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ABSTRACT
The electrified aircraft propulsion (EAP) system using electric motors to fully or partially replace conventional engines to propel aircraft can increase propulsive efficiency, reduce CO2 emission, and lower noise levels. Protection is critical to ensure the safety and reliability of the EAP system. Thus, solid-state circuit breakers (SSCBs) with fast protection speed are needed. This dissertation first identifies the challenges of developing high power and high power density SSCBs by implementing a 500 kW rated prototype. The main challenges found include the instability of multiple paralleled switches and the high peak-to-average clamping voltage ratio of high-power TVS diodes. The instability is caused by the differential mode oscillation among paralleled MOSFETs. A model is proposed to consider the influences of the switching trajectory and nonlinear device parameters on stability by solving eigenvalues of state-space modeling system matrices of all operating points that the switching trajectory goes through. Then, a method is proposed to manipulate the switching trajectory to avoid the unstable region where the conventional switching trajectory normally goes through to improve stability in SSCB applications. On the other hand, the foldback characteristic of the high-power TVS diode is investigated by an improved characterization method using the sawtooth current waveform. Moreover, at cryogenic temperature, the peak-to-average clamping ratio would increase due to the carrier freeze-out, making the high-power TVS diode promising in cryogenic applications. The current limiting during faults is a desired function of the SSCB to enable longer sustained fault current withstand time to avoid nuisance trips. Using switches alone to limit the current suffers from short withstand time. A control strategy is proposed to utilize the TVS diode to consume the major part of the energy for a much longer current limiting withstand time.
The design tool can speed up the design and optimization of motor drives. An automated and comprehensive design tool for motor drives is introduced. To improve the accuracy and speed of the design tool, 2 models are discussed. First, a data-driven modeling approach is proposed to improve the CMC leakage inductance model accuracy by using the artificial neural network to train a large amount of data collected by 3D FEM simulation. Second, an improved single Fourier analysis approach is proposed to consider conditions with non-integral carrier ratios for harmonic analysis of voltage source inverters by using a made-up fundamental frequency for coefficient calculation. 
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Introduction
[bookmark: _Toc104199055]1.1 Electrified Aircraft Propulsion
Electrified aircraft propulsion (EAP) uses electric motors to fully or partially replace conventional engines to propel aircraft ranging from air taxis to subsonic transports [1]-[3]. Compared to the latest gas turbine engines with thermal efficiencies[footnoteRef:1] of around 55%, the whole EAP systems promise to achieve overall efficiencies of around 90% in the coming decades [4]. The overall global fleet of large commercial aircraft is around 25,000 in 2017 and is expected to grow to 37,000 in 2027. The overall fuel consumption since 2005 is shown in Figure 1.1, and the corresponding fuel consumption in 2017 is 90 billion gallons [5]. Saving 10% of fuel consumption across the entire fleet can yield up to 9 billion gallons of fuel savings per year. With a promising huge improvement in fuel efficiency, EAP can also reduce carbon dioxide (CO2) emissions [6]. Aviation emitted 1.04 billion tons of CO2 in 2018, which was around 2.5% of total CO2 emissions that year [7]. The amount is expected to continue to increase after the pandemic, and is estimated to be 1.4 billion tons in 2050. With the development and application of EAP, emissions could be reduced by around 50% by the mid 21st century [6]. Besides fuel efficiency improvement and CO2 emissions reduction, EAP can also benefit noise levels in commercial transport aircraft [8]-[9]. As an example, the turbo-electric aircraft NASA N3-X is expected to have a 64-dB noise reduction compared to Boeing 737-800 with CFM56-7B engines [10]. The reduction of the noise impact on the ground could increase the infrastructural value of smaller airfields, and the airports can be built in densely populated areas to benefit the economy. [1:  Thermal efficiency of a heat engine is the percentage of heat energy that is transformed into work.] 
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[bookmark: _Toc104199213][bookmark: _Ref104199325]Figure 1.2. Architectures of EAPs [14]
[image: Diagram

Description automatically generated]
Parallel hybrid architecture
[image: Diagram

Description automatically generated]
Series hybrid architecture
[bookmark: _Ref72966876][bookmark: _Ref72966857]Figure 1.2 continued
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[bookmark: _Ref84863026][bookmark: _Toc104199214]Figure 1.3. Turboelectric power distribution with 3-bus multi-feeders [16].

There are four main power architectures for EAP including all-electric, turboelectric, parallel hybrid, and series hybrid structures as shown in Figure 1.2 [11]. For the all-electric architecture shown in Figure 1.2 (a), motors are fully powered by batteries. One example is NASA X-57 Maxwell under development, which has 12 motors with 12 distributed propellers, and the aircraft weight is approximately 3,000 pounds [12]. The power for each motor is 10.5 kW and the required cruise power is 60 kW with a 69.1 kWh battery that weighs 860 pounds. The turboelectric architecture shown in Figure 1.2 (b) consists of a turboshaft or a fuel burning engine connected to a generator that extracts power from the turboshaft and transmits electricity to motors and propellers. One example is NASA N3-X under development, which has a 300-passenger capability with a flying range of 14,000 km and weighs 53.5 tons [10]. The mission energy reduction compared to Boeing 777-200LR class aircraft with similar passenger capability is around 70%. The parallel hybrid architecture in Figure 1.2 (c) contains a fuel burning engine as well as a battery with a motor to drive the fan together. All electrical paths as well as fuel burning paths, or both for hybrid, can be used to drive the fan. One example is Boeing SUGAR Volt, which has 2 motor-assisted turbofans with 1.3 or 5.3 MW electrical power. The series hybrid architecture is shown in Figure 1.2 (d) includes turboshaft or fuel burning engines with generators and batteries with motors on propellers. Both turboshaft and battery can power the motors to drive the propellers. One example is Airbus E-Fan X, which has around 100-passenger capability with 2 MW installed motor power [13].
Although different main power architectures exist to fit various applications, the technologies to enable them are similar, which includes electric machines, converters, cables, protection equipment, energy storage system, etc. Reducing the weight of these architecture components is the key to the aircraft electric power system. One kilogram saved in each flight could save around 1700 tons of fuel and 5400 tons of carbon emission per year for all air traffic [15]. Besides, it reduces about 1000 USD in system costs. Some studies have been done about the weight breakdown of the future superconducting turboelectric distributed propulsion (TeDP) electric power system. In [16], a NASA report by GE Aviation shows that with an optimized architecture shown in Figure 1.3, the weight of a 25 MW system power is estimated to be 4302 kg. The weight breakdown is shown in Figure 1.4. The converter, including ac/dc converters and motor drives, can take around 46% of the weight, and the dc and ac protections can take around 22% weight. In [17], a NASA report by Rolls-Royce Technologies gives a similar result and the weight for the same system is estimated to be 4144 kg. The weight breakdown in Figure 1.5 shows that the converter can take 42% and the protections can take around 23% weight of the future superconducting electric power system. Thus, reducing the weight of the converter and protection equipment is critical for future EAP systems.
Some projects have been announced by different agencies to develop high power density converters and protection equipment. For example, the ARPA-e aviation-class synergistically cooled electric motors with integrated drives (ASCEND) program is dealing with lightweight and ultra-efficient electric motors and drives [18]. NASA is also sponsoring different programs on megawatt motors and converters [19]. Protection is also critical, and the ARPA-e connecting aviation by lighter electric systems (CABLES) program is developing dc solid-state circuit breakers (SSCBs) for electrical aviation [20]. For SSCBs, the dc application is more challenging than ac because of the lack of zero-crossing points. For converters, the dc/ac converter can reversely operate as the ac/dc one with the same topology. Thus, to limit the scope of discussion, dc SSCBs and motor drives (or dc/ac converters) are the main focus of this dissertation.
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[bookmark: _Ref84943642][bookmark: _Toc104199215]Figure 1.4. Weight breakdown of the TeDP system by [16].
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[bookmark: _Ref84943643][bookmark: _Toc104199216]Figure 1.5. Weight breakdown of the TeDP system by [17].
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[bookmark: _Toc104199057]1.2.1 Dc Solid-state Circuit Breaker Development
For the development of the EAP system, protection is critical to ensure the safety and reliability of aviation. EAP systems often involve a power electronics enabled dc distribution, which suffers from high fault current rising speed due to the large dc-link capacitors and low fault impedance. Moreover, there are no zero-crossing points for the dc distribution load current. Conventional mechanical circuit breakers normally have a protection time of several milliseconds, which cannot meet the EAP protection requirements due to the high fault current rising speed and the weak surge capability of power electronics devices [21]. The emerging SSCBs with protection time of micro seconds range promise to provide reliable protection for the EAP system. Moreover, arc and flash can be eliminated with solid-state devices, which is also important to prevent fire in aircraft.
The solid-state power controller (SSPC) is an advanced version of the SSCB, which incorporates more functions including remote control, soft start, ground fault indicator, and condition monitoring [22]. These functions enable smarter coordination with other protection devices in the system and better adaptability in the EAP system. Their main topology is the same as that of the SSCB. Moreover, the main technologies discussed in the dissertation are suitable for both the SSCB and SSPC. Thus, in the discussion, the name SSCB is used to represent both the SSPC and SSCB.
The SSCBs are an integral part of the EAP system to protect the system against faults and limit fault currents through cables and other equipment. As an example of the TeDP system shown in Figure 1.3, for each distribution bus, at least one SSCB is needed. With many of them used in one EAP system, high specific power is a must to reduce the overall weight. With the required power to reach megawatts in the EAP system, developing such high power and high power density SSCBs with available low weight components would be challenging.
Addressing the challenges discussed above, several topics about the dc SSCB that are included in this dissertation are listed as follows.
1. State-of-art SSCB products and academic products for aircraft applications still have a limited operating power range. SSCBs with higher power and higher voltage need to be built to determine possible issues when developing and testing high power SSCBs for future EAP applications.
2. Power modules with multiple paralleled dies could have gate oscillation due to instability issues when turning off high currents as SSCB main switches. Such phenomena and corresponding solutions need to be investigated.
3. To absorb the energy in the cable inductance and limit the voltage stress of the switch in the SSCB, the characteristics of the energy absorption unit need to be investigated.
4. The current limiting function is desired for proper protection coordination. Realization of the current limiting function without extra hardware for the required current limiting time needs to be discussed.
Note that the dc SSCB is mainly discussed in the dissertation. For ac SSCBs, similar issues may occur, and similar solutions can be applied.

[bookmark: _Toc104199058]1.2.2 Motor Drive Design Tool and Models
With the emerging EAP application, engineers need to optimize the EAP system under various design specifications. The dc bus voltage is one of the keys to optimize the weight of the EAP system. The power density of the motor drive is also influenced by the dc bus voltage. Moreover, the design and optimization of motor drives would require massive efforts if designing and optimizing them manually. The three-phase motor drive design incorporates device selection, thermal management system (TMS) design, filter design, and bus capacitor selection as an example shown in Figure 1.6. Due to couplings between different domains, iterations are normally needed for the design and optimization, which is time-consuming with a tremendous number of design variables [23]-[25]. To save design time and effort, some automated design tools are developed in [26]-[28].
To minimize the gap between paper design results by the design tool and the real prototyping, model accuracy is critical. Commercial software like FEM simulation can provide very accurate electrical, magnetic, and thermal models. However, it needs to be avoided in the design tool due to the issues with long simulation time and possible issues with interfaces when a certain commercial simulation software is updated. Instead, analytical models with low computational complexity are favored. Although many state-of-the-art analytical models already have high accuracy, there are still some inaccurate models in the design tool that could be improved. For example, the leakage inductance of the common mode choke (CMC) could have an error as large as 30%, and the CMC could take around 35% of the overall weight of the motor drive [29]. 
Besides the model accuracy, another critical aspect of the design tool is the speed. The simulation speed can take around one-third of the overall design time because iterations are required during the design and the simulation needs to be redone for each iteration. Moreover, ac converters normally need several fundamental cycles to get the steady-state waveforms. Thus, frequency-domain simulation is promising to improve the simulation speed compared to time-domain simulation. However, getting the correct frequency domain voltage requires double Fourier analysis, which is time-consuming due to the required double integral equations calculation for coefficients. 



[bookmark: _Ref74928558][bookmark: _Toc104199217]Figure 1.6. Three-phase motor drive system with an example of a two-level converter 
Addressing the issues discussed above, several topics about the motor drive design tool that are included in this dissertation are listed as follows.
1. A comprehensive design tool for the motor drive is introduced. Each component is selected or designed and optimized with commercially available components. The weight is optimized by state-of-the-art design algorithms and component models.
2. An analytical model of leakage inductance of common mode chokes with high accuracy and fast speed is required to determine whether an extra DM inductor is needed and the required value if needed and to check whether the choke would saturate.
3. A fast and accurate harmonic model of the pulse width modulation (PWM) voltage is required to replace the double Fourier analysis. This can enable an accurate and fast frequency-domain simulation.
[bookmark: _Toc104199059]1.3 Chapter Structure
To cover the topics mentioned above, there are seven chapters, each devoted to a specific topic. Chapter Two to Chapter Five are about the SSCB development while Chapter Six to Chapter Eight are about the design tool and its models. For each chapter, a literature review is first carried out introducing the research background. Then, theoretical analysis or design methodology is laid out before presenting the experimental or simulation verification. Finally, a summary section and some potential future work are appended at the end of each chapter. 
Chapter Two focuses on developing a high power and high power density SSCB to identify the challenges to increase power rating and improve the power density. The development of a 1 kV 500 A bidirectional dc SSCB using SiC power modules and transient voltage suppression (TVS) diodes is presented. The design procedure and implementation of the SSCB are given in detail, and the system level influence is discussed. Due to the limited power of a single switch, it is necessary to parallel and series switches for high-power SSCBs, and the corresponding challenges are investigated with possible solutions. In addition, the high peak-to-average clamping voltage ratio caused by Ldi/dt of the turn-off current commutation and foldback characteristics of high-power TVS diodes is addressed. Finally, the testing setups for the high-power SSCB are presented, and all key functions are tested for the SSCB. 
Chapter Three then focuses on the parallel instability issue of multiple paralleled dies in a power module during high current switching transients. The instability is caused by the differential mode oscillation among paralleled MOSFETs. Different from conventional analyses of paralleled MOSFETs’ stability limited to a single operating point, the influences of the switching trajectory and nonlinear device parameters on stability are investigated by solving eigenvalues of state-space modeling system matrices of all operating points that the switching trajectory goes through. It is found that higher voltage and current stresses result in greater real parts of complex eigenvalues, which explains why the paralleled MOSFETs are more unstable with higher voltage and current stresses. To improve stability in SSCB applications, a method is proposed to manipulate the switching trajectory to avoid the unstable region where the conventional hard switching trajectory normally goes through. 
Chapter Four discusses the characterization of the TVS diode for the SSCB application. The characterization method is improved by utilizing the sawtooth current waveform to obtain a more accurate peak voltage and foldback time for the TVS diode compared to the conventional exponential current waveform. The foldback characteristic of the high current TVS diodes is investigated for the high power SSCB. Moreover, the TVS diode is characterized at cryogenic temperatures. It is found that at cryogenic temperature, the peak-to-average clamping ratio would increase, making the high-power TVS diode a promising candidate in cryogenically cooled SSCBs. This phenomenon is explained by the clamping resistance Rcl increasing at cryogenic temperatures due to the carrier freeze-out.
Chapter Five investigates the challenges of using wide band gap (WBG) devices for the current limiting function of the SSCB. For the conventional method of using switches alone to limit the current, the high loss results in a short withstand time and current limiting capability of the SSCBs. To overcome this issue, a control strategy is proposed to utilize the energy absorption component, e.g. TVS diode, to absorb the major part of the energy during current limiting to enlarge the current limiting capability for series-connected SSCB switching cells. The proposed method is verified to have more than 3X current limiting withstand time experimentally compared to the conventional control strategy in a case study.
Chapter Six presents an automated design tool for three-phase motor drives. The design tool integrates state-of-the-art design algorithms and component models to reduce paper design efforts for engineers. The software is modularly implemented so that some component models can be selected by users based on design speed and accuracy considerations. Eight databases for components, including devices, passives, and cooling, are built with commercially available products and can be managed by users. The converter is optimized for minimum weight considering comprehensive design constraints and conditions configured by users. A case study is also presented to show how the design tool works.
Chapter Seven focuses on improving the leakage inductance model of common mode chokes (CMCs) to reduce trial-and-error filter debugging efforts and enable the consideration of the saturation issue caused by the leakage flux. State-of-the-art analytical leakage inductance model accuracy is reviewed. A data-driven approach to model the CMC leakage inductance is then proposed to improve the accuracy. A large amount of leakage inductance data is collected by sweeping the selected input variables for the 3D finite element method (FEM) simulation. Then the data is trained by Artificial Neutral Network (ANN) to regress the nonlinear relationship between the leakage inductance and selected input variables. The proposed model is verified by comparing with the simulation and experimental results, which shows higher accuracy than state-of-the-art models.
Chapter Eight covers the harmonic analysis for PWM voltages in voltage source inverters (VSIs). The double Fourier series is commonly used but suffers from high computational efforts. The existing single Fourier analysis (SFA) approach reduces the computational effort but has the limitation with the integral carrier ratio. An improved SFA approach is proposed to consider conditions with non-integral carrier ratios by using the greatest common divisor of the fundamental frequency and switching frequency as the new fundamental frequency for the integrals of SFA coefficients. Moreover, the method is extended to space vector modulations (SVMs). The harmonic analysis results of the SPWM, continuous SVM, and discontinuous SVM are compared with those from the previous SFA, which shows correctness and higher accuracy for non-integral carrier ratio conditions. The computational time of the proposed SFA method is also compared with the DFA, which shows dramatic reduction in computational efforts.
Chapter Nine concludes the previous chapters and contributions of the dissertation. Future works of interest are also introduced in this chapter.
[bookmark: _Ref80952048][bookmark: _Toc104199060]
Development of High-power Bidirectional Dc Solid-state Circuit Breaker
The SSCB will be a critical component of the future electrified aircraft propulsion system. This chapter presents the development of a 1 kV 500 A bidirectional dc SSCB using SiC power modules and transient voltage suppression (TVS) diodes. The design procedure and implementation of the SSCB are presented in detail and the system level influence is discussed. Due to the limited power of a single switch, it is necessary to parallel and series switches for high-power SSCBs, and the corresponding challenges are investigated with possible solutions. In addition, the high peak-to-average clamping voltage ratio caused by Ldi/dt of the turn-off current commutation and foldback characteristics of high-power TVS diodes is addressed. Finally, the testing setups for the high-power SSCB are presented, and all key functions are tested for the SSCB. The power rating and specific power of the developed SSCB are superior to state-of-the-art counterparts to show the advantage of the developed one.
[bookmark: _Toc104199061]2.1 Introduction and Literature Review
An example of using the dc SSCB in a simplified EAP system is shown in Figure 2.1. In the system, the SSCB is inserted between the batteries and the cable connected to a downstream motor drive. Two SSCB cells are on the positive and negative buses respectively to maintain symmetry and limit the maximum voltage stress from each bus to the ground. With batteries as the source, the SSCB needs to be bidirectional so that it can operate with both charging and discharging modes. 


