However, it also yields a higher 

di/dt, leading to increased peak stress on the SiC MOSFET in comparison to 

the conventional VSGD. 

 

 

C2:𝑉𝐺𝑆, C4: 𝑉𝐷𝑆 , 𝐶6: 𝐼𝐷𝑆  

C2:𝑉𝐺𝑆, C4: 𝑉𝐷𝑆 , 𝐶6: 𝐼𝐷𝑆  
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Table 4.1 : Experimental Parameters Discontinuous CSGD and 
Conventional VSGD 
 

Testing 
condition 

𝒊𝑮𝑺: 𝟏𝟑𝐀 

Item 𝑬𝒐𝒏:𝐦𝐉 𝑻𝒅𝒐𝒏:𝐦𝐬 𝑻𝒓:𝐦𝐬 
𝒅𝒊/𝒅𝒕: 
𝒌𝑨/𝐦𝐬 

𝑰𝒓𝒓𝒎: 𝐀 𝑽𝒓𝒓𝒎: 𝐕 

𝑉𝑑𝑐: 1050𝑉 
𝐼𝑑𝑐 : 600𝐴 

CSGD 57.98 422 103.5 6.10 608 1361 

VSGD 129.73 497 153.8 4.07 469 1180 

 

The turn on process under varying load currents is tested using the proposed 

discontinuous CSGD, depicted in Figure 4.3.  

 

(a) 

 

 (b) 

C2: 𝑉𝐷𝑆, C3: 𝑉𝐺𝑆, C4: 𝐼𝐷𝑆, C8: 𝐼𝐺𝑆  

 

C2: 𝑉𝐷𝑆, C3: 𝑉𝐺𝑆, C4: 𝐼𝐷𝑆, C8: 𝐼𝐺𝑆  
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(c) 

 

(d) 

Figure 4.3 : Turn-On Process under Different Load Currents (a) 30A; (b) 
60A; (c) 90A; (d) 120A 
 

4.3 Model Control and Digital Implementation of the Three Phase 
Interleaved Parallel Bidirectional Buck–Boost Converter 

To further verify the proposed circuit topologies and control strategy given in 

the previous sections, a prototype of TPIPBi-Buck–Boost converter was built 

and tested in Infineon laboratory. Figures 4.4 to 4.6 show the experimental 

waveforms, and then Infineon Technologies AG Digital Power Controllers 

XDPP1100-Q040 support full digital implementation. The TPIPBi-Buck–Boost 

converter has several operating modes and stages, charge Buck mode, 

discharge Boost mode, and electric energy interaction mode. The input 

voltage was supplied from the battery pack, and the converter output was 

C2: 𝑉𝐷𝑆, C3: 𝑉𝐺𝑆, C4: 𝐼𝐷𝑆, C8: 𝐼𝐺𝑆  

 

C2: 𝑉𝐷𝑆, C3: 𝑉𝐺𝑆, C4: 𝐼𝐷𝑆, C8: 𝐼𝐺𝑆  
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accessed by the DC electronic load. In addition, for the sake of simplicity, only 

some typical experimental results are selected. 

Figure 4.4(a) shows the start-up transients, it can be seen that the system has 

extremely high stability, fast dynamic response, and almost no overshoot of 

the output voltage. Figure 4.4(b) presents the experiment waveforms of 𝑄2 

drive pulse signal (2: VGS2), voltage across (1: VDS2) in discharge Boost mode, 

and 𝑄3  drive pulse signal (4: VGS3), voltage across (3: VDS3) in charge Buck 

mode. There are no significant voltage spikes on the power switches 𝑄2 and 

𝑄3, which signify the ZVS turn on completely before the drain to source voltage 

decreases above zero and turn off at an exceptionally low current. Therefore, 

the high frequency switching losses become negligible. All thanks to the 

Infineon’s CoolSiCTM MOSFET and EiceDRIVERTM Gate Driver ICs are built 

on a state-of-the-art trench semiconductor process optimized to allow for both 

the lowest losses in the application and the highest reliability in operation: part 

count reduction, improved efficiency, space, and weight savings. 
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1

1:VOUT[5V/div]

 

(a) 

1:VDS2[50V/div]

2:VGS2[10V/div]

3:VDS3[50V/div]

4:VGS3[10V/div]

1

2

3

4  

(b) 