[bookmark: _Ref80952795][bookmark: _Ref84541388][bookmark: _Toc104199218][bookmark: _Ref77338306]Figure 2.1. Dc SSCB in a simplified EAP system.



[bookmark: _Ref80953977][bookmark: _Ref80954557][bookmark: _Toc104199219]Figure 2.2. A common anti-series SSCB topology.

For future EAP systems, the power rating can achieve the MW range and beyond, and the voltage rating can be increased to the medium voltage level [1]. However, the published SSCBs for aircraft applications, including commercial products and academic research, still have very limited power and voltage ratings. Table 2.1 lists reported high-power or high-voltage commercial SSCB products and academic prototypes. For commercial products, the maximum power rating is only 40.5 kW, and the maximum voltage rating is only 375 V. They are both of the SSCB product 28001000N0pb from DDC Company. For academic prototypes, the one with the highest power rating can be found is 54 kW SSCB developed in  [30] and [33], and the one with highest voltage rating is a 540 V unit developed in [31] and [33]. Note that although some SSCBs can achieve very high power ratings (> 1 MW), they normally use bulky switches, e.g. IGCT, SCR, etc. for ground applications. The low specific power makes them not qualified for aircraft applications. Thus, they are not listed and compared here.
There is a clear need to push the voltage and power rating higher for future EAP applications. However, developing high-power and high-voltage SSCBs with high specific power poses additional challenges. The main challenges come from the required low weight and high power rating components. The required components in the SSCB include power semiconductor switches and the energy absorption unit in Figure 2.2. The anti-series power semiconductor switches are used here, thus the WBG devices can be considered. The switches are used to control the open and close of the SSCB. The energy absorption unit is used to dissipate or absorb the energy from the stray inductance Lstray after the open of the SSCB.




[bookmark: _Ref81162375][bookmark: _Ref81162356][bookmark: _Toc104199190]Table 2.1. Reported High-power or High-voltage SSCBs
	
	Part number or reference
	Vrated (V)
	Irated (I)
	Prated (kW)

	Commercial products
	DDC 28001000N0pb
	270
	150
	40.5

	
	DDC RP-2A0000000X-2C0
	28
	1100
	30.8

	
	Micropac 53290-270-060
	270
	60
	16.2

	
	Astronics 1426-10-A8
	28
	200
	5.6

	
	Sensitron SPDP100D375
	375
	100
	37.5

	
	Sensitron SPDC150D28
	28
	150
	4.2

	
	Leach P800
	28
	150
	4.2

	Academic work
	T. Feehally [30] 
	270
	200
	54

	
	M. Terorde [31] 
	540
	10
	5.4

	
	Y. Guo [32] 
	320
	120
	38.4

	
	Z. Huang [33]
	540
	100
	54



Due to the lack of power semiconductor switches with sufficient current or voltage ratings, parallel and/or series connections of switches for higher power and voltage ratings are needed. Paralleling of discrete MOSFETs is commonly used in many SSCBs [30]， [31]， [33], and [34]. The advantage is the low cost and flexible gate resistance of each switch. However, the overall size of the switches is large, which may sacrifice the power density. Instead, the power module integrated with multiple-paralleled bare dies can achieve high power density and the required current rating at the same time. However, the high turn-off current of the SSCB during a fault may pose some additional challenges for power module design. For example, unwanted gate oscillations are observed in [33] and [35] when turning off high currents. On the other hand, the series connection of switches brings fewer concerns because the voltage balance benefits from the energy absorption unit. 
For the energy absorption unit, the transient voltage suppression (TVS) diode is an attractive solution to the metal oxide varistor (MOV) owing to faster response speed and lower clamping ratio. Moreover, the MOV has the degradation issue, which makes it not suitable for aircraft applications [36]-[37]. The low-power TVS diode normally has a very low clamping factor (ratio of clamping voltage to breakdown voltage), and a typical value is around 1.33 [38]. However, for high-power TVS diodes, to withstand the large power during the transient, the foldback technique is required. This characteristic has seldom been discussed in published literature, although some of the tested waveforms can be noticed with such a phenomenon [34]. An alternative solution is to parallel low-power TVS diodes to achieve a high power rating [39]. However, the positive temperature coefficient and possible mismatch of TVS diode breakdown voltage make it challenging to distribute current evenly for multiple-paralleled TVS diodes, which is not recommended by manufacturers [40].
In this chapter, the challenges of constructing high-power semiconductor switches and using high-power TVS diodes are discussed in detail. Moreover, the influence of the SSCB on system optimization is discussed, and a comprehensive design procedure is provided. Finally, the development and test of a bidirectional dc SSCB with 1 kV 500 A (500 kW) rated condition is presented.
[bookmark: _Toc104199062]2.2 Design Procedure of SSCB
The SSCB design and protection curve determination procedures are discussed in this section.
[bookmark: _Toc104199063]2.2.1 Solid-state Circuit Breaker Design and Development
As a critical part of the system, SSCB design can be part of the system optimization as shown in Figure 2.3 (a). The key factor that can influence the system is the protection curve. A typical protection curve is shown in Figure 2.3 (b). It normally includes an instantaneous trip region for the short circuit protection and an overload or i2t trip region for the overload protection [41]. The reason for the time delay of protection in the i2t trip region is to minimize nuisance trips caused by the possible transients in the system, e.g. inrush current. Thus, the SSCB protection curve can be determined by these possible transients. With the determined protection curve, the weakest points in the current path can be protected, which could be the load, source, cable, or switch itself [42]. Thus, the overload requirements of the load, source, and cable can be influenced by the protection curve. These overload requirements can influence the design and optimization of these parts, which in turn also influences possible transients in the system. Thus, a scientific way to determine the protection curve requires some iterations in the system-level study. With different systems, the normalized protection curves can be very different, e.g., the instantaneous trip current ranges from 1.5X to 11X of the rated current in [26], [33], [43]-[47].
	

	


	(a) System-level influence
	(b) A typical protection curve


[bookmark: _Ref80954041][bookmark: _Toc104199220][bookmark: _Ref80630824]Figure 2.3. System-level influence and a typical protection curve.



[bookmark: _Ref80954183][bookmark: _Toc104199221]Figure 2.4. SSCB design procedure.
However, the detail of the entire system is not always known. In this case, the protection curve can be simplified to be determined by the device capability using the device and thermal design satisfying the rated condition and efficiency requirements. The overall SSCB design procedure in this chapter is shown in Figure 2.4. First, the device is selected and the thermal management system is designed based on the rated condition requirement. Then, the short circuit current and i2t curve of the SSCB is determined by the device capability. After that, the energy absorption unit will be designed based on the instantaneous trip current and line inductance requirements.

[bookmark: _Toc104199064]2.2.2 Design Specifications and Topology Selection
The design specifications of the SSCB are listed in Table 2.2 with the required functions. The required high efficiency and specific power make the design challenging. Note that the rated voltage of around 1 kV is mainly for near-term EAP applications. Higher voltage and power may be required for SSCBs in future EAP systems. However, the challenges addressed and techniques used in this dissertation should also be applicable to those specifications.
Commonly used topologies for SSCBs have been discussed in [48]. Among them, the one shown in Figure 2.2 with a power semiconductor switch paralleled with the TVS diode as the energy absorption unit is selected owing to high reliability with the simplest structure and the minimum number of components. Note that this topology only includes one SSCB cell while in Figure 2.1 the bipolar structure requires two cells in series.

[bookmark: _Ref84536549][bookmark: _Ref80954402][bookmark: _Toc104199191]Table 2.2. SSCB Specifications
	Type
	Bidirectional dc

	Operation
	4-quadrant switch (can block voltage in both directions when open and conduct current in both directions when closed)

	Rated Voltage Vrated
	1 kV

	Rated Current Irated
	500 A

	Efficiency
	>99.5%

	Specific power
	>100 kW/kg

	Protection curve
	Based on the device’s capability

	Protections
	Over-current and short circuit protections

	Control
	Close, open, reset via CAN bus command

	Other function
	Soft start and ground fault indicator

	Indication
	Switch status, current, voltage, temperature, and fault type

	Cable inductance
	5 µH




[bookmark: _Toc104199065]2.3 Device Selection, Thermal Design, and Paralleled and Series Switches
In this section, the selection of the device and the thermal design are conducted to meet the high efficiency and specific power requirements. More importantly, the challenges of parallel and series switches in high power SSCBs are identified and possible solutions are discussed.
[bookmark: _Toc104199066]2.3.1 Device Selection and Thermal Design
Device selection and thermal design are critical to the specific power and efficiency of the SSCB. High power SiC power modules with multiple paralleled bare dies are suitable for the voltage and current range with the low conduction loss and small required surface area for the thermal design. 
Two SiC power modules HT3220 [39] from Wolfspeed company are paralleled for the 500 A rated condition. The module has a common-source structure and is intended for bidirectional applications. The device loss in the SSCB is mainly the conduction loss. For each module, the conduction loss is calculated as
	

	(2.1)


where  is the number of paralleled power modules, and  and  are the forward and reverse on-resistance of the device respectively. With =5.2 mΩ and =4.4 mΩ, the conduction loss of each module is calculated as 600 W. The total loss for the two paralleled modules is 1200 W. For two series SSCB cells, the overall loss is 2400 W.
Liquid cooling is used for thermal management because of its low thermal resistance. Based on the required thermal resistance and surface area of the devices, a cold plate wakefield-vette-120960 is selected with a thermal sheet TG-A126X as the thermal interface material. The cold plate has a double-sided cooling structure, so the device can be placed on both sides of the cold plate to reduce half of the required surface area. The operating junction temperature  can be calculated by 
	
	(2.2)


where, , , and  are thermal resistance of power module junction to case per switch position, thermal interface material, and the cold plate respectively.  is the forward conduction loss corresponding to . The two sides of the cold plate have different thermal resistance, and the top side has a larger thermal resistance, which is used in the calculation. With the values of , , and  to be 0.07, 0.006, and 0.016 °C/W respectively, the estimated  is 74.2°C with the coolant temperature Tc=25°C.
[bookmark: _Toc104199067]2.3.2 Paralleled Switches and Protection Curve Determination
Paralleling switches can cause the static current imbalance, the dynamic current imbalance, and the potential paralleling instability issues. For SSCBs, since there are no high-frequency repetitive switching actions, the dynamic current imbalance has a minor impact. Thus, the main discussions are on parallel instability and static current balancing.
The paralleling instability issue is found for multiple bare dies paralleled in one power module when turning off a high fault current. The differential mode gate voltage oscillation happens at high voltage and current stresses, due to the high transconductance in that region [49]-[50]. The issue is severe for SiC MOSFETs with channel length modulation and is likely to happen in SSCB applications with high turn-off currents. An example waveform of the turn-off failure due to the bare die parallel instability induced by the small inner gate resistance of each bare die is shown in Figure 2.5. For the power module used, the highest turn-off current without the gate oscillation can only achieve 1 kA at a junction temperature of 90°C [35]. The concern could be minimized by optimizing the inner gate resistance of each bare die with the development and maturation of high-power SiC power modules. However, in this case, we have to adapt the protection curve of the SSCB within the device safety operating area (SOA) to avoid gate oscillation.
The power module contains ten SiC dies CPM2-1200-0025B (1.2 kV, 90 A rated) per switch position [51], and based on the SOA curve of the datasheet, each die can withstand 250 A surge current for around 100 µs. Thus, theoretically, for 2 paralleled modules with 20 dies, the overall surge capability can achieve around 5 kA for 100 µs. However, the module has to be limited with a turn-off current of 1 kA at 90°C to avoid possible instability issues [35]. Thus, the instantaneous trip value is determined as 1.8 kA for two modules in parallel. For the i2t capability, the device is characterized with the selected cold plate. The detailed characterization method and results can be found in [41]. The real-time junction temperature can be estimated during the characterization by the measured Rdson of the device. In this study, the i2t region of the protection curve is conservatively estimated by a temperature increase of less than 5°C to make sure the junction temperature of the power module is lower than 90°C. The determined protection curve is shown in Figure 2.6.
Note that there is still a desire to increase this safety operating region. For paralleled power modules, this instability issue can be easily avoided because the gate resistance of each power module is flexible to change. However, for power modules, the inner gate resistance for each bare die is difficult to be modified. This issue will be discussed in Chapter Three. In this chapter, we will first test with this protection curve as a benchmark.
On the other hand, the static current balance of power modules benefits from the positive temperature coefficient of SiC MOSFETs. Using the connection in Figure 2.7, the paralleled switches are in different modules so that the steady-state current can be shared more evenly owing to the temperature difference between the two modules with the lower thermal coupling.



[bookmark: _Ref80955014][bookmark: _Hlk80955114][bookmark: _Toc104199222][bookmark: _Ref80789696]Figure 2.5. The waveform of power module gate oscillation due to paralleled bare dies with a paralleled MOSFET circuit in it.


[bookmark: _Ref80955144][bookmark: _Ref79405700][bookmark: _Toc104199223]Figure 2.6. Determined protection curve of the SSCB.

	

	


	(a) Module placement
	(b) Connection


[bookmark: _Ref80955360][bookmark: _Toc104199224]Figure 2.7. Connections of paralleled power modules.


[bookmark: _Ref80955361][bookmark: _Toc104199225][bookmark: _Ref80790251]Figure 2.8. Test of series switches with paralleled TVS diodes.





[bookmark: _Toc104199068]2.3.3 Series Switches
For 1 kV rated voltage, 2 SSCB cells are in series for the bipolar structure and higher voltage rating. The paralleled TVS diodes are helpful to clamp and balance the voltage across each series switch even with a certain gate drive timing mismatch. A test waveform is shown in Figure 2.8. During the transient, a negligible delay can be observed between two measured drain-to-source voltages. The peak voltages are 1,090 V and 1,057 V respectively with less than 4% difference.

During steady state, the voltage could be unbalanced due to different leakage currents or insulation resistances of two series switching cells. To overcome the issue, each SSCB cell is paralleled with a 50 kΩ resistor to provide static voltage balance.
[bookmark: _Toc104199069]2.4 TVS Diode Selection and High Peak-to-average Clamping Ratio of High Power TVS Diode
The selection of the TVS diode is introduced, which follows a similar approach for selecting a low-power TVS diode [52]. Some mismatches in the clamping voltage are observed during the implementation and test, which are discussed in this section.
[bookmark: _Toc104199070]2.4.1 TVS Diode Selection
The selection of the TVS diode is based on the voltage and energy requirements. The voltage requirements include 1) the overall standoff voltage should be larger than the dc input voltage; 2) the peak clamping voltage should be lower than the voltage rating of the paralleled switches. The absorption energy requirement needs to consider the largest loop inductance, input voltage, and average clamping voltage.
The TVS diode AK10-380C from the Littelfuse company is selected with two in series for paralleling each SiC power module. Thus, each TVS diode has a peak pulse current  of 900 A. The standoff voltage is 380 V considering 250 V voltage stress across each TVS diode when the SSCB is open. The breakdown voltage  for each TVS diode is between 401 V and 443 V. The clamping voltage  for each TVS diode is between 412 V and 450 V calculated from (2.3) using =520 V and =10 kA from the datasheet. For two TVS diodes in series, the maximum overall clamping voltage is 900 V when =900 A, which gives a 33% voltage margin of the 1200 V voltage rating of the power module.
	
	(2.3)


The energy rating of the TVS diode is checked by comparing the required pulse width length and the maximum withstand time with the same peak pulse power. The overall line inductance needs to be used, which includes the cable inductance given in Table 2.2 and the equivalent series inductance of the battery in Figure 2.1. Based on [53], the series inductance of a 1 kV 200 Ah LiNiCoMnO2 battery is estimated to be 3.18 µH. Thus, the overall line inductance is 8.18 µH. The maximum required pulse width length is calculated with the minimum clamping voltage. With a peak current of 900 A and a minimum clamping voltage of 824 V, the peak pulse power is 742 kW. The required pulse width is calculated using (2.4), and the result is 22.7 µs.
	
	(2.4)


Note that the energy curve tested for the TVS diode is for the double exponential curve while the current waveform of the TVS diode in SSCBs is more like a sawtooth shape. Thus, the required withstand time of a sawtooth curve is normalized from the exponential curve by a factor of 2.8 giving the same energy dissipation [52]. As shown in Figure 2.9, the withstand pulse width for a peak pulse power of 742 kW is 330 µs, which is around 14.5 times of the required time, meaning the energy absorption requirement can be met with a large margin. This energy margin can allow the SSCB to operate in another system with 14.5 times of the line inductance or 14.5 times of the peak current if the paralleled switch can successfully turn off.
[bookmark: _Toc104199071]2.4.2 Analysis of Voltage Stress during Turn-off
The SSCB cell, including the power module and TVS diode shown in Figure 2.2, is tested. It is found that the voltage stress is higher than expected. An example testing waveform is shown in Figure 2.10. The energy absorption unit is constructed by one AK10-380C in series with one AK10-240C with a lower clamping voltage than selected TVS diodes, two AK10-380C in series, in the design. The peak voltage across the drain to the source of the device is 1,114 V when the turn-off current is 1,285 A, and the average clamping voltage is around 520 V. When the selected TVS diodes in the design with higher breakdown voltage are used, the peak voltage would exceed the device voltage rating of 1,200 V.
For the low-power SSCBs, the turn-off voltage stress is constructed by a nearly constant clamping voltage and Ldi/dt voltage caused by the commutation. However, in the zoomed-in waveform of Figure 2.10, the clamping voltage (Vcl,fb=800 V) across the TVS diode is still much higher than the average clamping voltage of 550 V even after the di/dt of the commutation current drops to zero at the time instant t1. This is due to the foldback characteristic of high-power TVS diodes, which features as the clamping voltage drops at the beginning of the clamping period. The overall voltage stress can be decomposed into three parts as listed in 
Table 2.3 in this case. The voltage caused by the foldback characteristic can take around 25.1% of the overall voltage stress. The peak-to-average clamping ratio is 2.14.



[bookmark: _Ref80955819][bookmark: _Ref80955800][bookmark: _Toc104199226][bookmark: _Ref77837892]Figure 2.9. Peak pulse power rating curve of the TVS diode AK10-380C.


(a) Tested waveform
[bookmark: _Ref80956188][bookmark: _Toc104199227][bookmark: _Ref77862270]Figure 2.10. Turn-off voltage spike of the switching cell.


(b) Zoomed in test waveform
Figure 2.10. continued



[bookmark: _Ref80956496][bookmark: _Ref80956482][bookmark: _Toc104199228][bookmark: _Ref80791752]Figure 2.11. Surge response caused by foldback of high power TVS diode [55].





[bookmark: _Ref80956380][bookmark: _Ref80956369]
[bookmark: _Toc104199192]Table 2.3. Turn-off Voltage Stress Breakdown
	Items
	Voltage level (V)
	Percentage

	Average clamping voltage
	520
	46.7%

	Voltage caused by Ldi/dt
	314
	28.2%

	Voltage caused by foldback characteristic
	280
	25.1%

	Overall voltage/V
	1,114
	100%
























[bookmark: _Toc104199072]2.4.3 Foldback Characteristic
The foldback characteristic of high-power TVS diodes reduces the clamping voltage to a lower voltage level to limit the power dissipation and prevent thermal runaway. An example surge curve caused by the foldback characteristic is shown in Figure 2.11. The voltage across the TVS diode at the beginning of the breakdown is higher than the average of the clamping voltage. Such characteristic is specific for high power TVS diode to achieve a small die size while accommodating high pulse currents. The largest conventional TVS diode without the foldback characteristic from Littelfuse company is 30KPA series, which can only achieve a 300 A peak current for a 20 µs exponential curve [54]. Products from other companies, e.g. Bourns, also follow a similar trend. Therefore, such characteristics can hardly be avoided when developing high-power SSCBs.
[bookmark: _Toc104199073]2.4.4 Solution to Reduce Overvoltage
To reduce the overvoltage of the switch, the part that can be minimized is the one caused by Ldi/dt. A solution is conceived from [56] of using dedicated overvoltage MOVs to parallel with energy absorption MOVs to reduce the overvoltage induced by the large inductance. A similar solution and design methodology are used here to separately select a dedicated overvoltage TVS diode to parallel with the energy absorption TVS diode as shown in Figure 2.12. The overvoltage TVS diode is selected as ATV50C401JB (2 in series) with a breakdown voltage of 894 V. These TVS diodes feature smaller packages and are placed closer to the switch to reduce the commutation voltage. Moreover, they do not have the foldback characteristic.



[bookmark: _Ref80965280][bookmark: _Toc104199229][bookmark: _Ref80965324]Figure 2.12. Modified SSCB topology with overvoltage clamping TVS diodes.


[bookmark: _Ref80965475][bookmark: _Toc104199230][bookmark: _Ref77935356]Figure 2.13. Turn-off waveform of the SSCB cell with overvoltage clamping TVS diodes.

 
[bookmark: _Ref80965478][bookmark: _Toc104199231][bookmark: _Ref77799754]Figure 2.14. 3D model of the mechanical design of SSCB.
With the paralleled TVS diodes used, tested waveforms are shown in Figure 2.13. This test is with 2 AK10-380 in series as the energy absorption TVS diodes and 6 paralleled and 2 series ATV50C401JB TVS diode arrays as the overvoltage clamping TVS diodes. The average clamping voltage is around 680 V. The peak voltage is 1,049 V when the turn-off current is 1,322A using the same gate resistance of 5.5 Ω for the device to turn off. The peak-to-average clamping ratio is reduced from 2.14 without the overvoltage TVS diodes to 1.54 with the overvoltage TVS diodes.
Note that the clamping voltage is lower than the minimum value of 824 V in the design. This means that a TVS diode with underestimated energy requirement could be selected if the foldback characteristic is not considered in the design stage. Using the updated average clamping voltage, the required pulse width is calculated as 40.9 µs using (4), which is 80.2% longer than the expected pulse width of 22.7 µs in the design. Since enough margin is given in the design, the energy absorption requirement, in this case, can still be satisfied.
As a summary, the foldback characteristic brings drawbacks including: 
1) Higher clamping voltage at the beginning of breakdown would overlap with the commutation Ldi/dt voltage to increase the device voltage stress.
2) Lower average clamping voltage during the clamping period results in a longer interrupt time and larger energy absorption requirement.

[bookmark: _Toc104199074]2.5 Hardware and Software Development of SSCB
The hardware and software development and some other functions are discussed in this section.
[bookmark: _Toc104199075]2.5.1 Hardware development
For the implementation of protection, short circuit protection with the instantaneous trip is implemented by DeSat protection circuit. The i2t or overload protection is implemented with the sensed current using a Hall sensor HAT 600S with a ±1800 A sensing rating. Voltage sensing is implemented with a resistor divider. The temperature sensing is by RTD inside the module with isolated amplifiers for the central controller, a TMS320F28379D controlCARD, of the SSCB. CAN serial communication is applied using an SN65HVD235 CAN bus transceiver IC on the SSCB side. A shared gate driver is used for two paralleled common-source power modules with separated gate resistance for each switch position to save the auxiliary supplies as shown in Figure 2.7 (b).
Mechanical design is implemented for an integrated prototype considering the insulation requirement. The bus bar is designed to parallel power modules and connect the input and output. The current density is controlled as a minimum value of 5 A/mm2. Ceramic coating of the bus bar is applied with the material of DK15-0907 from Solepoxy Company for insulation purposes. The coating thickness is 0.15 to 0.3 mm with a dielectric strength of 15 kV/mm, which can provide an insulation voltage larger than 2.25 kV. In addition, the enclosure is designed using FR4 material for insulation consideration. The 3D model of the mechanical design is shown in Figure 2.14.
[bookmark: _Toc104199076]2.5.2 Software development
Software development can be divided into two parts. One is for the distributed controller of the SSCB, and the other is for the central controller of the PC. The SSCB controller is implemented with C language for the DSP. The PC central controller is developed with C# language. Communication is also conducted between the two controllers through the CAN bus. The overall control architecture is shown in Figure 2.15. The SSCB controller will sample the voltage, current, and temperature information and send it to the central controller. Besides, protection can be tripped based on the sampled conditions, and the fault information is feedback to the central controller. Moreover, it can close, open, and reset the SSCB based on commands from the central controller.


[image: ] 
[bookmark: _Ref80965480][bookmark: _Toc104199232][bookmark: _Ref77936783]Figure 2.15. Control architecture of the SSCB.
[image: ] 
[bookmark: _Ref80965482][bookmark: _Toc104199233][bookmark: _Ref77937083]Figure 2.16. User interface of the SSCB.
A UI is developed by C# language for the central controller and the main page is shown in Figure 2.16. Switches’ control options are provided, and each fault condition can be indicated once triggered. With the UI, users can remotely control and know the working conditions of the SSCB. On other pages of the UI, temperature and current monitoring can also be visualized.
[bookmark: _Toc104199077]2.5.3 Soft-start Function and Ground Fault Indicator
The soft-start function is implemented in the SSCB to reduce the inrush current during the turn-on of the switches. As shown in Figure 2.17, the soft-start branch, which consists of a low power switch Sstr, a soft start resistor Rstr, and a diode Dsrt, is paralleled with the main switches. Sstr of the soft-start branch can be turned on first to charge the load capacitance to reduce the drain-source voltage across the main switches. Then, the main switch can be turned on with low drain-source voltage stress. This minimizes the inrush current and reduces possible nuisance trips caused by it.
The ground fault detector is mainly used to indicate the fault. It will not trip the SSCB to open, even when the fault occurs. The ground fault detector is implemented by checking the voltage differences between positive and negative buses to the earth with a sensing circuit shown in Figure 2.18. The system is grounded with a 1 MΩ grounding resistance at the middle point of the 1 kV bus. Differential amplifiers are used to sample the voltage between positive or negative buses to the ground to determine whether one of the buses is shorted to the ground. A ground fault is indicated if the difference between two sensed voltages is larger than a defined threshold.


 
[bookmark: _Ref81164020][bookmark: _Toc104199234][bookmark: _Ref48244368]Figure 2.17. Soft start circuit of SSCB

[image: ] 
[bookmark: _Ref80965483][bookmark: _Toc104199235][bookmark: _Ref78573547]Figure 2.18. The sensing circuit of the ground fault indicator.
[bookmark: _Toc104199078]2.6 Test Circuits, Test Setups, and Experimental Results
The high-power test is also challenging due to the limited facilities in the lab. Test circuits and setups are introduced, and experiments are conducted to verify the design and functionality of the developed SSCB.
[bookmark: _Toc104199079]2.6.1 Hardware Implementation
The hardware is placed within an enclosure. The length, width, and height of the enclosure are 7.16, 6.66, and 6.50 inches respectively. The prototypes with and without enclosure are shown in Figure 2.19. The main components used are summarized in Table 2.4.
[bookmark: _Toc104199080]2.6.2 Steady-state Test
The steady-state test circuit is shown in Figure 2.20. To avoid the high-power load required for the test, the output of the SSCB is short-circuited. The current through the SSCB is controlled by a low-voltage high-current dc source operating at current limiting mode. The conduction loss of the SSCB is the same as operating with a 500-kW load with the same current of 500 A.
With the voltage drops VSSCB1 and VSSCB2 of the positive and negative buses tested as 2.605V and 1.936 V respectively, the overall loss is 2,280.9 W, and the efficiency is 99.51%. Among the total loss, the power module loss is 2,188 W, and the bus bar loss is 82.5 W. The difference between the voltage drops of the two modules is caused by the different Rdson of the SiC modules.
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(a) Without enclosure


(b) With enclosure
[bookmark: _Ref80965488][bookmark: _Toc104199236]Figure 2.19. Prototype of the developed SSCB.



[bookmark: _Ref80965661][bookmark: _Toc104199193]Table 2.4. Main Components of the Developed SSCB
	Power module
	HT-3220 × 4 (1.2 kV 642 A@Tc=25°C)

	Energy absorption TVS diodes
	AK10-380C × 8 (Vbr=401 V)

	Voltage clamping TVS diodes
	ATV50C401JB × 48 (Vbr=447 V)

	Cold plate
	Wakefield-vette-120960

	Current sensor
	HAT 600S

	Controller
	TMS320F28379D

	CAN receiver IC
	SN65HVD235

	Gate drive IC
	IXDD609 × 2 + Si4564DY × 2

	Soft-start switch Sstr
	C3M0065100K (1000 V 32 A@Tc=25°C)

	Soft-start diode Dstr
	GB01SLT12-214 (1200 V 1 A@ Tc=160°C)

	Soft-start resistor Rstr
	SQP10AJB-200R (200Ω, 2 in series)





(a) Test circuit


(b) Test setup
[bookmark: _Ref80965489][bookmark: _Toc104199237][bookmark: _Ref77958933]Figure 2.20. Steady-state test circuit and setup.





[bookmark: _Toc104199081]2.6.3 Short Circuit Protection Test
[bookmark: _Hlk48928456]Figure 2.21 shows the short circuit protection test circuit and test platform. Two high-capacity capacitors are used to emulate the battery to generate a short circuit current. The voltage across the capacitors is 1 kV so that both high voltage and current stress under the worst operating conditions can be generated for SSCB switches. The line inductance is emulated with an air-core inductor. During the test, the SSCB is closed with a controlled coolant temperature to emulate the normal operation. Then, a short circuit event is triggered by a high-power half-bridge IGBT module CM2500DY-24S (1.2 kV 2.5 kA rated). Figure 2.22 shows the short circuit protection waveform at 75ºC. The SSCB protects at a current level of around 1760 A with a preset instantaneous current trip current of 1800 A.
[bookmark: _Toc104199082]2.6.4 I2t Functional Test
I2t capability cannot be fully tested due to the limitation of available high current power sources in the lab. Therefore, only a functional test is implemented. The test circuit and platform are similar to the one used for the steady-state test. The current source can generate a current higher than the rated one for SSCB to detect and protect. The temperature of the SSCB is controlled at 75 ºC to emulate the rated condition. Then the current source works to generate a high current as the overcurrent. A protection waveform is shown in Figure 2.23. The flag signal vflg is set when the SSCB controller begins to accumulate the i2t value. In this case, a 550 A overcurrent, meaning 1050 A current corresponding to the protection curve, is generated. With an expected protection time of 88 µs in the protection curve of Figure 2.6, the SSCB triggers at 91 µs. Note that the TVS diode in this test is changed to LTKAK10-76C with a lower clamping voltage to prevent the overvoltage of the low output voltage dc source.



(a) Test circuit


(b) Test setup
[bookmark: _Ref80965490][bookmark: _Toc104199238]Figure 2.21. Short circuit test circuit and platform.


 
[bookmark: _Ref80965493][bookmark: _Toc104199239][bookmark: _Ref48248361]Figure 2.22. Waveforms of short circuit protection with 1750 A total current.


 
[bookmark: _Ref80965494][bookmark: _Toc104199240][bookmark: _Ref48248951][bookmark: _Ref77961729]Figure 2.23. Waveforms of i2t protection.

[bookmark: _Toc104199083]2.6.5 Soft-start Test and Ground Fault Test
[bookmark: _Hlk48928901]The soft-start test waveform has been given in Figure 2.24. The ground fault indicator is tested with a grounding hook to short circuit the positive or negative bus to the ground. The SSCB functions to detect and indicate the fault.
[bookmark: _Toc104199084]2.6.6 Weight Breakdown and Power Density Comparison
The weight breakdown of the developed SSCB is shown in Figure 2.25. The main parts of the weight are mechanical-related parts, including the enclosure and bus bars. The total weight with and without enclosure is 4.45 kg and 3.16 kg respectively, corresponding to specific power of 112.4 kW/kg and 158.2 kW/kg.
Figure 2.26 shows the specific power and power rating comparison between the developed SSCB and other reported SSCBs with provided weight. Since the enclosure could be one of the main weight contributors, to have a fair comparison, the weights for cases with or without enclosure are labeled in different shapes. The developed SSCB in this work shows a much larger power rating and specific power density than the state-of-the-art SSCBs. Moreover, other SSCBs in Figure 2.26 are all unidirectional while the one developed in this dissertation is bidirectional.
[bookmark: _Toc104199085]2.7 Summary
This chapter presents the design and development of a 1 kV 500 A bidirectional dc SSCB for future electrified aircraft applications. The electrical design of the SSCB is presented in detail with the selection of SiC power modules and TVS diodes. The challenges of parallel and series switches to construct high-power devices for high-power SSCBs are first identified. Paralleling multiple dies in an SSCB with small inner gate resistance for each die can cause an instability issue during high current turn-off. This instability issue due to the immaturity of the high-power SiC power module limits the protection curve to a relatively small region, which can be overcome during the commercialization and maturation of the power 

[bookmark: _Hlk66900937][image: ]
(a) Soft-start waveform.
[bookmark: _Hlk66900954][image: ]
[bookmark: _Hlk66900496](b) Zoomed in soft-start waveform.
[bookmark: _Ref81164491][bookmark: _Toc104199241][bookmark: _Ref49629115][bookmark: _Hlk66900453]Figure 2.24. Soft-start waveforms for dc SSCB.
 
[bookmark: _Ref80965496][bookmark: _Toc104199242][bookmark: _Ref78642537]Figure 2.25. Weight breakdown of the developed SSCB.


 
[bookmark: _Ref80965497][bookmark: _Toc104199243][bookmark: _Ref78646027]Figure 2.26. Power rating and specific power comparison.

module. The series of switches can benefit from paralleled TVS diodes in SSCB applications.
In addition, the high peak-to-average clamping ratio caused by Ldi/dt of the turn-off current commutation and foldback characteristics of high power TVS diodes is addressed. The part of overvoltage caused by Ldi/dt is minimized by paralleling lower power TVS diodes with smaller packages. 
Finally, the testing setups for the high-power SSCB are presented, and all key functions are tested for the SSCB. The developed SSCB achieved an efficiency of 99.51% and a specific power of 112.4 kW/kg. The power rating and specific power are both much higher compared with state-of-the-art SSCBs thanks to the high-performance SiC power module, thermal management system, and compact mechanical design.




[bookmark: _Ref84528027][bookmark: _Toc104199086]
Instability Issue of Paralleled Dies in a SiC Power Module in Solid-State Circuit Breaker Applications
[bookmark: _Hlk48920134][bookmark: _Hlk54115405]Paralleled dies in a power module could have instability issues during high current switching transients. The instability is caused by the differential mode oscillation among paralleled MOSFETs. Conventional analyses of paralleled MOSFETs’ stability are normally limited to a single operating point, which ignores the influences of the switching trajectory and nonlinear device parameters on stability. This chapter reveals that the switching trajectory can significantly influence parallel stability. The analysis is improved by solving eigenvalues of state-space modeling system matrices of all operating points that the switching trajectory goes through considering nonlinear device parameters. Higher voltage and current stresses result in greater real parts of complex eigenvalues, which explains why the paralleled MOSFETs are more unstable with higher voltage and current stresses. To improve stability in SSCB applications, we propose a method to manipulate the switching trajectory to avoid the unstable region where the conventional hard switching trajectory normally goes through. Experimental results show that the turn-off current capability can be increased from ~5 times of rated current with the gate oscillation using the conventional turn-off trajectory to ~10 times of rated current without the gate oscillation using the optimal turn-off trajectory.
[bookmark: _Toc104199087]3.1 Introduction and Literature Review
In high power applications, high current rating switching devices are required for power converters and solid-state protection equipment [57]. The high current carrying capability requires more paralleled discrete switches or more paralleled dies in one power module due to limited current ratings per discrete switch or die. Paralleling switches brings challenges including unbalance of current sharing and instability issues. This dissertation mainly focuses on the paralleling instability issue of power MOSFETs.
Paralleled MOSFETs instability has been found by researchers since the 1980s. In [49], the authors proved that the paralleled MOSFETs equivalent circuit can be unstable with a divergent natural response to differential mode (DM) signals. Figure 3.1 shows an equivalent circuit of paralleled MOSFETs. DM signals can be any voltage and current differences among paralleled MOSFETs. For example, they can be the uneven current distribution generated by parameter mismatches between paralleled MOSFETs [58]-[60]. These DM signals can excite the oscillation of the paralleled MOSFETs if the natural response of the circuit is divergent. By applying the Routh Hurwitz criterion, whether the circuit response is divergent or convergent can be determined. Equivalent methods have also been used for stability analysis including the Bode plot and Nyquist criterion in [61]-[62], Colpitts oscillator theory in [63], and state-space modeling in [64].
The key issue of previous analyses is that they mainly focus on a single operating point. However, during the switching transient, the operating point keeps changing with the switching trajectory. Therefore, with different switching trajectories, the parallel stability analysis results of the switching transient can be quite different.  
[bookmark: _Hlk54530654]Another issue, which is also difficult to be explained with previous analyses focusing on a single operating point, is that the paralleled MOSFETs instability happens more likely under higher voltage and current conditions. As an example, in Figure 3.2, the SiC power module HT3220 [39] has a severe gate oscillation when the turn-off current level reaches around 2265 A during short circuit protection. However, it can successfully turn off a fault current lower than this value. The power module is used with a 250 A rated current at 60°C ambient temperature, and the short circuit protection current is defined as 2250 A (9 times of the rated current). Such a high protection current is normal in SSCB applications [65]-[67]. The turn-off gate resistance Rg_ext is selected as 5.5 Ω to reduce the turn-off overvoltage. In [50], similar oscillation and failure have been noticed for paralleled discrete SiC MOSFETs. Moreover, the authors found that failure is more likely to happen at a higher voltage. In their case, the MOSFETs fail at 750 V bus voltage while they can successfully turn off a similar current level with bus voltage less than 750 V.
[bookmark: _Hlk48922169]To avoid MOSFET paralleling instability, two common solutions include increasing DM gate resistances (Rg_int1 and Rg_int2 in Figure 3.1) [49]-[50], [61]-[62], and using ferrite beads at the gate of every single MOSFET to help eliminate the parasitic oscillation [68]. However, both solutions require modifying the circuit structure or parameter inside the power module, which is impractical for most users. Therefore, it is important to explore a method to minimize the instability by only changing circuits or parameters outside the power module.
The research objectives of this chapter are to 1) analyze the stability during the whole switching transient and investigate the influence factors including the switching trajectory, and voltage and current stresses; 2) explore a method to improve the power module stability by changing only the external circuits in SSCB applications.
[bookmark: _Toc104199088]3.2 Paralleled MOSFETs Stability Analysis
Among the stability analysis methods, state-space modeling can provide a complete overview of the system oscillatory modes and damping factors by the eigenvalues [64], [69]-[70]. Therefore, it is applied in this dissertation to analyze the paralleled MOSFETs stability.
[bookmark: _Toc104199089]3.2.1 State-space Modeling for Paralleled MOSFETs Stability Analysis
State-space modeling is applied to determine the system stability at different operating points. The eigenvalues of the system matrix, which are the same as the system characteristic polynomial roots, can reflect the response of the system. Computer-aided analysis can be used to calculate and visualize the real parts of eigenvalues at different voltage and current levels.