Figure 4.4 : (a) start-Up Transients; (b) 𝟏: 𝐕𝐃𝐒𝟐 , 𝟐: 𝐕𝐆𝐒𝟐 in Discharge Boost 
Mode, and 𝟑: 𝐕𝐃𝐒𝟑 , 𝟒: 𝐕𝐆𝐒𝟑 in Charge Buck Mode 
 

Figure 4.5 gives the dynamic test results, in the proposed converter, due to 

the double closed-loop control system, voltage outer loop and current inner 

loop compensation controller can keep the output voltage and current stable, 

so as to achieve the power balance of the system. © C
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(b) 

Figure 4.5 : 𝐕𝐎𝐔𝐓, 𝐈𝐎𝐔𝐓 in Double Closed-Loop Control System 
 

To verify the correctness of the power feedforward compensation controller, 

now through the load characteristic change experiment, increase and 

decrease the input voltage, respectively, and observe the change in the output 

voltage and the response speed. Figure 4.6 show the VOUT , IOUT response of 

start-up and close-down, and the output voltage fluctuates within a small 

range. After a short period of adjustment, the output voltage remains 

unchanged and reaches a stable state again, which almost becomes a step 

response, which further proves the feasibility of the control system. 
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(b) 

Figure 4.6 : 𝐕𝐎𝐔𝐓, 𝐈𝐎𝐔𝐓 Response of Start-Up and Close-Down in Power 
Feedforward Compensation Controller 
 

In the full load range, Figure 4.7 presents the output periodic and random 

deviation (PARD) ripple is within 20mV. 
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1:VOUT_PARD[20mV/div], AC coupled

1

 

(a) 

1

1:VOUT_PARD[20mV/div], AC coupled

 

(b) 

Figure 4.7 : Steady-State Experimental Waveforms of Voltage Ripples in 
Different Output Power 
 

The efficiency curve of the system with different current levels is shown in 

Figure 4.8. The experimental result is obtained from Power Analyzer 

YOKOGAWA WT1800. When the input voltage is 36V, the output voltage is 

28V, the output current is 20A, and the efficiency can reach nearly 98%.  
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Figure 4.8 : Efficiency Curve of Prototype 
 

4.4 Expanded Three Voltage Vector Duty Cycle Optimization Model 
Predictive Torque Control 

In order to eliminate the weight coefficient of the cost function in traditional 

MPTC, this research proposes an expanded three voltage vector duty cycle 

optimization model predictive torque control strategy. In order to verify the 

practicability of the proposed method, a PMSM platform based on Infineon’s 

DSP+FPGA has been developed. The experimental results show that the 

recommended solution could effectively further enhance and improve control-

system performance and energy efficiency. 

In order to validate the previous analysis and the proposed FCS-MPTC 

methods experimentally, a three-phase SPMSM drive platform was developed 

under Infineon’s laboratory conditions to evaluate the effectiveness of the 

three voltage vector duty cycle optimization strategy based on finite set model 

predictive control with respect to both steady-state and dynamic performance. 
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In the experiment, the magnetic powder brake was used as a load for the 

SPMSM. The direct current bus supply voltage was 300V, the control 

frequency was 10kHz, and the sampling period was 200μs. The voltage and 

current waveforms were directly observed by means of an oscilloscope. The 

d-q-axis current, rotating speed, electromagnetic torque, and other analog 

quantities were obtained through the A/D conversion chip. The whole system 

includes a hardware circuit and a software program: a three-phase inverter 

module, a drive isolation circuit, a direct current bus voltage sampling circuit, 

a phase current sampling circuit, a temperature sampling circuit, and an 

auxiliary power-supply circuit. 

Figure 4.9(a) shows the experimental waveforms of the drive voltage 3: 𝑉𝐺𝑆, 

the voltage across 1: 𝑉𝐷𝑆 , and the arm current 2: 𝐼 of the three-phase inverter 

bridge; Figure 4.9(b) depicts the primary voltage 1: 𝑉 and the current 2: 𝐼 of the 

main transformer. Figure 4.9(c) shows the drive voltage 3: 𝑉𝐺𝑆 , the voltage 

across 1: 𝑉𝐷𝑆 , and the primary side current 2: 𝐼 of the auxiliary switch. The 

waveform in Figure 4.9(d) presents the primary voltage 1: 𝑉 and the current 

2: 𝐼 of the auxiliary transformer. 
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Figure 4.9 : Experimental Waveforms: (a) Three-Phase Inverter Bridge; 
(b) Primary Side of the Main Transformer; (c) Auxiliary Switch; (d) 
Auxiliary Transformer 
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A.  Case 1: Steady-State Performance Under Different Speeds and Loads 

In order to study the influence of rotating speed on steady-state performance 

under different speeds and loads, experimental waveforms for the d-q-axis 

current at 300rpm and 500rpm with 2N/m load torque can be seen in Figure 

4.10. As the speed increases, unstable torque current is generated due to the 

distortion of stator current, resulting in significant torque fluctuations and an 

increase in pulsating current on both the d and q axes. 