[bookmark: _Ref81170252][bookmark: _Toc104199244][bookmark: _Ref48559355][bookmark: _Ref49609142]Figure 3.1. Paralleled MOSFETs equivalent circuit.


[bookmark: _Ref81169738][bookmark: _Toc104199245][bookmark: _Ref49624507]Figure 3.2. Parasitic oscillation of paralleling dies in power module during turn-off at high current levels.
The general state-space model of the circuit can be written as
	
	(3.1)


where  and  is the state space vector of the circuit and its derivative.  is the system matrix, which can be either manually derived or automatically generated with MATLAB and PLECS [71]. The eigenvalues λ of the system matrix  can be solved by the equivalent (3.2).
	
	(3.2)


Each single eigenvalue λi corresponds to a particular solution of the state space variable. The solutions can be expressed as
	
	(3.3)


where n is the number of state variables and  is the coefficient determined by initial values of state-space variables.
Complex eigenvalues can be decoupled into the real part α and the imaginary part β. Based on the Euler rule, the solution without the coefficient can be expressed as
	
	(3.4)


The factor  determines the envelope of the circuit response. For α less than zero, the circuit response is convergent as shown in Figure 3.3 (a). The more negative the α value, the faster the convergence speed. For α greater than zero, the circuit response is divergent as shown in Figure 3.3 (b). The greater the α value, the faster the divergence speed.
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[bookmark: _Hlk66899797](a) Negative real part: convergent.
[image: ]
(b) Positive real part: divergent.
[bookmark: _Ref81169740][bookmark: _Toc104199246][bookmark: _Ref48233606]Figure 3.3. Influence of eigenvalue real part on system stability.

[bookmark: _Toc104199090]3.2.2 Nonlinear Transconductance and Capacitances Considered in Modeling
The nonlinearity of transconductance gfs and capacitances Cgs, Cgd, and Cds of the device is considered to solve the system matrix eigenvalues under different voltage and current conditions.
The power module HT3220 contains ten SiC dies CPM2-1200-0025B (1.2 kV, 25 mΩ) [39]. The transconductance is characterized by the official SPICE model of the die [72]. Figure 3.4 shows the small-signal nonlinear transconductance gfs () under different Vds and Ich conditions. Transconductance increases with the drain-source voltage and channel current. For SiC MOSFETs, the channel length modulation is more obvious to make transconductance increase with Vds. Nonlinear capacitances Cgs, Cgd, and Cds are also considered, and their relationship with Vgs and Vds can be found in [51].
[bookmark: _Toc104199091]3.2.3 Parasitic Extraction of the Power Module
The parasitic inductances of the power module are extracted with the 3D model generated based on SiC dies layout inside the power module. The common source power module HT3220 is disassembled as shown in Figure 3.5. The 3D model of the highlighted part of the power module in Figure 3.5 is generated by SolidWorks and given in Figure 3.6. The DM parasitic between neighboring die pairs is extracted by ANSYS Q3D and listed in Table 3.1. The total internal gate resistance Rg_int of each die is 2.1 Ω. Note that the DM parasitic inductances are between two dies. As an example, the relationship between Lg in TABLE I, and Lg1 and Lg2 in Figure 3.1 is that Lg=Lg1=Lg2. The CM part, e.g., the external parasitic Lg_ext, is ignored for the analysis owing to the half circuit assumption, which has been justified in [49] and [64].

[image: ] 
[bookmark: _Ref81169742][bookmark: _Toc104199247][bookmark: _Ref48859149]Figure 3.4. Nonlinear transconductance under different Vds and Ich conditions.
[bookmark: _Hlk66900662][image: ] 
[bookmark: _Ref81169743][bookmark: _Toc104199248][bookmark: _Ref48234733]Figure 3.5. Common source power module HT3220 disassembly.


[bookmark: _Ref81170901][bookmark: _Toc104199194][bookmark: _Hlk66901028]Table 3.1. Extracted Parasitic Inductances of Neighboring Die Pair
	Inductance
	Lg
	Ld
	Lgs||Lss

	Value (nH)
	4.13
	0.32
	0.83




 
[bookmark: _Ref81169745][bookmark: _Toc104199249][bookmark: _Ref48894392]Figure 3.6. Top view of the 3D model of the common source power module.

[bookmark: _Hlk81166028] 
[bookmark: _Ref81169747][bookmark: _Toc104199250][bookmark: _Ref48234257][bookmark: _Ref48843483]Figure 3.7. DM equivalent circuit of paralleled MOSFETs.









[bookmark: _Toc104199092]3.2.4 Solutions under Various Operating Points and Discussion
The paralleled circuit can also be simplified from Figure 3.1 to be the DM circuit in Figure 3.7 with the half circuit assumption because the DM signals are dominant in the oscillation [49]. The assumption of the half circuit approximation is because of the symmetry of Figure 3.1. Note that the approximation is to reduce the order of the analyzed circuit but does not change the parallel stability issue itself. The state-space vector  of the DM circuit can be expressed as
	
	(3.5)


From the physics standpoint, the equivalent circuit in Figure 3.7 can be described as a feedback amplifier model. Transconductance is the amplification unit that gives a gain of gfs from Δvgs to Δich. There are two ways Δich provides feedback to Δvgs:1) through Cgd, and 2) through Ls. For the first way, the variation of Δich causes the variation of Δvds and induces a current through Cgd to influence Δvgs. For the second way, the variation of Δich causes the variation of the current through and the voltage across Ls, which can influence vgs based on KVL of the gate loop. The unstable oscillation happens when positive feedback exists from Δich to Δvgs. The closed-loop gain and phase shift are determined by gfs and impedance networks of the gate, source, and drain parts. In this dissertation, we focus on the eigenvalues of the system matrix, which is equivalent to the analysis of the phase or amplitude margin of the system and can give more comprehensive information about the system.
The system matrix of the linearized state-space model of the DM equivalent circuit can be found on Page 5-36 in [73]. The eigenvalues are solved with the extracted parasitic and nonlinear transconductance and capacitances. With four independent state variables, four eigenvalues can be solved. Among the four eigenvalue solutions, the two real eigenvalues are always negative during all voltage and current levels. Only the two complex conjugate eigenvalues are possible to have and share a positive real part, causing instability or divergent response of the circuit. The real parts of the complex conjugate eigenvalues are given in the contour as shown in Figure 3.8. As given in (4) and Figure 3.3, a positive real value means the oscillation amplitude would increase at the operating point. 
Note that positive  solutions exist at high voltage and high current regions. The low voltage or low current part is normally stable with negative  solutions. Moreover, the trend is that the higher voltage and current, the greater the real part value or the more unstable the system is. This explains why the instability issue is more likely to occur at high voltage and high current stresses.
To model the DM oscillation for the number of paralleled dies greater than two, the entire power module with 10 paralleled dies can be modeled and solved by MATLAB with PLECS for eigenvalues. The parasitic inductance between each neighboring pair is twice the DM parasitic inductance as given in Table 3.1. There are 38 sets of solutions, and 18 of them are possible to give positive real parts of complex conjugate eigenvalues. All the real parts of complex conjugate eigenvalues have the same trend that the higher voltage and current, the greater the value of the real part. Due to limited space, only one set of typical eigenvalue solutions is given. The contour curves of real and imaginary parts are shown in Figure 3.9. The imaginary parts indicate a natural frequency between 130 MHz and 170 MHz, which covers the observed oscillation frequency of around 150 MHz in the experiment.
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[bookmark: _Ref81169752][bookmark: _Toc104199251][bookmark: _Ref49165005]Figure 3.8. Real parts of complex conjugate eigenvalues under various voltage and current levels for the neighboring die pair.
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[bookmark: _Hlk66899964](a) Real part.
[bookmark: _Ref81169754][bookmark: _Toc104199252][bookmark: _Ref62837980]Figure 3.9. Real and imaginary parts of a complex conjugate eigenvalue set under various voltage and current levels for the entire power module.

[image: ]
(b) Natural frequency: imaginary part divided by 2 (Unit: MHz).
Figure 3.9 continued
[image: ]
[bookmark: _Hlk66900021](a) Turn-off waveforms.
[bookmark: _Toc104199253]Figure 3.10. Turn-off waveforms and trajectory on I-V curve of CPM2-1200-0025B.
[image: ]
[bookmark: _Hlk66900033](b) Turn-off trajectory.
Figure 3.10 continued
[image: ] 
[bookmark: _Ref81169759][bookmark: _Toc104199254][bookmark: _Ref49164936][bookmark: _Hlk66900048]Figure 3.11. Turn-off trajectory on the stability contour.

[bookmark: _Toc104199093]3.3 Influence of Switching Trajectory on Parallel Stability
The stability analysis can be used for both turn-on and turn-off processes. In this dissertation, the turn-off process is the focus of the analysis because the SSCB application is likely to have a high current turn-off for short circuit protection.
[bookmark: _Toc104199094]3.3.1 Conventional Turn-off Trajectory
[bookmark: _Hlk54795999]The soft turn-off is normally used for short circuit protection by slowing the turn-off speed to reduce the overvoltage, which can cause hard switching with a large overlap of vds and ich. The simulation waveforms of die CPM2-1200-0025B turning off ~200 A current with 55 Ω gate resistance are shown in Error! Reference source not found. (a). The gate resistance is designed largely for soft turn-off during short circuit protection. The voltage first increases to around 700 V, then the current begins to decrease. This generates a large overlap of voltage and current. The turn-off trajectory of Vds-Ich is shown in Error! Reference source not found. (b). 
[bookmark: _Toc104199095]3.3.2 Influence of Conventional Turn-off Trajectory on Stability
Figure 3.11 shows the turn-off trajectory overlapped with the contour curve of real parts of complex eigenvalues given in Figure 3.8. The trajectory goes through the unstable region where both voltage and current are high, which causes instability of the paralleled dies in the power module. However, the switching trajectory varies for different switching conditions, which means it can be possible that certain switching trajectories can go through a region with smaller real parts to realize a more stable switching transient than the conventional trajectory.
[bookmark: _Toc104199096]3.3.3 Influence of Model Accuracy on Analysis Results and Limitation of the Analysis
The SPICE model provided may not reflect accurate device characteristics, especially the transconductance [74]. To check the influence of the SPICE model accuracy on the analysis results, a sensitivity analysis is given here. In Figure 3.12, the transconductance has been scaled to 70% and 130% of the original value to check the influence. It can be found that for both cases, higher voltage and current results in worse stability for the parallel MOSFETs, which is the same as the previous analysis result.
[bookmark: _Hlk61623290]One of the key factors contributing to the result is the channel length modulation of the SiC MOSFETs. The transconductance increases with the drain-to-source voltage in the saturation region. This phenomenon has been explained based on semiconductor physics in [73] and experimentally verified in [75]. This also supports the analysis results even if the SPICE model has inaccuracies.
One limitation of the model is that the dwell time is not included for a comprehensive analysis of the sufficient conditions for the observable gate oscillation. The switching trajectory that goes through the unstable region with positive real parts is a necessary but not sufficient condition for the observable gate oscillation. It could be possible that no gate oscillation is observed if the device quickly passes through the unstable region with very limited dwell time. 
Another limitation of the analysis is that dynamic thermal imbalance is not considered during switching due to the half circuit approximation. The thermal domain could be considered to give a more comprehensive analysis in the future.
[bookmark: _Toc104199097]3.4 Proposed Method to Improve Parallel Stability of Power Modules by Manipulating the Switching Trajectory
In this section, a method is proposed to enhance the turn-off current capability limited by the paralleled MOSFETs oscillation issue for SSCB, where high short circuit protection current is required (as large as 6-12 times of the rated current [65]-[67]). Since the turn-on of the switch is normally under the soft-start function of SSCB, which is under low voltage stress with limited current spike, the analysis focuses on the turn-off process of paralleled MOSFETs.

[image: ]
[bookmark: _Hlk66900099](a) 70% of the original transconductance.
[image: ]
[bookmark: _Hlk66900113](b) 130% of the original transconductance.
[bookmark: _Ref81169762][bookmark: _Toc104199255][bookmark: _Ref61622241][bookmark: _Hlk66900081]Figure 3.12. Transconductance sensitivity influence on the analysis results.

[bookmark: _Toc104199098]3.4.1 Optimal Turn-off Trajectory for Paralleled MOSFETs Stability
The idea is to manipulate the switching trajectory to avoid the unstable region with both high voltage and current so that the switch can remain in a stable region during the switching transient. The optimal turn-off trajectory is shown in Figure 3.13. During turn-off, the channel current decreases before the drain-source voltage increases to avoid the unstable region.
[bookmark: _Toc104199099]3.4.2 Manipulate the Turn-off Trajectory
[bookmark: _Hlk60582214]To achieve the optimal turn-off trajectory, an extra drain-source capacitance can be applied in Figure 3.14. The equivalent switch represents the multiple paralleled dies. During the turn-off transient, the gate current ig discharges Cgd and Cgs. At the same time, the load current iL would charge Cds to ensure that vds is almost equal to vdg (-vgd) because vds-vdg=vgs≈0 V. Therefore, with very fast Cgd discharge speed or large Cds, the most load current iL would charge Cds instead of flowing through the MOSFET channel. Then, the overlap of channel current and drain-source voltage can be avoided during the turn-off transient. To enable this, the requirement of the total drain-source capacitance value Cds_tot (=Cds+Cds_ext) is that >>. 
Another way to understand this requirement is that during the turn-off transient the dv/dt of vdg is close to the dv/dt of vds and 𝐼dg/𝐶𝑔𝑑≈𝐼𝐿/𝐶𝑑𝑠_𝑡𝑜𝑡. With 𝐼𝑔/𝐶𝑔𝑑>> 𝐼𝐿/𝐶𝑑𝑠_𝑡𝑜𝑡≈𝐼dg/𝐶𝑔𝑑, 𝐼𝑔>>𝐼dg. This means the main part of Ig discharges Cgs, resulting in a quick decrease of vgs and ich while vds slowly increases. This makes the overlap of vds and ich small to achieve the optimal turn-off trajectory.

[bookmark: _Hlk66900802][image: ] 
[bookmark: _Ref81169769][bookmark: _Toc104199256][bookmark: _Ref48238280][bookmark: _Hlk66900130]Figure 3.13. Optimal switching trajectory.

 
[bookmark: _Ref81169773][bookmark: _Toc104199257][bookmark: _Ref61420546]Figure 3.14. MOSFET equivalent circuit during turn-off.
The required drain-source capacitance can be calculated as
	
	(3.6)


[bookmark: _Hlk48927175]where Vmiller is the miller plateau voltage, Cgd is gate-to-drain capacitance at Vds=200 V. With the Cds of the power module around 2.2 nF at Vds=200 V, the extra paralleled capacitance value is selected as 1 µF. This method avoids changing the structure and parameters inside the power module and can be easily implemented.
Note that the proposed method is mainly for SSCB applications where the PWM operation is normally not required. Thus, the extra DS capacitor would not induce charge and discharge loss. For general applications, it would be possible to utilize some other techniques, e.g. active gating or soft switching, to achieve the optimal switching trajectory to improve the parallel stability.

[bookmark: _Toc104199100]3.4.3 Manipulate the Turn-on Trajectory
[bookmark: _Hlk62553563]Adding an extra drain-source capacitance may result in a current spike during the turn-on transient. The soft-start functions commonly used in SSCBs can avoid this issue [26]. As shown in Figure 3.15, the main switch can be turned on with low drain-source voltage stress to avoid the unstable region. The turn-on trajectory of Smain1 in Figure 3.15 with soft start is shown in Figure 3.16. The voltage first decreases to a threshold voltage, which is normally much lower than the voltage stress of the device, with zero channel current of the main switches since DS capacitance is discharged through the soft start branch. Then the main switches are turned on when DS voltage is equal to or lower than the voltage threshold. A limited current spike would happen during turn-on. Since now the DS voltage is below the threshold voltage, the turn-on trajectory can be limited to the region with small or negative real parts of eigenvalues to improve the parallel stability.


[bookmark: _Ref81169776][bookmark: _Toc104199258]Figure 3.15. Soft start circuit of SSCB.

[image: ] 
[bookmark: _Ref81169777][bookmark: _Toc104199259][bookmark: _Ref62509801]Figure 3.16. Turn-on trajectory on the stability contour with soft-start function.




[bookmark: _Toc104199101]3.5 Non-destructive Test of Power Module Instability Issue
The gate oxide of the power module can be damaged by the gate oscillation caused by the paralleled MOSFETs instability. Thus, it is important to use a non-destructive test method. Tests are done by gradually increasing the turn-off current. Test waveforms before the failure of the power module are given in Figure 3.17. The gate voltage oscillation can be observed before the oscillation amplitude exceeds the maximum allowed gate voltage to make the device fail. In Figure 3.17 (a), when turning off 2,065 A, no high-frequency oscillation can be observed in the gate voltage. In Figure 3.17 (b), when the turn-off current is increased to be 2,245 A, a high frequency (~150 MHz) oscillation of the gate voltage can be observed, and the amplitude of the gate oscillation is around 3 V. In Figure 3.17 (c), when the turn-off current is increased to 2,425 A, high frequency (~150 MHz) oscillation is more obvious (around 6.5 V oscillation amplitude) than Figure 3.17 (b). If the turn-off current keeps increasing after this, the gate oscillation exceeds the maximum allowable voltage and damages the power module. Therefore, to conduct the non-destructive test, the key is to observe the gate waveforms for the high-frequency gate oscillation while gradually increasing the turn-off current. Once the high-frequency gate oscillation is observed, the turn-off current can be taken as an oscillation current threshold and should not be increased anymore to avoid parallel instability.
[bookmark: _Hlk66900839][image: ] 
(a) Turn-off current: 2,065 A.
[bookmark: _Hlk66900861][image: ]
(b) Turn-off current: 2,245 A.
[bookmark: _Hlk66900868][image: ]
(c) Turn-off current: 2,425 A.
[bookmark: _Ref81169779][bookmark: _Toc104199260][bookmark: _Ref49189430]Figure 3.17. Oscillation can be observed before the failure of the power module.
Note that the probes and scopes must have higher bandwidth than the oscillation frequency. For the test waveforms given, the scope used is DPO5104B (2 GHz bandwidth) from Tektronix, and the voltage probe used is a THDP0200 (200 MHz bandwidth) differential probe from Tektronix, which is good enough to observe the oscillation. The current probe used is CWT15 (16 MHz bandwidth) Rogowski coil from PEM, which cannot be relied on to observe the oscillation due to the low bandwidth.
[bookmark: _Toc104199102]3.6 Experimental Results
Experiments are conducted to verify the analysis and proposed solution in SSCB applications. The SiC common source power module HT3220 [39] is used as the device under test (DUT). The anti-series switches inside it enable the bidirectional application. It is used with a 250 A rated current at 60°C ambient temperature and 25°C coolant temperature. At the worst condition, the junction temperature is less than 90°C. The target short circuit protection current is 2250 A, which is 9 times of the rated current.
[bookmark: _Toc104199103]3.6.1 Test Platform and DUT
The test diagram and platform are shown in Figure 3.18 and Figure 3.19 respectively. A high power IGBT is used for protection in case the power module fails to turn off the high current. The conduction time or input voltage can be adjusted to change the turn-off current, so the turn-off current can be increased slowly to observe the oscillation to keep the DUT safe. The temperature of the device can be controlled by the inlet coolant temperature of the cold plate.
Figure 3.20 shows the DUT used for the test. An equivalent capacitance of 1 µF and some TVS arrays are paralleled with the power module. The detailed information of all the parts is listed in Table 3.2. The TVS arrays are designed separately to absorb the energy and clamp the overvoltage during the short circuit protection [56]. The turn-off gate drive resistance used is 5.5 Ω.

 
[bookmark: _Ref81169781][bookmark: _Toc104199261][bookmark: _Ref49167666]Figure 3.18. Test diagram of DUT in SSCB.
[bookmark: _Hlk66900886][image: ] 
[bookmark: _Ref81169783][bookmark: _Toc104199262][bookmark: _Ref41499022]Figure 3.19. Experimental test platform of dc SSCB.
[bookmark: _Hlk66900900][image: ] 
[bookmark: _Ref81169786][bookmark: _Toc104199263][bookmark: _Ref48245060]Figure 3.20. Power module with paralleled capacitors.
[bookmark: _Hlk66900911][image: ] 
[bookmark: _Ref81169789][bookmark: _Toc104199264][bookmark: _Ref48248360][bookmark: _Hlk66900405]Figure 3.21. Waveforms of turning off 2300 A @25°C using the conventional turn-off trajectory.





[bookmark: _Ref81170902][bookmark: _Toc104199195][bookmark: _Hlk66901057]Table 3.2. DUT Related Parameters
	Power module
	HT-3220 (1.2 kV 642 A@Tc=25°C)

	Energy absorption TVS diodes
	AK10-380C × 2 (Vbr=401 V)

	Voltage clamping TVS diodes
	ATV50C401JB × 12 (Vbr=447 V)

	Extra capacitance
	1 µF × 4 (2 in series and 2 in parallel)

	Gate drive IC
	IXDD609+Si4564DY

	Sstr
	C3M0065100K (1000 V 32 A@Tc=25°C)

	Dstr
	GB01SLT12-214 (1200 V 1 A@ Tc=160°C)

	Rstr
	SQP10AJB-200R (200Ω, 2 in series)
















[bookmark: _Toc104199104]3.6.2 Temperature Influence on Stability
Figure 3.21 shows the key turn-off waveforms with the conventional turn-off trajectory at 25°C. The turn-off current is 2,305 A. The power module can successfully turn off this current at 25°C. During the turn-off transient, the voltage increases first (from t0 to t1) to around 1,050 V, and then the current drops to zero (from t1 to t2). The overlap of voltage and current has the same characteristic as the conventional turn-off trajectory given in Section III.
[bookmark: _Hlk48928351]It is found that higher temperatures can worsen parallel stability. Figure 3.22 shows the key turn-off waveforms with the conventional turn-off trajectory at 90°C. The temperature is selected to emulate the junction temperature at the rated condition. When the turn-off current is 1,265 A, the gate oscillation can be noticed in the waveforms with an amplitude of around 4 V in Figure 3.22. If the turn-off current further increases, the oscillation amplitude also increases and results in similar waveforms in Figure 3.2. The testing results show that the device has a lower turn-off oscillation current threshold at a higher temperature, which could be due to the higher transconductance at the higher temperature.
[bookmark: _Toc104199105]3.6.3 Verification of Proposed Switching Trajectory Manipulation Solution
[bookmark: _Hlk48928834]Figure 3.23 shows the key turn-off waveforms with the optimal turn-off trajectory at 90°C. The turn-off current is 2,460 A. The power module can successfully turn off this current at 90°C. Based on the waveforms, the voltage slowly increases and keeps below 400 V when the current drops to zero (from t0 to t1). Then, the voltage increases to the TVS breakdown voltage from t1 to t2. By manipulating the turn-off trajectory this way, the device can avoid the unstable region during turn-off. The turn-off current capability increased from 1,265 A with the conventional trajectory to 2,460 A (1.94 times) with the optimal trajectory. Note that the turn-off current can be greater than 2,460 A with the optimal switching trajectory. The reason we stop increasing the turn-off current after this test is that it has already exceeded the target short circuit protection current of 2,250 A.
The soft-start function is also implemented to verify the feasibility of manipulating the turn-on switching trajectory. The load capacitor in Figure 3.15 is 2 mF. The soft-start waveforms are given in Figure 3.24. The auxiliary switch turns on first to discharge the voltage across the DUT. When the drain-source voltage across the DUT is around 10 V, the main switch turns on, which avoids the unstable region of the Ich-Vds curve.
[bookmark: _Toc104199106]3.6.4 Comparison of the Turn-off Oscillation Current Threshold
Table 3.3 compares the turn-off current capability under different temperatures and with different switching trajectories. The comparison of case 1 and case 2 shows that higher temperature worsens the parallel instability issue. The comparison of case 2 and case 3 shows that current capability increases from 1265 A to 2460 A with the optimal trajectory, which is 1.94 times of turn-off oscillation current threshold.
[bookmark: _Toc104199107]3.7 Summary
Paralleled MOSFETs can have instability issues, and the issue can also happen with paralleled dies in a power module. Different from previous analyses focusing on one single operating point, this chapter analyzes the stability of the paralleled MOSFETs under various voltage and current conditions considering the switching trajectory influence and nonlinear device parameters. The analysis results show that the higher voltage and current region corresponds to the greater real part of complex eigenvalues, which explains why the instability is more likely to occur at high voltage and high current stresses. 

[bookmark: _Hlk66900918][image: ] 
[bookmark: _Ref81169791][bookmark: _Toc104199265][bookmark: _Hlk66900424]Figure 3.22. Waveforms of turning off 1265 A @90°C using the conventional turn-off trajectory.
[bookmark: _Hlk66900927][image: ] 
[bookmark: _Ref81169794][bookmark: _Toc104199266][bookmark: _Hlk66900438]Figure 3.23. Waveforms of turning off 2460 A @90°C using optimal turn-off trajectory.
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[bookmark: _Hlk66900483](a) Soft-start waveform.
[image: ]
(b) Zoomed in soft-start waveform.
[bookmark: _Ref81169795][bookmark: _Toc104199267]Figure 3.24. Soft-start waveforms for dc SSCB.

[bookmark: _Ref81170904][bookmark: _Toc104199196]Table 3.3. Comparison of Tested Results
	Case*
	1
	2
	3

	Temperature (°C)
	25
	90
	90

	Optimal or conventional turn-off trajectory
	Conventional
	Conventional
	Optimal

	Maximum turn-off current tested (A)
	2305
	1265
	2460

	Gate oscillation happens or not?
	No
	Yes
	No



* Case 1 is using conventional turn-off trajectory and is tested at 25°C case temperature condition. 
* Case 2 is using conventional turn-off trajectory and is tested at 90°C case temperature condition.
* Case 3 is using optimal turn-off trajectory and is tested at 90°C case temperature condition.
[bookmark: _Hlk48929178]The conventional hard switching trajectory goes through the unstable region of the V-I curve due to the overlap of voltage and current, which can cause the DM oscillation of the paralleled switches. To improve the stability of paralleled switches during the high current turn-off, we propose a method to manipulate the switching trajectory to avoid the unstable region mainly in SSCB applications. The optimal turn-off trajectory is implemented by paralleling extra capacitance across the drain to the source of the device. The optimal turn-on trajectory is realized by the soft-start function. 
To verify the analyses without damaging power modules, a non-destructive test method is used for testing the turn-off oscillation current threshold. Experimental results verify that the proposed trajectory optimization method can improve the parallel stability in the SSCB application. The turn-off current can be increased from 1265 A (5.1 times of rated current) with the gate oscillation by the conventional turn-off trajectory to 2460 A (9.8 times of rated current) without the gate oscillation by the optimal turn-off trajectory at 90°C. In addition, experimental results show that higher temperature makes paralleled SiC MOSFETs more unstable, which could be caused by transconductance variation but still needs verifications by future work. 
[bookmark: _Ref84947545][bookmark: _Toc104199108]
Characterization and Analysis of High Power TVS Diodes at Room and Cryogenic Temperatures for Solid-state Circuit Breaker Applications
TVS diodes with high reliability, low clamping ratio, and fast response speed are used for energy absorption in SSCBs. The exponential current waveforms are normally used to characterize the TVS diode performance. However, in SSCB applications, the current waveform is in a sawtooth shape. Thus, the characterization method is improved by utilizing the sawtooth current waveform to obtain a more accurate peak voltage and foldback time for the TVS diode. Moreover, the breakdown voltage and clamping resistance can be obtained by the characterized waveforms. For the high power SSCB, high current TVS diodes are needed. However, the foldback characteristic of the high-power TVS diodes has seldom been discussed. With the improved characterization method, the foldback characteristic of the high power TVS diode is investigated by comparing it with low power TVS diodes.
On the other hand, the TVS diode is first characterized at cryogenic temperatures. The peak clamping voltage, average clamping voltage, breakdown voltage, and clamping resistance change at cryogenic temperatures are discussed. At cryogenic temperature, the peak clamping voltage reduces while the average clamping voltage increases in large current clamping conditions. This means the peak-to-average clamping ratio decreases at cryogenic temperatures, making the high-power TVS diode a promising candidate in cryogenically cooled solid-state circuit breakers. This phenomenon is explained by the clamping resistance Rcl increasing at cryogenic temperatures due to carrier freeze-out.
[bookmark: _Toc104199109]4.1 Introduction and Literature Review
As mentioned in Chapter Two, SSCB promises to provide reliable protection to the EAP system. A typical SSCB topology is shown in Figure 4.1, which includes power semiconductor switches and the energy absorption unit. For the energy absorption unit, the transient voltage suppression (TVS) diode is an attractive solution to the metal oxide varistor (MOV) owing to the faster response speed and lower clamping ratio. Moreover, the MOV has the degradation issue, which makes it not suitable for aircraft applications [36]-[37].
For future EAP systems, the power rating can achieve the MW range and beyond. There is a clear need to push the voltage and power rating higher for future EAP applications. This requires the investigation of high-power components for SSCB applications, including the high-power TVS diodes. For the low-power TVS diode, the clamping factor (the ratio of the clamping voltage to the breakdown voltage) is normally low and around 1.33 [38]. However, for high-power TVS diodes, to withstand the large power during the transient, the foldback technique is required. This characteristic has seldom been discussed in published literature, although some of the tested waveforms can be noticed with such a phenomenon [34]. An alternative solution is to parallel low-power TVS diodes to achieve a high power rating [39]. However, the positive temperature coefficient and possible mismatch of the TVS diode breakdown voltage make it challenging to distribute current evenly for multiple-paralleled TVS diodes. Thus, this solution is not recommended by manufacturers [40]. Therefore, high power TVS diodes are needed for high power SSCBs, and their characteristics, especially the foldback one, need to be investigated. 


 
[bookmark: _Ref84338163][bookmark: _Toc104199268][bookmark: _Ref81558700]Figure 4.1. A typical SSCB topology.
	

	


	(a) [bookmark: _Ref83646421]Exponential current waveform
	(b) [bookmark: _Ref83646423]Sawtooth current waveform


[bookmark: _Ref84338165][bookmark: _Toc104199269][bookmark: _Ref81575878]Figure 4.2. Different current waveforms for TVS characterization.

TVS diodes are normally characterized with 8/20 µs or 10/1000 µs exponential curves for the lightning protection application [76]. These curves feature a slow current increase at the beginning of the TVS breakdown, which takes 8~10 µs to reach the peak value. However, in the SSCB application, the current waveform is in a sawtooth shape, and the current takes less than 1 µs to reach the peak value after the breakdown. Moreover, the exponential curve needs to be generated by the dedicated transient line pulse (TLP) testers [77]. There are still no reported methodologies for characterizing and modeling TVS diode for SSCB applications. Thus, it is important to investigate a method that can help understand and predict the TVS diode performance in SSCB applications and with only commonly used equipment.
On the other hand, cryogenic cooling can benefit the future EAP system with superconducting cables and machines. Many devices and passive components have been characterized at cryogenic temperatures [78]-[79], including the Si P-N diode, Si and SiC Schottky diode, Si and SiC MOSFET, GaN high electron mobility transistor (HEMT), etc. However, characteristics of the TVS diodes at cryogenic temperatures have not been reported yet. Therefore, to enable the application of SSCB in future cryogenically cooled EAP systems, the characteristics of high-power TVS diodes at cryogenic temperature are worth investigating. The parameters of interest include the breakdown voltage Vbr, peak clamping voltage Vcl,pk, and the average clamping voltage Vcl,avg.
This chapter improves the dynamic characterization method for TVS diodes in the SSCB application. Moreover, based on the characterized results of the high-power TVS diode, the foldback characteristic is understood. In addition, the high-power TVS is characterized at cryogenic temperatures. The change of Vcl,pk and Vcl,avg are measured at cryogenic temperature and the reasons are provided.
[bookmark: _Toc104199110]4.2 Characterization of TVS Diodes for SSCB Applications and Foldback Characteristics of High-power TVS Diodes
[bookmark: _Toc104199111]4.2.1 Improved Test Method and Circuit for SSCB Applications
4.2.1.1 Conventional Test Methods and Typical Waveforms in SSCB
TVS diodes are normally tested with an 8/20 µs or 10/1000 µs exponential curve to emulate the lightning transient. The 8/20 µs exponential curve is shown in Figure 4.2(a). The rise time tr from 10% to 90% of the peak current is around 8 µs and the decay time td to half of the peak current is 20 µs. A TLP tester is normally used to generate such a pulse. As a comparison, the sawtooth current waveform in the SSCB application is shown in Figure 4.2(b). The clamping voltage across the TVS diode as shown in Figure 4.1 pushes the line current to decrease to zero. The rise time tr from 10% to 90% of the peak current depends on the switching speed of the paralleled switch and is normally shorter than 1 µs. The decay time td depends on the series inductance in the system and the voltage across the inductance, which could range from tens to hundreds of µs.
Figure 4.3 compares the tested clamping voltage of the same TVS diode LTKAK10-076C using different current waveforms in Figure 4.2(a) and (b). Note that for the exponential curve, due to the lack of the TLP tester in the lab, a resonant circuit is used to generate the exponential current waveform. Although tr and td are different from the standard exponential waveform, similar phenomena can be observed due to the exponential rise shape. The voltage differences between the two test current waveforms are summarized as follows.
1. The peak voltage is different. For the exponential current waveform, the peak voltage happens at the t0 time instant and the value is 89 V. For the sawtooth current waveform, the peak voltage can be 124 V due to the spike caused by di/dt during switching transient. Moreover, even without considering the Ldi/dt voltage, the peak voltage due to the foldback that happens at the t0 time instant can be 96 V. The voltage difference of 7 V corresponds to a 7.9% error. Thus, by using the sawtooth waveform, the voltage spike can be more accurately estimated.
2. In both tests, the clamping voltage decreases after the breakdown of the TVS diode, which is called foldback. However, the foldback trigger time instants are different. For the exponential current waveform, the foldback takes around 9.2 µs to trigger after the breakdown. For the sawtooth current waveform, the foldback takes only 3.5 µs. This time difference can influence the device selection because the overvoltage withstand time can influence the maximum overvoltage level of semiconductor devices. 
Therefore, it’s better to use the sawtooth current waveform instead of the conventional exponential current waveform for characterizing TVS performance for SSCB applications.

4.2.1.2 Improved Test Circuit for Dynamic Characterization
To obtain the required sawtooth current waveform, Figure 4.4 shows the improved test circuit for dynamic characterization of the TVS diode for SSCB applications. The circuit uses a similar structure as the topology in SSCB applications. The control switch S1 is turned on first to generate the desired current in the inductor. Then, S1 is turned off to push the current to commutate to the TVS diode. After that, the clamping voltage across the TVS diode pushes the current through the inductor to decrease to zero. By testing it this way, the sawtooth current waveform can be generated and the dynamic characteristics, including Vcl,pk and Vcl,avg, in SSCB applications can be characterized.
	

	


	(a) Exponential current waveform
	(b) Sawtooth current waveform


[bookmark: _Ref84338168][bookmark: _Toc104199270][bookmark: _Ref81575274]Figure 4.3. Tested clamping voltage waveforms at different current waveforms.