Times:[200ms/div]

1:id[2A/div]

2:iq[2A/div]

 

(a) 

Times:[200ms/div]

1:id[2A/div]

2:iq[2A/div]

 

(b) 

Figure 4.10 : Steady-State Experimental Waveforms of the d-q-axis 
Current: (a) 300rpm at 2N/m; (b) 500 rpm at 2N/m 
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B.  Case 2: Dynamic Performance Evaluation with Sudden Speeding Up 

and Down 

Figure 4.11(a) shows that under 500rpm with 2N/m load torque, it accelerates 

300rpm from a steady state of about 100ms and decelerates from 300rpm to 

200rpm after 40ms. The performance following the change in the given speed 

is better, and the q-axis current can change rapidly. Figure 4.11(b) shows the 

experimental waveform of the current loop following performance. Since the 

sampling period is 100μs, the feedback q-axis current is stepped. The given 

q-axis current starts at 10 A, the actual q-axis current reaches 10 A after three 

sampling cycles of about 300μs. It can be seen that the current loop of the 

three voltage vector duty cycle optimization strategy has better dynamic 

performance. 
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*

 

(b) 

Figure 4.11 : Dynamic Performance Evaluation: (a) Acceleration and 
Deceleration At 500r/Min with 2N/M; (B) Current Loop Following 
Performance 
 

4.5 Suppression and Optimization Measures about Motor Drive 
Control System 

In this section, a system level equivalent circuit model of motor drive control 

system based on PMSM with SiC MOSFET for NEEVs is established through 

circuit simulation software SIMetrix/SIMPLIS, which is used to simulate 

conduct EMI noise effectively. According to EMC Standards, the conducted 

EMC noise is measured in laboratory, and the comparison between simulation 

and experimental results was analyzed. 
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The EM5040B is a (50uH+5Ω) ||50ΩV LISN depicted in Figure 4.12, which can 

maintain a stable impedance between the tested equipment's terminal and the 

reference ground within the 9kHz to 30MHz radio frequency range. It 

effectively isolates extraneous signals from the grid within the measuring 

circuit and exclusively couples the interference voltage of the tested 

equipment to the measuring EMI receiver's input. EM5040B's overall 

performance complies with the CISPR16-1-2:2006 standard, enabling the 

measurement of conducted disturbance voltage in single-phase equipment. 

Its standard BNC output interface and 50Ω output impedance are compatible 

with receivers, spectrum analyzer, and other measuring equipment from 

various manufacturers. Additionally, the EM5040B features an artificial hand 

function for simulating handheld device measurements and can measure CM 

and DM interference, providing targeted guidance for rectifying EMC issues, 

particularly in EMI filter testing. 

 

Figure 4.12 : LISN EM5040B (9kHz/150kHz-30MHz, 16A, with CM/DM) 
 

EM5080B is a fully digital pre-certified receiver operating in the time domain 

and complies with the CISPR16-1-1 standard as depicted in Figure 4.13. It 
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utilizes a real-time analysis technology platform to perform high-speed FFT 

analysis and calculation of broadband signals, leveraging the powerful 

supercomputing capabilities of a PC platform. With a real-time bandwidth of 

up to 10MHz, it enables rapid electromagnetic disturbance measurement. 

EM5080B receiver offers fast scanning speed, high precision, and excellent 

stability. 

 

Figure 4.13 : EMI Receiver EM5080B 9KHz~1GHz 
 

The conduction testing platform integrates the LISN EM5040B and EMI 

Receiver EM5080B, illustrated Figure 4.14 and Table 4.2. These products 

conform to international standards, resulting in significant ground leakage 

current. Inadequate grounding may lead to serious electric shock or injury.  