 
[bookmark: _Ref84338169][bookmark: _Toc104199271][bookmark: _Ref81575588]Figure 4.4. Improved test circuit for dynamic characterization of TVS diode for SSCB applications.


The tested waveforms have been shown in Figure 4.3 (b) to verify the functionality of the test circuit. Besides the benefits of a more accurate peak voltage and foldback time, the switching speed can be tuned by changing the gate drive resistance to match the switching speed with the one in SSCB applications so that the peak voltage is closer to the real operating conditions. Moreover, no special equipment, e.g., TLP, is required for the test. Another benefit is that it would be easier to break down the peak voltage to understand the foldback characteristics and obtain the clamping resistance Rcl, which will be explained in the following section.
[bookmark: _Toc104199112]4.2.2 Foldback Characteristics
To understand the foldback characteristic of the TVS diodes, the clamping waveforms of the low power and high power TVS diodes are compared in Figure 4.5. SMDJ58CA and LTKAK10-76C both from Littelfuse Company with 160.5 A and 10 kA peak current capabilities respectively @ 8/20 µs exponential curve are used to represent the lower power and high power TVS diode respectively. In Figure 4.5 (b), an obvious voltage drop happens after TVS breakdown. For both cases, there are 10 TVS diodes in series and the di/dt is small enough so that the voltage spike can be ignored. The peak and average clamping voltage of the two cases are scaled for a single TVS diode and compared in Table 4.1. The average clamping voltage during the clamping period is from the time instant t0 when current begins to increase to the time instant t1 when current decreases to zero. The peak-to-average clamping ratio for SMDJ58CA is 1.1 while for LTKAK10-76C is 1.33, which is 20.9% higher. This higher peak-to-average clamping ratio results in either higher peak clamping voltage with higher device voltage stress or lower average clamping voltage with a longer interrupt time and larger energy absorption requirement.

[bookmark: _Ref84366423][bookmark: _Ref84366421][bookmark: _Toc104199197][bookmark: _Ref83997664]Table 4.1. High Power and Lower Power TVS Diode Test Results Comparison
	Part Number
	Peak pulse current Ipk(A)
	Peak Clamping voltage Vcl,pk(V)
	Average Clamping voltage Vcl,avg(V)
	Peak-to-average clamping ratio

	SMDJ58CA
	142
	80
	72.8
	1.10

	LTKAK10-76C
	1040
	96.2
	72.2
	1.33
















	

	


	(a) Low power TVS diode
	(b) High power TVS diode


[bookmark: _Ref84338170][bookmark: _Toc104199272][bookmark: _Ref83642899]Figure 4.5. Test waveform comparison of lower power and high power TVS diode clamping performance.




 
[bookmark: _Ref84338172][bookmark: _Toc104199273][bookmark: _Ref84289370]Figure 4.6. Dynamic characterization test setup of the TVS diiode.


[bookmark: _Toc104199113]4.3 Test Setup for Cryogenic Temperature Characterization and Case Study
To understand the dynamic performance at cryogenic temperatures, the TVS diode has been tested under different temperatures from -180ºC to 60ºC. The method to get the breakdown voltage and clamping resistance at different temperatures by the characterized waveforms is presented.
[bookmark: _Toc104199114]4.3.1 Test Setup for Dynamic Characterization
[bookmark: _Hlk84117304]Figure 4.6 shows the test setup for the dynamic characterization. The temperature chamber DELTA 9039 is used with a temperature control capability from -180°C to 300°C. A liquid nitrogen dewar is used to supply liquid nitrogen to lower the temperatures to the cryogenic level. The test circuit shown in Figure 4.4 is implemented. The dc source Keithley 2260B-800-4 and two 3900 µF capacitors are used to provide energy during the TVS clamping period. A 40 µH air core inductance is used to control the absorption energy. For the switch, three SiC MOSFETs C2M0025120D from Wolfspeed Company are paralleled with a separate gate resistance of 20 Ω for each MOSFET to control the speed of each MOSFET and avoid parallel instability. The gate voltage used is +10V/-5V. For the measurement, a high voltage passive probe TPP0850 is used to measure the voltage across TVS and a Rogowski coil CWTUM/6/B is used to measure the current through the TVS diode. The probes are deskewed to align the tested voltage and current.
The test board is shown in Figure 4.7. The TVS diode selected to test is AK3-430C from Littelfuse Company with the capability to withstand a peak pulse current of 3 kA for the 8/20 µs exponential current. To avoid the influence of Ldi/dt even with the fast switching speed in the test, the bare die with neglectable inductance is used. Moreover, a kelvin connection with a BNC socket is applied when testing the voltage of the TVS diode.


 
[bookmark: _Ref84338173][bookmark: _Toc104199274][bookmark: _Ref84289718]Figure 4.7. Test board and the TVS diode bare die under test.

 
[bookmark: _Ref84338175][bookmark: _Toc104199275]Figure 4.8. TVS diode macro-model of the breakdown region.









[bookmark: _Toc104199115]4.3.2 Case Study of a Typical Tested Waveform
The model for the clamping voltage of low-power TVS diodes in the breakdown region has been presented in [80]. It can be taken as a voltage source in series with a clamping resistance as shown in Figure 4.8. The voltage across the TVS diode can be calculated in (4.1). Note that both the breakdown voltage Vbr and clamping resistance Rcl are junction temperature-dependent.
	
	(4.1)



For high-power TVS diodes, it is found that this model is still valid to predict the clamping voltage before the foldback phenomenon happens. The test waveform shown in Figure 4.9 (a) can be zoomed in as shown in Figure 4.9 (b). With the waveforms during the TVS breakdown and current increase in Figure 4.9 (b), the voltage above the breakdown voltage can well match with the product of the current and clamping resistance in Figure 4.9 (c). Thus, this can still be used to predict the peak clamping voltage of the TVS diode. Moreover, by using the improved dynamic characterization circuit,  and  at different temperatures can be reversely calculated by the tested waveforms. This verifies the previously mentioned benefit of the improved characterization circuit that it would be easier to break down the peak voltage to understand the foldback characteristics and the clamping resistance Rcl is easier to obtain because the temperature does not change. The time instant of the trigger of foldback can also be identified in Figure 4.9 (c). 


(a) Tested waveform.


(b) Zoomed in tested waveform.


(c) Match voltage and current by Vbr and Rcl.
[bookmark: _Ref84338176][bookmark: _Toc104199276][bookmark: _Ref84178104]Figure 4.9. Waveform analysis for a single case of the TVS clamping.
	[image: ]
	[image: ]

	(a) 60 °C
	(b) 23 °C
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	(c) -30 °C
	(d) -80 °C

	[image: ]
	[image: ]

	(e) -130 °C
	(f) -180 °C


[bookmark: _Ref84338177][bookmark: _Toc104199277][bookmark: _Ref84175381]Figure 4.10. Dynamic characterization waveforms of the TVS diode at different temperatures and with different peak current levels.
[bookmark: _Toc104199116]4.4 Dynamic Characterization Results and Analysis
[bookmark: _Toc104199117]4.4.1 Dynamic Characterization Results
Figure 4.10 shows the dynamic characterization waveforms of the TVS diode at different temperatures and with different peak current levels. The temperatures include 60, 23, -30, -80, -130, and -180ºC. The tested peak current levels include 200, 300, 400, and 500 A. The clamping voltage levels can be different for different temperatures with the same peak current level. For example, the peak and average clamping voltage at 60ºC are 484.8 V and 307.2 V with 500 A peak current. However, at -180ºC, with the same peak current, the peak voltage reduces to 384 V, and the average clamping voltage increases to 333.6 V.
To better compare the TVS characteristics at different temperatures, the peak voltages at different temperatures are shown in Figure 4.11. The lower the temperature, the lower the peak voltage. However, the average clamping voltage has a different trend compared to the peak clamping voltage as shown in Figure 4.12. Vcl,avg @-180°C can be larger than that of 23°C for clamping with 500A peak pulse current. This phenomenon needs to be understood by examining Vbr and Rcl at different temperatures.
[bookmark: _Toc104199118]4.4.2 Obtain Vbr and Rcl at Cryogenic Temperatures
Utilizing the method shown in Figure 4.9, the waveforms of vtvs-Vbr and the product of the current itvs and clamping resistance Rcl are matched as shown in Figure 4.13. Thus, for each transient, Vbr and Rcl can be determined.
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[bookmark: _Ref84338178][bookmark: _Toc104199278][bookmark: _Ref83413280]Figure 4.11. Peak clamping voltage under different temperatures for the TVS diode AK3-430C.
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[bookmark: _Ref84338179][bookmark: _Toc104199279][bookmark: _Ref83413281]Figure 4.12. Average clamping voltage under different temperatures for the TVS diode AK3-430C.
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	(a) 60 °C
	(b) 23 °C
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	(c) -30 °C
	(d) -80 °C
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	(e) -130 °C
	(f) -180 °C


[bookmark: _Ref84338180][bookmark: _Toc104199280][bookmark: _Ref83413684]Figure 4.13. Peak clamping voltage under different temperatures with different peak current levels for the TVS diode AK3-430C.

 
[bookmark: _Ref84338182][bookmark: _Toc104199281][bookmark: _Ref84244753]Figure 4.14.Breakdown voltage under different temperatures.
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[bookmark: _Ref84338183][bookmark: _Toc104199282][bookmark: _Ref83414175]Figure 4.15. Clamping resistance under different temperatures.
The breakdown voltage at different temperatures can be extracted as shown in Figure 4.14. The breakdown voltage decreases almost linearly with the decrease of the junction temperature. In physics, the avalanche breakdown requires impact ionization in the depletion region. The impact ionization is caused by electrons with sufficient kinetic energy obtained by the electrical field through the mean free path. The reason for Vbr decreasing at low temperatures is that the mean free path of the carrier increases at low temperatures because of less vibration of atoms. Thus, a lower electric field is needed for providing electrons with enough energy for the impact ionization, corresponding to a lower avalanche breakdown voltage.
The clamping resistance can be extracted as shown in Figure 4.15. The range is from 0.105 Ω to 0.2 Ω. Rcl decreases first with the temperature decrease, then increases at -180°C. In physics, the reason could be that carrier mobility is increased when temperature decreases from 60°C to -130°C. Then, when the temperature further decreases, the freeze-out of the carrier happens, making the resistance dramatically increases [81]. With higher Rcl at lower temperatures, the clamping voltage could be higher in high current cases. This explains why the average clamping voltage at 180°C can be larger than that of 23°C for 400A and 500A peak pulse current.
[bookmark: _Toc104199119]4.5 Summary 
This chapter presents the characterization of the high-power TVS diodes at room and cryogenic temperatures. Compared to the conventional characterization method of using the exponential current waveforms, the improved characterization method utilizes the sawtooth current waveform to obtain a more accurate peak voltage and foldback time for the TVS diode. Moreover, the breakdown voltage and clamping resistance can be obtained by the characterized waveforms. The foldback characteristic of the high-power TVS diode is investigated by comparing it with those low-power TVS diodes. The peak clamping voltage before the foldback still follows the same model for the lower power TVS diode.
A TVS diode with 430 V standoff voltage and 3 kA peak pulse current capability with the 8/20 µs exponential current is characterized by the improved method at room and cryogenic temperatures. At cryogenic temperature, the peak clamping voltage reduces while the average clamping voltage increases in large current clamping conditions. This means the peak-to-average clamping ratio decreases at cryogenic temperatures. Thus, the high-power TVS diode is a promising candidate in cryogenically cooled solid-state circuit breakers. This phenomenon is explained by the clamping resistance Rcl increasing at cryogenic temperatures due to carrier freeze-out.


[bookmark: _Ref103330982][bookmark: _Toc104199120]
A Current Limiting Strategy for WBG Based Solid-state Circuit Breakers with Series-Connected Switching cells
The current limiting function enables the solid-state circuit breaker (SSCB) to have proper protection coordination. It allows sustained current for a certain period to avoid nuisance trips while preventing the fast fault current increase in dc systems. For the conventional method of using switches alone to limit the current, the high loss results in a short withstand time and current limiting capability of the SSCBs. In this chapter, a control strategy is proposed to utilize the energy absorption component to absorb the major part of the energy during current limiting to enlarge the current limiting capability for series-connected SSCB switching cells. The proposed method is verified to have more than 3X current limiting withstand time experimentally compared to the conventional control strategy in a case study.
[bookmark: _Toc104199121]5.1 Introduction and Literature Review
With emerging dc distribution in power grids, protection becomes more challenging due to the fast rising fault current caused by large dc-link capacitance and low fault impedance and required coordination to identify the fault and inrush current. Solid-state circuit breakers (SSCBs) promise to provide fast protection speed. The current limiting during faults is one of the desired functions of SSCBs for more intelligent protection coordination. It allows the SSCB to have a longer sustained time before actions to avoid nuisance trips caused by inrush current in the system. Moreover, it can limit the unwanted current contributed to the fault to mitigate voltage sags [82].
There are three common methods to embed the current limiting function to the SSCBs: 1) adding reactors; 2) operating in chopper mode with freewheeling diodes; and 3) utilizing the saturation region of the switches. For the first solution, the reactor can enable a long current limiting withstand time by storing the energy [82]-[84]. However, the reactor is normally bulky and heavy, making the solution not suitable for applications requiring high power density. Moreover, inserting the reactor increases the conduction loss during normal operation. For the second solution, by operating the main switches in high-frequency switching mode with freewheeling diodes, current limiting is achieved in [82], [85], and [86]. Since the extra components added are mainly semiconductor devices with low volume and weight, this solution can feature higher power density compared to the first solution. However, the switching mode operation causes the high conducted and radiated EMI [87]. Moreover, for some of the solutions, during each switching, the energy absorption unit needs to dissipate the energy from the cable inductance, which increases the complexity of the design considering the thermal memory. The third solution is to utilize the saturation mode of the switch with lower gate voltage [88]-[90]. However, during the fault limiting mode, the devices need to withstand high power loss and heat. Thus, the current limiting withstand time for such a solution is normally short, especially for WBG devices. Therefore, an SSCB with the current limiting function to overcome these drawbacks is still needed to be investigated.
The objective of this chapter is to investigate a method to maximize the current limiting capability of the dc SSCB without adding additional hardware and with limited switching actions.
[bookmark: _Toc104199122]5.2 Challenges of Using WBG Devices for Current Limiting
The WBG devices are attractive for SSCB applications because of lower specific on-resistance Ron compared to conventional Silicon (Si) devices [91]. However, it is challenging to use them for current limiting due to the weak short circuit capability.
[bookmark: _Toc104199123]5.2.1 Short Circuit Capability of WBG Devices
The short circuit capability of WBG devices, especially the GaN HEMTs, is well known to be much smaller than conventional Si devices [92]. Normally, GaN HEMTs cannot withstand a short circuit current for more than 3 µs. For current limiting with lower gate voltage, the withstand time can be longer. As an example of GS-065-150 (650 V and 150 A rated @ Tc=25°C) from the GaN system company, the junction temperature rises under different loss conditions are shown in Figure 5.1 based on the thermal impedance model provided in the official LTspice model. As an example, with 250 V and 60 A stresses (15 kW) during current limiting, the device junction takes around 38 µs to reach the limit of 175°C. However, in a system, it could require a longer current limiting withstand time to avoid the nuisance trip.
[bookmark: _Toc104199124]5.2.2 Pulse Power Capability Comparison Between a GaN HEMT and a TVS Diode
There are some dedicated energy absorption components in the system, e.g. TVS (transient voltage suppression) diodes, that feature much higher pulse power capability. As an example of a TVS diode, AK3-430C from Littelfuse company, with a similar package area to GS-065-150. The pulse power capabilities under different pulse widths are compared in Figure 5.2. The TVS diode has more than 10X pulse power capability, and the reasons are as follows.
1) The TVS diode can have a transient maximum junction temperature to be 270°C without degradation [93], which gives a higher temperature rise margin.
2) The TVS diode can be designed much thicker. Thus, it has much greater mass and with higher specific heat, the energy required for the same temperature rise can be much greater.



[bookmark: _Ref103287129][bookmark: _Toc104199283]Figure 5.1. Temperature rise of GS-065-150 under different loss conditions.



[bookmark: _Ref103287131][bookmark: _Toc104199284][bookmark: _Ref103185067]Figure 5.2. Pulse power capabilities comparison between a GaN HEMT and a TVS diode.





[bookmark: _Toc104199125]5.3 Proposed Current Limiting Control Strategy
The proposed current limiting control strategy mainly applies to series-connected SSCB switching cells. Figure 5.3 shows an example of 2 series connected SSCB switching cells with the most commonly used topology [48]. The switches are used to open and close the SSCB and the TVS diodes are used to absorb the inductance energy when the SSCB opens. The idea is to utilize the high pulse power capability of the energy absorption component to absorb the major part of the energy and utilize the switches to control the limited current level during the current limiting period. It can be achieved by operating one switch in saturation mode while turning off the other switch to break down the TVS diode to take the major part of Vdc. The reason is that in the SSCB design, the overall clamping voltage of the TVS diodes needs to be much higher than Vdc to extinguish the fault current when the switches turn off. Thus, each TVS diode is selected to have a clamping voltage much higher than half of Vdc. After 1 switch approaches its temperature limit, we can reverse the two SSCB units to fully utilize the other switch.
[bookmark: _Toc104199126]5.3.1 Operating Principle
The proposed current-limiting control strategy of the SSCB operates in two modes as shown in Figure 5.4. In mode 1, S2 is controlled in saturation mode by adapting the gate voltage to limit the current, and S1 is turned off. As explained above, the major part of the energy is dissipated by the TVS diode T1 based on the voltage distribution. Then the SSCB switches to mode 2, S1 is controlled in the saturation mode, and S2 is turned off so that T2 consumes the major part of the energy.



[bookmark: _Ref103287134][bookmark: _Toc104199285][bookmark: _Ref83057011]Figure 5.3. Two series-connected SSCBs or SSCB switching cells.



(a) Mode 1


(b) Mode 2
[bookmark: _Ref103287136][bookmark: _Hlk103285781][bookmark: _Toc104199286][bookmark: _Ref84368903]Figure 5.4. Proposed operating modes for current limiting control strategy.

Compared to the commonly used method of operating the switches S1 and S2 in saturation mode at the same time to limit the current, the proposed solution utilizes all power components to absorb the energy by applying the two modes. Besides, with the high energy absorption capability of TVS diodes taking most of the energy, the current withstand time can be much longer than using switches alone for the same current-limiting level. Moreover, the proposed solution mainly utilizes the control scheme to enlarge the current limiting capability of the dc SSCB while it does not need any extra hardware.
[bookmark: _Toc104199127]5.3.2 Case Study
In a system with 500 V Vdc, S1 and S2 are GaN HEMTs GS-065-150, and T1 and T2 are TVS diodes AK3-430C. Using 2 GaN HEMTs in series for the current limiting of 60 A results in 250 V voltage stress and 15 kW loss in each device. The withstand time is 38 µs assuming balanced voltage distribution based on Figure 5.1. With the proposed current limiting control strategy, the TVS diode takes around 350 V so that each GaN HEMT only has 150 V voltage stress and 9 kW power loss. The withstand time can be 70 µs for each mode and 140 µs for both 2 modes, which is ~3.7X of the conventional withstand time. For the TVS diode, the loss is 27 kW, which is way less than the pulse power capability (184 kW) for a 70 µs pulse width. The extra pulse power capability can still be used to absorb the loop inductance energy when the SSCB opens.
[bookmark: _Toc104199128]5.3.3 Trend of Using Series-connected SSCB Switching Cells
Series connection of SSCB switching cells is popular in SSCB applications [94], [95]. The paralleled energy absorption component enables the voltage balance of the series-connected switches and ensures that the overvoltage can be clamped by these components. Moreover, from a device physics point of view, the specific Ron is proportional to the square of the device breakdown voltage for the same material [91]. This means using series-connected switches can benefit the conduction loss of the SSCB. 
Besides the series-connected conditions, this control strategy also applies to the bipolar structure with high impedance grounding, which is commonly used in aircraft applications owing to its symmetry.
[bookmark: _Toc104199129]5.4 Experimental Results
The proposed current limiting strategy is experimentally verified in this section and compared with the conventional one to verify the benefits. The rated voltage for the test is set as 500 V and the limited current level is 60 A.
[bookmark: _Toc104199130]5.4.1 Test Circuit and Platform
The test circuit and platform are shown in Figure 5.5. It includes 2 series-connected SSCB switching cells. Each switching cell has 1 GaN HEMT GS-065-150 and 1 TVS diode AK3-430C. Besides, an RC snubber is paralleled with each switching cell to suppress the overvoltage during turn-off. A load inductance Lload is optional for emulating the fault conditions with and without cable inductance in the loop. A protection switch is also applied to protect the devices under test.
[bookmark: _Toc104199131]5.4.2 Test Results of Conventional Current Limiting Strategy
For the conventional current limiting strategy, both 2 series-connected GaN HEMTs are in saturation mode to limit the fault current. The voltage across the 2 switches needs to be balanced for the optimal operating condition. To simplify the test, only 1 GaN HEMT is used in the test with half of the rated dc input voltage. The gate-to-source voltage is set at around 1.8 V to limit the current to around 60 A. Figure 5.6 shows the test waveforms, which are for the condition without load inductance. The device successfully limits the current at around 60 A with 250 V voltage stress for 38 µs. Note that there are overshoots of both voltage and current at the beginning of the current limiting, which is because the device has a lower junction temperature at the beginning of the current limiting period. This current variation is acceptable for the SSCB reaction to a system with potential faults. Compared to id, iload has a current spike at the beginning of the current limiting, which is because the vds starts at zero to emulate the fault under load conditions, and the load current needs to charge the device output capacitance and the capacitor of the RC snubber.
[bookmark: _Toc104199132]5.4.3 Test Results of Proposed Current Limiting Strategy
The test waveforms of the proposed current-limiting strategy are shown in Figure 5.7 and Figure 5.8. In Figure 5.7, the proposed current limiting strategy is tested without load inductance. Similar to the test results in Figure 5.6, the load current decreases when the junction temperature of the device increases, and there are 2 repeated load current decreases because both 2 series-connected switches start the current limiting from the room temperature. For measured vds1 and vds2, a higher voltage can be observed at the beginning of the TVS breakdown. This phenomenon is ‘foldback’ introduced in Chapter Four, which is a special characteristic of the high power TVS diode to provide a lower clamping voltage than the avalanche to enable high fault current within a small package. Note that when S2 turns on at 100 µs time instant, the load current decreases to around zero due to this high TVS breakdown voltage and the near-zero load inductance. This is acceptable for a system with potential fault while the SSCB keeps the current limiting status with switches not being fully turned off.
In Figure 5.8, the proposed current limiting strategy is tested with a load inductance of 38 µH. With higher load inductance, the load current will vary smoothly and the current will not drop to around zero when S2 turns on at 100 µs. For both tests of the proposed current limiting strategy, the gate-to-source voltage is the same as the conventional case of 1.8 V to have a similar limited current level for a fair comparison.



(a) Test circuit


(b) Test platform
[bookmark: _Ref103287138][bookmark: _Toc104199287]Figure 5.5. Test circuit and platform of the current limiting function of the SSCB.
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[bookmark: _Ref103287139][bookmark: _Toc104199288][bookmark: _Ref103094807]Figure 5.6. Test waveforms of the conventional current limiting strategy.
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[bookmark: _Ref103287141][bookmark: _Toc104199289][bookmark: _Ref103251658]Figure 5.7. Test waveforms of the proposed current limiting strategy w/o load inductance.
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[bookmark: _Ref103287142][bookmark: _Toc104199290]Figure 5.8. Test waveforms of the proposed current limiting strategy w/ 38 µH inductance.


[bookmark: _Ref103287538][bookmark: _Toc104199198]Table 5.1. Comparison of Energy Generated and Disspicated During Fault Current Limiting Stage Using Different Methods
	Methods
	Energy generated and dissipated (J)
	Withstand time (µs)

	
	S1
	S2
	T1
	T2
	

	Conventional
	0.56
	N/A
	0
	N/A
	38

	Proposed (no load inductance)
	0.57
	0.47
	1.36
	1.38
	140

	Proposed (38 µH load inductance)
	0.42
	0.49
	1.46
	1.39
	140




















[bookmark: _Toc104199133]5.4.4 Comparison and Discussion
The energies generated by the GaN HEMTs and TVS diodes, and the current limiting withstand time are compared in Table 5.1. Using the proposed current limiting strategy, with a similar GaN device energy assumption, the short circuit withstand time can be increased from 38 µs to 140 µs (3.7X) without adding extra hardware. Also, TVS diodes are verified to generate and absorb a major part of the energy.
[bookmark: _Toc104199134]5.5 Summary
The current limiting function is a desired function of the SSCB to enable a longer fault current sustaining time to avoid nuisance trips while preventing the dramatic fault current rise during a potential fault. The conventional current limiting strategy utilizes only the switch capability, which suffers from the low pulse power capability of WBG devices. Compared to switches, the dedicated energy absorption component features a much higher robustness and energy absorption capability. Thus, we propose a control strategy to utilize the energy absorption unit in series with the switch to take the major part of the energy during current limiting for series-connected SSCB switching cells. The proposed strategy is verified to have a longer current limiting withstand time (~3.7X of conventional method) without requiring extra hardware. Also, for only 2 SSCB switching cells in series, no voltage balance is needed for the current limiting period.
[bookmark: _Ref103330992][bookmark: _Toc104199135]
An Automated Design Tool for Three-phase Motor Drives
This chapter presents an automated design tool for three-phase motor drives. The design tool integrates state-of-the-art design algorithms and component models to reduce paper design efforts for engineers. The converter is optimized for minimum weight considering comprehensive design constraints and conditions configured by users. The software is modular so that some component models can be selected by users based on design speed and accuracy considerations. Both the design algorithms and models are implemented by M-script in MATLAB. Eight databases for components, including devices, passives, and cooling, are built with commercially available products and can be managed by users. The final design results can be visualized in detail. A case study is presented to show how the design tool works.
[bookmark: _Toc104199136]6.1 Introduction and Literature Review
The three-phase motor drive design incorporates device selection, thermal management system (TMS) design, filter design, and bus capacitor selection as an example shown in Figure 6.1. Due to couplings between different domains, iterations are normally required for the design and optimization, which is time-consuming with a tremendous number of design variables [96]-[98]. Moreover, with emerging applications, like electrified transportation, engineers need to design and optimize the motor drive under various design specifications, e.g., input voltage, to optimize the system. This would require massive efforts if designing and optimizing them manually. To save design time and effort, an automated design tool is desired for the three-phase motor drive.
The challenges of developing a comprehensive design tool for a three-phase motor drive include 1) various design variables for the complex system; 2) the trade-off between model accuracy and computational efforts; 3) the discrete optimization for the non-deterministic polynomial-time (NP) hard problem; 4) fast simulation speed to get accurate waveforms; 5) the database management for a huge number of components; and 6) adapting for different design objectives. There are limited comprehensive design tools developed due to these challenges. Ref [99]-[101] represented some early attempts with relatively limited scope, integration, and availability. There is also one commercial software PowerForge [102], however without much published or shared information on its models and design algorithms. Given the continued advances and needs in motor drives, it should be valuable to share the design tool developed by the authors and their colleagues with clearly described models and design algorithms.
This chapter presents a comprehensive design tool integrating state-of-the-art design algorithms and models for the three-phase motor drive design to dramatically reduce the paper design efforts for users. The design tool enables weight optimization and shrinks the gaps between the paper design and hardware prototype. All the design algorithms and models utilized are presented for users’ information. Moreover, the software is modular so that models can be replaced based on users’ preferences.
[bookmark: _Toc104199137]6.2 Design Tool Function and Architecture
[bookmark: _Toc104199138]6.2.1 Design Tool Function
The design tool is mainly for the weight optimization of the motor drive assuming the electrified aircraft propulsion application. It can be extended to other objectives for different applications. Several commonly used topologies and PWM modulation schemes are included in the software as listed in Table 6.1. Users can select one of them or compare them for the optimal design case.



[bookmark: _Ref103294062][bookmark: _Toc104199291]Figure 6.1. Three-phase motor drive system with an example of two-level converter.



[bookmark: _Ref103294078][bookmark: _Toc104199292]Figure 6.2. Formulation of converter design optimization.

[bookmark: _Ref103293863][bookmark: _Toc104199199]Table 6.1. Topologies and PWM modulations schemes available for the design tool
	Topologies
	Modulation schemes

	2-level
	SVPWM, DPWM

	3-level ANPC
	SVPWM, DPWM, CMR

	3-level T-type
	SVPWM, DPWM, CMR

	Multi-level flying capacitor clamping
	Phase shift, level shift

	Multi-level diode clamping
	Phase shift, level shift



The optimization of the motor drive design is formalized as selecting design variables based on design constraints, conditions, and objectives [103]. The formulation of the design optimization is shown in Figure 6.2. Design conditions include the source, load, and environmental conditions specified for the design. Design constraints are either the system level constraints, like the efficiency, EMI, and THD requirements, or the physical limits of devices and passive components. For EMI and THD constraints, options in the tool include DO-160 E and MIL-461. Design variables are what the design tool tries to select for the optimal design objective.
[bookmark: _Toc104199139]6.2.2 Design Tool Architecture
The database, component models, design algorithms, and simulation are four critical aspects of the design tool architecture as shown in Figure 6.3. The database provides information from datasheets of components (devices, passives, cooling components, and etc.). Modeling covers required models for electrical, thermal, and mechanical designs. Models are mainly analytical to minimize the need to use simulation software like FEM simulation software. This can avoid the issues with long simulation time and possible issues with interfaces when a certain commercial simulation software is updated. Design algorithms are conducted to minimize the design time for the optimal design result based on component models and design requirements. Simulation is used to get the waveforms for the design. The details of these four aspects are introduced in the following sections.
[bookmark: _Toc104199140]6.3 Design Algorithms and Switching-function-based Simulation
The design algorithms can be separated into the system-level and converter-level ones.
[bookmark: _Toc104199141]6.3.1 System-level Design Algorithm
For system-level optimization, the design tool enables the evaluation of different topologies, PWM modulation schemes, switching frequencies, filter configurations (single-stage or two-stage, LC or CL structure), and cooling methods (passive or active, air or liquid cooling) as shown in Figure 6.4. For each combined configuration, the converter-level design is implemented first to output an optimal design result for the design result pool. Then, iterations are conducted with different combined configurations. Finally, the design result pool includes optimal designs for each configuration. By comparing the designs in the design result pool, the best configuration with the optimized design result can be chosen.
[bookmark: _Toc104199142]6.3.2 Converter-level Design Algorithm
For a specific case with the determined configuration, the design is conducted for the weight optimization by selecting different devices, passives, and cooling components. The design sequence is 1) DC-link capacitors selection, 2) Devices selection and TMS design, and 3) filter design.
The design first starts with the selection of DC-link capacitors. The capacitance is determined by the bus voltage ripple and hold-up time requirements. The simulated input current waveforms of the converter are used, which would not be influenced by device and filter selections. The design flow is shown in Figure 6.5. After the determination of the capacitance, the physical selection of capacitors can be done by brute-force searching of the capacitors in the database for the minimum weight combination.
For the device selection and TMS design, the flow chart is shown in Figure 6.6 with an example of forced air cooling. Other cooling methods can be similar to the design flow. Devices are first selected to meet the voltage and current requirements. Normally, many device combinations are qualified. For each qualified device combination, the power loss is calculated based on the simulation waveforms. Then, based on the power loss, surface area, and maximum junction temperature requirements of the devices, the TMS can be designed and optimized for each case. By comparing these qualified combinations of devices and TMSs, the one with the minimum weight is selected.
Filters in the three-phase motor drive may include the DC side EMI filter and AC side EMI filter or AC side dv/dt filter depending on the system requirements. For EMI filters, DM (differential mode) and CM (common mode) filters are coupled because the leakage inductance of the CM inductor can function as the whole or part of the DM inductance. This increases the combination number of inductors and capacitors as input variables for optimization. The particle swarm optimization (PSO) [104] is adopted to reduce the searching efforts of different combinations of LC values in the filter. 
Take the design and optimization of a single-stage EMI filter as an example in Figure 6.7. To get an optimal design for the LC value determination, with required DM and CM corner frequencies from the bare noise analysis, two design variables Ccm and k (inductance ratio between DM inductance and CM inductance) need to be iterated to consider the coupling to achieve the lowest weight. PSO is then used to optimize the two design variables. For each LC combination, physical designs of inductors and capacitors are conducted with the simulated waveforms. It can be optimized by the brute-force search of the core and number of turns, and capacitors for the minimum weight.
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[bookmark: _Ref103294105][bookmark: _Toc104199293]Figure 6.3. Architecture of the design tool










[bookmark: _Ref103294083][bookmark: _Toc104199294]Figure 6.4. System-level optimization algorithm in the design tool
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[bookmark: _Ref103294085][bookmark: _Toc104199295]Figure 6.5. DC-link capacitance determination algorithm



[bookmark: _Ref103294086][bookmark: _Toc104199296]Figure 6.6. Design flow of devices and TMS
[bookmark: _Toc104199143]6.3.3 Switching-function-based Simulation
For each design step discussed above, simulation waveforms are required. This means the simulation needs to be repeated many times for a single case design. Therefore, the simulation speed is critical for the overall design speed. 
Switching-function-based simulations are adopted to replace the conventional switch-based simulation in the tool [105]. Although the edge of the real switching actions would not be considered, the influence on design results is minor because the sharp switching edges of the PWM voltage have been verified to have a very limited influence on the design  [106].
[bookmark: _Toc104199144]6.3.4 Component Database
There are eight databases embedded in the software, which can be managed by users. They include switching devices, heatsink, fan, cold plate, CM inductor cores, DM inductor cores, EMI capacitors, and dc-link capacitors. The tool directly selects the components from the databases to compare different design results. Thus, the users can directly use these selected components to build the prototype.
[bookmark: _Toc104199145]6.4 Device and Component Models
The design algorithms can be separated into the system-level and converter-level ones. It can be noted that in Section 6.3, devices and components models are utilized to evaluate the design performance. In this section, all models in the tool are given in detail.
There are two types of design routines available for the design tool: fast and advanced design routines. The main difference is the models used in the design. The fast design routine utilizes simple models to minimize the design time. The advanced design routing considers some nonlinear characteristics to minimize the gap between the paper design and prototyping. Detailed models are listed in Table 6.2. The selectable design routines benefit from the modular structure of the software. Models can be individually improved and updated by tool developers and even users once the software is open source.
[bookmark: _Toc104199146]6.4.1 Device Models
Power device modeling is mainly about the loss model and thermal model. For the fast routine, these model-related parameters, including Rdson at different temperatures, Eon and Eoff at a certain voltage and current stress, and thermal resistance, are obtained from the database. Rdson is determined by the maximum junction temperature set by users. Eon and Eoff are scaled by voltage and current stress in the simulation. 
The drawback of this model is that Eon and Eoff from the datasheet are based on tests with specific gate resistances and layouts of the commutation loop, which is very likely to be different in the final prototyping. Therefore, for the advanced design routine, the discrete-time modeling of switching behavior is applied to predict the switching behavior and loss considering more input variables [107]. With the advanced models, the gate resistance is optimized to meet both the temperature and voltage constraints considering the parasitic inductance of the pre-defined power loop extracted with the partial element equivalent circuits (PEEC) method [108]. As for the device thermal model, both routines utilized Rth from the datasheet.
[bookmark: _Toc104199147]6.4.2 TMS Related Models
Forced air cooling and liquid cooling are two options integrated into the software. For the forced air cooling with fans and extruded heatsinks, three correction factors, including the length of heatsinks, the temperature of heatsinks, and airflow velocity, are considered for thermal resistance determination of extruded heatsinks based on [109]. The pressure drops of the fans and heatsinks are also considered by the model in [110] to select the fan and determine the airflow velocity. Cold plate thermal resistance is determined by the flow rate based on their relationship pre-stored in the database. Besides, the thermal resistance of the thermal grease is also considered with the thermal conductivity, thickness, and area.
[bookmark: _Toc104199148]6.4.3 Magnetics Models
For magnetics, powdered iron and amorphous alloy cores with a distributed air gap structure are mainly considered in the design. For fast routine, the inductance per single turn squared AL provided by manufacturers is used to estimate the inductance [111]. Then the magnetic flux density B is calculated with to check whether it exceeds the saturation range of magnetic cores. The leakage inductance models of common-mode chokes used are from [112]-[113].
For the advanced routine, the impact of the current-bias dependent permeability is considered for the DC inductance modeling [114], which can induce unbalanced DM impedances due to unequal three-phase instantaneous currents to worsen EMI noises. Besides, the impedance-based design approach considering both the frequency-dependent and imaginary permeability of nanocrystalline cores is used for a more accurate design [115].
For both routines, the core loss is calculated with iGSE considering the trade-off of accuracy and computational efforts [116]. For the winding loss, DC and AC loss are decoupled. DC loss is determined by the copper DC resistance at the operating temperature. AC loss considers the proximity and skin effects on the AC resistance with different operating frequencies. The total AC loss can be obtained by summing up the separated losses at different frequencies based on the FFT analysis of the inductor current [117]. Level 2 thermal model using a resistance network to consider thermal resistances from the core to the winding, the core to ambient, and the winding to ambient is then adopted to verify the temperature of the inductors [118].