 
 

Figure 4.14 : Conducted EMI Testing Platform 
Therefore, users are obligated to: 
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a. Ensure proper grounding of the instrument, with grounding points 

located on the side and back. 

b. Isolation transformers must be installed to provide dual assurance. 

c. Do not open the casing or wiring during operation and avoid use in 

areas containing flammable or explosive materials. Ensure the 

instrument's surface is dry and clean before use. 

d. Ensure the product is operated within the specified voltage and 

current range. 

 

Table 4.2 : Important Component Parts of Conducted EMI Testing 
Platform 
 

Item Description 

1 exceed 2m2m metal plate 

2 EUT 

3 Power supply line folding method 

4 power supply of EUT 

5 Output shield wire 

A LISN 

B isolation transformer 

C EMI receiver 

 

a. Test Arrangement 

The Experimental equipment is composed of two LISN, EMI receiver, power 

battery pack, long four core shielded busbar cables, three phase inverter, 

PMSM and dynamometer machine. Under normal circumstances, the EMI 

receiver can measure the conductive interference voltage of the positive and 

negative power lines within a frequency range of 150kHz to 30MHz by LISN. 

The six SiC MOSFET drive voltage signal with 10KHz switching frequency 

under SVPWM control algorithm and three phase winding current are given in 
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Figure 4.15 by SIMetrix/SIMPLIS. The switching speed of the SiC MOSFET 

can be flexibly regulated with the changing of external 𝑅𝐺(𝑜𝑛)and 𝑅𝐺(𝑜𝑓𝑓) gate 

resistor. 
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15V

0
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(a) 

U V W
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20A

40A

-20A

-40A

20ms 25ms 30ms 35ms 40ms 45ms  

(b) 

Figure 4.15 : SVPWM Control PMSM by SIMetrix/SIMPLIS (a) Drive 
Voltage Signal; (b) Three Phase Winding Current 
 

b. Switching Frequency 

Figure 4.16 shows the CM and DM voltage noise spectra curve in different 

switching frequencies. It can be observed that the CM voltage noise source 
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makes up the majority in the low frequency range, while the CM and DM are 

nearly equal in the high frequency range. The reason is that the noise source 

in the low frequency range is determined by the PWM modulation method, 

while the high frequency range is caused by the turn on and off behavior and 

parasitic parameters of SiC MOSFET. Obviously, the lower switching 

frequencies can effectively suppress conducted EMC noise in motor drive 

control system. However, due to the increase in size and volume of passive 

components, the lower switching frequencies cannot ensure higher power 

density. In order to balance the power density between conducted EMC noise 

and motor drive control system, it is necessary to optimize the switching 

frequency. 
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(b) 

Figure 4.16 : CM and DM Voltage Noise Spectra Curve in Switching 
Frequency (a) 10KHz; (b) 20KHz 
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c. Load Power 

Figure 4.17 compares the spectrum curves of CM and DM noise under 

different load power conditions. It can be found that the CM noise varies little 

with the load power in the low frequency range, while the DM noise is more 

than the great. The level of CM noise and DM noise at heavy load power is 

significantly higher than that at light load power. 
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(b) 

Figure 4.17 : CM and DM Voltage Noise Spectra Curve in Load Power (a) 
Light; (b) Heavy 
 

d. EMI Filter 

Figure 4.18 proves the total EMI noise spectrum curves obtained by simulation 

and experiment. Figure 4-20 show that before adding the CM and DM passive 

© C
OPYRIG

HT U
PM



 
210 

EMI filters, the conducted EMI voltage amplitude of the motor drive control 

system peaks near 60dBμV, exceeding EMI standard limits. After applying 

the filter, the peak is reduced by approximately 20dBμV to 40dBμV in the 

150kHz to 30MHz range, significantly reducing overall noise levels. The EMI 

voltage peak and high-frequency band are notably reduced, with stable results 

and minimal fluctuations. These improvements meet EMI standard limits, 

confirming the effectiveness of the suppression scheme and validating the 

theoretical analysis. 
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The experimental results demonstrate that adding CM and DM passive EMI 

filters effectively suppresses the conducted EMI noise in the motor drive 

control system, reducing radiation interference. Thus, the theoretical approach 

proposed in this research provides valuable guidance for the forward design 

of EMC. 

4.6 Summary 

This chapter provides a comprehensive summary of the simulation and 

experimental results obtained in the research. The findings from both 

simulations and experiments were thoroughly discussed to fulfill the objectives 

of the research. The results clearly demonstrate the effectiveness of the 

proposed research and design of a PMSM drive control system for NEEVs 

based on SiC MOSFET. 

The SiC MOSFET, as a representative of third-generation wide band gap 

materials, is widely utilized in motor drive control systems. The use of a three-

phase converter with SVPWM to drive PMSM based on SiC MOSFET power 

devices, operating at high switching frequencies, presents a challenge due to 

the potential for significant EMI resulting from higher dv/dt and di/dt. To 

mitigate voltage and current overshoot and oscillation during SiC MOSFET 

turn on and off process, this research proposes a novel active H-bridge 

inverter discontinuous CSGD, which ensures a constant gate drive current 

throughout the turn on and off periods for motor drive control system in NEEVs, 

offering advantageous features of simplicity and cost-effectiveness. 

Furthermore, it significantly minimizes SiC MOSFET switching loss, thereby 
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effectively controlling dv/dt and di/dt. The active H-bridge inverter 

discontinuous CSGD approach offers a new perspective for operating SiC 

MOSFET at high switching frequencies, with significant theoretical and 

practical implications. The feasibility and advantages of active H-bridge 

inverter discontinuous CSGD were confirmed by theoretical analyses and 

experiment results. 

This research presents a TPIPBi-Buck–Boost converter, which is the core 

factor of electrical energy flow regulation and management between the 

battery pack and motor drive inverter within the high voltage direct current bus 

and converts the voltage from two directions. The principal configuration and 

operating states of the TPIPBi-Buck–Boost converter is determined, and the 

characteristic waveforms are shown in charge Buck, discharge Boost, and 

electric energy interaction modes. The mathematical model based on AC 

small signal is presented and provides theoretical fundaments of the digital 

implementation in double closed-loop control system, current inner loop 

compensation controller, voltage outer loop compensation controller, power 

feedforward compensation controller and power feedforward compensation 

controller. The XDPTM Digital Power Controllers XDPP1100-Q040 of Infineon 

Technologies AG is a highly integrated and fully programmable controller 

offering optimized solutions, which feature optimized power processing blocks 

and pre-programmed peripherals to enhance the performance of the 

converter, reduce external components and minimize firmware development 

effort. The performance of the converter in steady-state and during mode 

transition is verified by a hardware prototype in laboratory. Therefore, it is 
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foreseeable that this paper could assist with the energy storage management 

applications of NEEVs.  

With the continuous advancement of production technology, the requirements 

of accuracy, rapidity, and stability in permanent magnet synchronous motor 

systems have gradually increased. Among many advanced control 

technologies, this research has proposed an optimized expanded three 

voltage vector duty cycle optimization MPTC method based on voltage vector 

expansion. This strategy involves the construction of a reference stator flux 

linkage vector based on the analytical relationship among electromagnetic 

torque, reference stator flux linkage amplitude, and rotor flux linkage to convert 

the separate control of electromagnetic torque and flux linkage amplitude into 

flux linkage vector control, thereby avoiding the cumbersome design of 

weighting coefficients. On the basis of delay compensation, the reference 

voltage vector is calculated online according to the deadbeat control principle. 

Simultaneously, the voltage vector control set is extended, two adjacent 

voltage vectors are determined according to the spatial position of the 

reference voltage vector, and the optimal duty cycle corresponding to the two 

adjacent voltage vectors and the zero vector is calculated according to 

geometric relationships, so as to realize the three voltage vector duty cycle 

control. It eliminates the weight coefficient of the cost function in traditional 

MPTC and further enhances system performance. Based on the software and 

hardware implementation scheme, a PMSM drive control platform with 

Infineon’s DSP+FPGA was built to conduct experimental research on different 
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control strategies, and the feasibility and effectiveness of the proposed 

strategy have been verified with experimental results. 

The SiC MOSFET and PMSM can significantly improve efficiency, 

performance, and power density, making high speed motor controllers 

possible. However, more serious EMI noise has also emerged. Therefore, it is 

necessary to conduct mechanism modeling, simulation and experimental 

verification to study conducted EMI of the motor drive control system. This 

research takes the system level equivalent circuit model as the research and 

analysis object. which is composed of power battery pack, busbar cable, LISN, 

three phase inverter, PMSM and other power electronic components. This 

modeling method can not only establish EMI sources, CM and DM propagation 

paths, but also simulate control strategies and operating conditions. 

Simulation and experimental results indicate the feasibility of the scheme. This 

research has made an outstanding contribution in predicting the conducted 

EMI noise during the initial design phase, which can avoid additional printed 

circuit board (PCB) updating. The study can provide a reliable theoretical basis 

and guiding methodology for accurate modeling and effective suppression of 

EMI. 

Overall, the experimental results validate the effectiveness of the proposed 

research objectives in enhancing motor drive control system performance and 

energy efficiency for NEEVs. 
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CHAPTER 5 

5 CONCLUSION AND RECOMMENDATIONS  

5.1 Conclusions 

In recent years, the consumption of conventional energy sources has surged. 

Rising fuel costs and environmental concerns have prompted the development 

of the NEEVs. There are four objectives that have been set for the research 

as stated in Chapter 1. All the objectives of this research were fulfilled. as 

follows: 

a. This research introduces a novel CSGD approach that maintains a 

constant gate drive current during both turn-on and turn-off periods for 

motor drive control systems in NEEVs, offering simplicity and cost-

effectiveness. The circuit includes a voltage source, H-bridge inverter, 

and input inductor, significantly reducing SiC MOSFET switching 

losses and managing dv/dt and di/dt effectively. The discontinuous 

CSGD method offers new insights into operating SiC MOSFET at high 

switching frequencies, with notable theoretical and practical benefits. 

The method's feasibility and advantages have been confirmed 

through theoretical analysis and experimental results. 

b. This research proposes and analyzes the TPIPBi-Buck–Boost 

converter for new energy electric vehicles. It regulates electrical 

energy flow between the battery pack and motor drive inverter within 

the high-voltage DC bus, converting voltage bidirectionally. During 

start-up or acceleration, energy flows forward to support motor 

inverter performance, while during braking or deceleration, it flows in 

reverse to recover excess energy. The converter decouples the 

battery pack voltage to provide stable energy based on motor 

conditions. Additionally, it blocks high voltage from the DC bus during 

motor failure, enhancing the safety and reliability of NEEVs. 
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c. This research proposes an optimized FCS-MPTC method using 

voltage vector expansion. It constructs a reference stator flux linkage 

vector based on the relationships between electromagnetic torque, 

flux linkage amplitude, and rotor flux linkage, converting separate 

controls into unified flux linkage vector control. Delay compensation is 

incorporated, with online calculation of the reference voltage vector 

using deadbeat control principles. The method extends the voltage 

vector control set, determines adjacent voltage vectors based on the 

reference vector's spatial position, and calculates the optimal duty 

cycles for these vectors and the zero vector, thereby eliminating the 

weight coefficient from traditional MPTC and enhancing system 

performance. Experimental validation using Infineon’s DSP + FPGA 

confirms the feasibility and effectiveness of the proposed strategy. 

d. This research focuses on a system-level equivalent circuit model 

comprising the power battery pack, busbar cable, LISN, three-phase 

inverter, PMSM, and other power electronic components. This 

approach establishes EMI sources, CM and DM propagation paths, 

and simulates control strategies and operating conditions. Simulation 

and experimental results confirm the scheme's feasibility. The 

research significantly aids in predicting conducted EMI noise during 

the initial design phase, reducing the need for PCB updates. It 

provides a reliable theoretical foundation and methodology for 

accurate modeling and effective EMI suppression. 

 

5.2 Recommendations for Future Research 

This research aims to propose a development blueprint for NEEVs. The 

enabling technologies and future prospects are briefly introduced as follows: 

a. Power Battery Pack: Exploration will focus on lithium-ion, lithium-

metal (such as solid-state), and post-lithium technologies. Alternatives 

to conventional batteries, such as move-and-charge and wireless 

power systems, will be investigated. Data-driven electrothermal 
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models are promising for real-time state prediction, health diagnosis, 

and charging control, while future high-energy batteries will integrate 

with information and internet technologies. 

b. Electrical Propulsion System: The main challenge is enhancing 

vehicle efficiency by reducing parasitic losses in electric drive units 

and advancing electric mechanical drives, including transmissions 

and direct drive motors. 

c. Moreover, successful growth of NEEVs depends on establishing 

international standards, universal infrastructures, and user-friendly 

software. Technologies like 5G, big data, AI, cloud computing, and 

blockchain are expected to support smart and green NEEVs. 
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