[bookmark: _Ref103293866][bookmark: _Toc104199200][bookmark: _Ref74230267]Table 6.2. Main device and component models used in the design tool
	Category
	Models
	Fast design routine
	Advanced design routine

	Device models
	Conduction loss
	Rdson at maximum junction temperatures set by users

	
	Switching loss
	Scaled Eon and Eoff with voltage and current stress
	Discrete-time modeling with parasitic, device nonlinear characteristics, and Rg [107] 

	TMS related models
	Forced or natural air thermal resistance
	Correction factors include airflow velocity, heatsink length, and temperature rise [109] 

	
	Fan model
	Airflow velocity is determined by pressure drops of the fans and heatsinks [110] 

	
	Liquid cooling thermal resistance
	Cold plate thermal resistance determined by flow rate based on datasheet

	Magnetics models
	Inductance model
	Inductance per single turn squared AL provided by manufacturers [111] 
	Consider current-bias dependent permeability [114] and frequency-dependent imaginary permeability [115] 

	
	Leakage inductance model
	Leakage inductance model of common mode choke from [112]-[113]

	
	Core loss model
	iGSE [116] 

	
	Winding loss model
	Sum up separated losses at different frequencies based on FFT analysis of current [117] 

	
	Thermal model
	Level 2 thermal model [118] 

	Capacitor models
	Impedance model
	Series LRC circuit with ESL and ESR [119]

	
	Thermal model
	Thermal resistance provided by datasheets



[bookmark: _Ref103293867][bookmark: _Toc104199201]Table 6.3. Design Specifications
	Design conditions
	Source
	1000 V input with three wires input

	
	Load
	Motor: VLL-RMS=673.6 V,
P=200 kW, f0=1 kHz

	
	Environment
	Tamb=40°C, liquid cooling for devices and forced air cooling for inductors

	Design constraints
	EMI
	DO-160E for both DC and AC sides

	
	Harmonics
	DO-160E

	
	Device max. junction temperature
	150°C

	
	Efficiency
	>98%

	Design objective
	Maximum specific power density
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[bookmark: _Toc104199202]Table 6.4. Design Results
	Device selection
	High frequency switch
	APTMC120AM09CT3AG (Microsemi, 1200 V, 220 A)

	
	Clamping switch
	HT-3292-R-VB
(Cree, 900 V, 664 A)

	TMS
	Cold plate
	180-10-24C (Wakefield-vette)-

	DC-link capacitors
	Film capacitor
	C4AEJBW5600A3NJ
(KEMET, 60 µF, 10 parallel)

	DC side EMI filter
	CM inductor
	176.7 µH (Core: Vitroperm 500FT60006-L2063-V110, winding: AWG0000, 3 turns)

	
	DM inductor
	Leakage inductance of CM inductor: 0.93 µH

	
	CM capacitor
	22 nF (B32022A3223M)

	
	DM capacitor
	6.6 µF (3 parallel, BFC2 339 10225)

	AC side EMI filter
	CM inductor
	1.97 mH (3 series, Core: Vitroperm 500FT60006-L2102-W468, winding: AWG00, 8 turns)

	
	DM inductor
	Leakage inductance of CM inductor: 6.51 µH

	
	CM capacitor
	23.5nF (2 series, B32022A3473M)

	
	DM capacitor
	2.64 µF (8 parallel, R463I33300001M)
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[bookmark: _Ref103294087][bookmark: _Toc104199297]Figure 6.7. Design flow of single-stage EMI filter
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[bookmark: _Ref103294703][bookmark: _Toc104199298]Figure 6.8. Weight breakdown of the case study





[bookmark: _Toc104199149]6.4.4 Capacitor Models
For the capacitor impedance modeling, a series LRC circuit is used with the ESL and ESR values provided by the database [119]-[120]. The thermal performance is also considered with the thermal resistance and the calculated RMS current loss.
[bookmark: _Toc104199150]6.5 Case Study
With the design and optimization algorithms, and models discussed above. A comprehensive design can be implemented for the three-phase motor drive. This section presents an example of the design.
[bookmark: _Toc104199151]6.5.1 Design Specifications
Converter specifications are listed in Table 6.3. For this specific case, the topology is selected as ANPC, the modulation used is continuous SVM, and the switching frequency selected is 60 kHz. The tool is used to optimize the device selection and passives design for the case.
[bookmark: _Toc104199152]6.5.2 Design Results
The weight of the optimized converter is 11.34 kg (specific power density: 17.64 kW/kg). The efficiency is 98.7% (Total power loss: 2.5 kW). Detailed design results of components selection are listed in Table 6.4. The weight breakdown of the design is shown in Figure 6.8.
[bookmark: _GoBack]The advanced routine is selected for the case study. It takes around 3 hours to get the design results using a desktop computer with an Intel(R) Core(TM) i7-7700 CPU @ 3.60 GHz processor, 16 GB of RAM, and a 64-bit operating system. For the fast routine, it takes around 2 hours for the same case with the same desktop computer.
[bookmark: _Toc104199153]6.6 Conclusion
This chapter presents a comprehensive design tool for the three-phase motor drive system. The design tool integrates state-of-the-art optimization algorithms and models to offer accurate design results as well as reduce paper design efforts for engineers. The converter is optimized for minimum weight by selecting design variables considering design constraints and conditions configured by users. The software is modular so that device and passive component models can be selected by users based on design speed and accuracy considerations. There are two design routines using different kinds of models. The fast routine utilizes simple analytical models while the advanced routine considers more non-linear physical characteristics of devices and passive components. The optimization algorithms and models utilized are presented in this chapter. A case study with a 1 kV 200 kW three-phase motor drive is given. 








[bookmark: _Toc420995896][bookmark: _Toc422997483][bookmark: _Ref84528041][bookmark: _Toc104199154]
Data Driven Based Leakage Inductance Modeling of Common Mode Choke
Accurate leakage inductance modeling of common mode chokes (CMCs) can reduce trial-and-error filter debugging efforts to avoid the saturation issue caused by the leakage flux. However, the analytical leakage inductance model is difficult to derive due to the complex leakage flux distribution. This chapter presents a data-driven approach to model the CMC leakage inductance. A large amount of leakage inductance data is collected by sweeping the selected input variables for the 3D finite element method (FEM) simulation. Then the data is trained by Artificial Neutral Network (ANN) to regress the nonlinear relationship between the leakage inductance and selected input variables. The proposed model is verified by comparing with the simulation and experimental results, which shows higher accuracy than state-of-the-art models.
[bookmark: _Toc104199155]7.1 Introduction and Literature Review
EMI filters are generally required in modern power converters and can contribute significant cost and size [121]-[122]. In EMI filters, CMCs are commonly used and can occupy a significant part of the whole filter volume [123]-[124]. The principle of CMCs is to exhibit a high impedance to the common mode (CM) current. Ideally, the CMC does not influence the differential mode (DM) current because the induced DM magnetic flux cancels with each other. However, owing to the existence of the leakage flux, the leakage inductance of CMCs can also function as the partial or entire DM inductance. Moreover, the leakage flux can cause the saturation issue of the core. Therefore, it is important to have an accurate model of the leakage inductance to determine the extra needed DM inductance value and help avoid the saturation issue caused by the leakage flux.
FEM simulation can obtain accurate inductance by simulation. However, the simulation is time-consuming, which is not suitable for massive data processing, e.g., the design tool. Thus, analytical approaches are preferred owing to low computational efforts. However, the leakage flux of CMCs is very complex to analyze due to the toroidal shape of the core. The common ways to calculate the inductance by analyzing the magnetic flux distribution or equivalent energy are discussed in this chapter. 
[bookmark: _Toc104199156]7.1.1 Leakage Inductance Model based on Rod Core Assumption
7.1.1.1 Rod Core Assumption and Nave’s Model
One of the most commonly used CMC leakage inductance models is proposed by Nave [125]. The idea is to take the leakage inductance as a rod core inductor in Figure 7.1. Then the rod core inductance is calculated by the assumed effective flux length and fitted effective permeability. The effective path length leff is empirically given as the root of the shortest length of the center and the inner side of the winding in (5.1). The permeability of the leakage inductance is calculated by an empirical formula defined by the geometry of the core.
The formula of the leakage inductance calculation is given as
	
	(7.1)


where Nt is the number of turns, leff is the effective path length of the leakage flux, le is the core effective path length, Ae is the effective cross-sectional area, and θ is the winding angle.
The rod core assumption simplifies the analysis of the leakage inductance by ignoring the difference between the leakage flux distribution of CMCs and the flux distribution of rod core inductors. This simplification realizes the analytical calculation of leakage inductance but also causes errors especially when θ is large. Besides, the approximation of the effective average length of leakage flux and permeability also reduces the accuracy. Table 7.1 shows the error of this leakage model given in [125]. Six CMCs were built with Magnetic, Inc core, 44916, and different winding parameters for comparison. Even with the limited number of comparison cases, the differences between the predicted and tested DM inductance can be as large as 36.5%.
7.1.1.2 Improved Models
Heldwein [126] improved the model by modifying the effective leakage flux path length. The same rod core assumption is made as in [125]. The equation improved the path length calculation in the entire θ range, especially when θ<π/6. The improved effective path length is given as
	
	(7.2)


where OD is the outer diameter of the core and ID is the inner diameter of the core.
The results in [126] show that the largest relative error of the improved leakage inductance formula is 14.5%. However, only two inductors are compared for the results. Moreover, the comparison of the effective length in [126] shows that the main change from Nave’s formula is for θ<π/6. However, as seen in TABLE I, the maximum error happens when Nt or θ is large. Therefore, the accuracy for the worst case may not be improved much by this model.
Ren [127] further improved the model by utilizing the inductance of a curved rod core instead of a straight rod core. The curved rod core inductance is calculated by the analogy between the magnetic fields of the curved inductor and the electric fields of the curved capacitor. Thus, the calculation accuracy of the leakage inductance of the CMC is improved. The results are verified in three different cores. However, it is found that in cores with a height close to the inner diameter, the error of the model can still be more than 20%. One case is shown in Figure 7.2 about the Magnetics core ZW44932TC with an outer diameter of 49.1 mm, an inner diameter of 33.8 mm, and a height of 31.3 mm. The error can is around 25% for the number of turns equaling to 10 compared to the simulation result.

 
[bookmark: _Ref84366414][bookmark: _Toc104199299][bookmark: _Ref521949737]Figure 7.1. Nave’s method to predict leakage inductance.
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[bookmark: _Ref84366415][bookmark: _Toc104199300][bookmark: _Ref82295079][bookmark: _Ref82975730]Figure 7.2. Accuracy of Ren’s model in for different number of turns of ZW44932 with AWG29



[bookmark: _Ref84366424][bookmark: _Ref84366422][bookmark: _Toc104199203][bookmark: _Ref520585375]Table 7.1. Comparison Between Predicted and Tested LDM  [125]
	CMC design
	#1
	#2
	#3
	#4
	#5
	#6

	Winding AWG
	16
	16
	16
	20
	20
	20

	Winding turns
	12
	25
	31
	12
	25
	34

	Predicted/µH
	22
	59
	61
	24
	84
	122

	Tested/µH
	22
	68
	96
	27
	83
	134

	Error/%
	0
	13.2
	36.5
	11.1
	1.2
	9.0





















[bookmark: _Toc104199157]7.1.2. Energy based Methods for Other Shape Cores
Some methodologies can predict the leakage inductance of transformers with other shapes, e,g. EE and EI, rather than the toroidal CMC [128]-[129]. The equivalent energy method is often used. The energy of the leakage flux is derived by the integration of the flux intensity. Then the leakage inductance is calculated based on the leakage flux energy. This method is suitable for cores with regular geometry, where the flux distribution is easy to be derived. However, for the toroidal CMCs, the irregular distribution of leakage flux is difficult to analyze. Therefore, other approaches need to be proposed for an accurate leakage inductance prediction instead of the analytical modeling.
This chapter aims to explore a new method to model the toroidal CMC leakage inductance. Instead of deriving the model by analyzing the flux distribution of CMCs, the proposed method uses ANN with simulation data provided by the commercial FEM software to approximate the nonlinear function of the leakage inductance with the selected input variables. The proposed data-driven approach can achieve higher accuracy compared to the simplified analytical models owing to the high accuracy of 3D FEM simulation and the strong nonlinear relationship fitting capability of ANN.
[bookmark: _Toc104199158]7.2 Proposed Data Driven Modeling Method
The idea of the proposed method is to derive the model by regressing the nonlinear relationship between the leakage inductance and selected input variables based on a large amount of accurate FEM simulation results. Figure 7.3 shows the diagram of the proposed data-driven modeling method. First, the core and winding related parameters with a high impact on the leakage inductance are determined as the input variables. Then MATLAB is interfaced with COMSOL Multi-physics to sweep the selected input variables, and used to run simulations and collect simulation results automatically. Finally, the data is trained by Artificial Neural Network (ANN) to fit the nonlinear relationship between the leakage inductance and selected input variables.
This method takes the advantage of the high accuracy of FEM simulations while avoiding the long simulation time when using the model. The three steps are explained in detail as follows.
[bookmark: _Toc104199159]7.2.1 Determine the Input Variables
The dependent variables of the CMC leakage inductance can be separated into core related parameters and winding related parameters. The top view and side view of the CMC geometry are given in Figure 7.4. Core related parameters include the core material permeability and core geometry (outer diameter OD, inner diameter ID, and height he). Winding related parameters include the number of turns Nt and wire gauge diameter Dw. By selecting all the dependent variables, a general model for CMC leakage inductance can be derived. In addition, part of them can be selected as the input variables to investigate their influence on the leakage inductance.
In Figure 7.4, the distance between winding and cores is defined as Mg_c. This distance is determined by the coating thickness of the core, which can be calculated by the diameters with and without coating given in the datasheet of the core. The following two assumptions are made about the CMC geometry in this chapter. One is that the winding is very close to the core coating surface so that the distance between the winding and core is the thickness of the coating. Another is that the neighboring windings are close to each other. The distance between windings is assumed to be the insulation thickness of the wires [130], which varies for each AWGs but is much smaller compared to the corresponding AWG wire diameter. Both the two assumptions are reasonable since CMCs are normally compactly wired.


 
[bookmark: _Ref84366416][bookmark: _Toc104199301][bookmark: _Ref12821656]Figure 7.3. Proposed data-driven modeling method for CMC leakage inductance.


(a) Top view.


(b) Side view.
[bookmark: _Ref84366417][bookmark: _Toc104199302]Figure 7.4. CMC geometry.
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[bookmark: _Ref84366418][bookmark: _Toc104199303][bookmark: _Ref12375574]Figure 7.5. COMSOL 3D simulation model.


[bookmark: _Toc104199160]7.2.2 Automatic Data Collection by Interfacing MATLAB with COMSOL Multi-physics
By interfacing MATLAB and COMSOL Multi-physics, the parameters can be swept, and the models can be auto-generated and run. MATLAB can be used to sweep the determined input variables. For each set of parameters, MATLAB will command COMSOL Multi-physics to construct the geometry, and then to set up and run the simulation. Figure 7.5 shows an example of a COMSOL CMC geometry built by MATLAB command. Once COMSOL Multi-physics finishes the simulation, it will acquire the simulation results and send them to MATLAB. Finally, MATLAB can collect the leakage inductance value for each set of parameters. These inductance values are very accurate owing to the high magnetic simulation accuracy of the commercial FEM software.
[bookmark: _Toc104199161]7.2.3 Artificial Neural Network Fitting
Once the data is collected, ANN can be used to regress the relationship between the leakage inductance and selected input variables even if the relationship is strongly nonlinear. An example of the shallow neural network with one hidden layer and the linear active function is shown in Figure 7.6. For the hidden layer, each neuron is calculated by the sum of weight multiplying the input neurons and a bias followed by an activation function. Similarly, the neuron in the output layer is calculated with the neurons in the hidden layer.
The output of Neural Networks is compared with the target to adjust the gradient for the least mean square root of the error between the output and target. The corresponding matrices can be accepted as the desired neurons with the backpropagation. The coefficient of determination, R2 value, is then commonly used to indicate the regression performance of the training. It can be calculated as
	
	(7.3)


where  is the sum of squares of residuals  and  is the total sum of the squares .  is the observed data,  is the fitted results, and  is the mean of the observed data.
The R value is distributed from 0 to 1. If R = 1, this indicates that there is an exact linear relationship between outputs and targets. If R is close to zero, then there is no linear relationship between outputs and targets. Thus, the R value is used as the metric of the trained ANN model performance.
To get a higher R or R2 value, the key is to tune the hyperparameters of the ANN model, which include the number of layers, the number of neurons in each layer, the optimizer, the activation function, and the batch size. Instead of manually trying different hyperparameters, they can be automatically optimized by an open-source hyperparameter optimization framework OPTUNA [131]. 
It should be noted that all data must be normalized before the Neural Network Fitting so that all the input variables are at a comparable range to balance the weight of the input data. For example, the range of Nt can be from one to tens of turns while the range of θ is from zero to π. The difference in the absolute value can result in the different influences of the gradient adjustment. To solve this problem, all input variables are normalized to make the average value to be zero while the standard deviation to be one. After normalization, the units of the parameters can be neglected. Also, since the value of the leakage inductance varies significantly for the entire dataset with a minimum leakage inductance value of 50 pH and maximum value of 1.04 mH, the results are transferred to logarithm in pH (min: 3.91 and max: 21) for better fitting performance.
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[bookmark: _Ref84366419][bookmark: _Toc104199304][bookmark: _Ref82975735]Figure 7.6. A typical ANN structure.
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[bookmark: _Ref84366420][bookmark: _Toc104199305][bookmark: _Ref12818608]Figure 7.7. R value of ANN training results.


[bookmark: _Toc104199162]7.3 Case Study and Experimental Results
The final objective of the proposed data-driven method is to derive a general model of CMC leakage inductance for all cores and winding related parameters. There are two different ways provided in the chapter. For the first way, only a specific core is selected to investigate the influence of winding related parameters on the leakage inductance to verify the proposed method. Since the commercial CMC magnetic core part numbers are limited, it is reasonable to analyze the cores one by one to obtain the relationship between the leakage inductance and winding parameters. For the second way, core related parameters are added to obtain the general relationship between the leakage inductance and both core and winding related parameters by the same procedure.
[bookmark: _Toc104199163]7.3.1 ANN Solution for a Specific Core
The core ZW43610TC from Magnetics, Inc. is selected to verify the proposed method. The wire range is from AWG16 (Dw=3.665 mm) to AWG28 (Dw=0.321 mm). The range of Nt for each AWG type is from 1 to Nt_max. Nt_max is determined by the maximum θ as 0.9π rad/s. In total, 192 cases are generated and simulated by MATLAB and COMSOL Multi-physics for core ZW43610TC. The relationship between the leakage inductance and selected winding parameters can then be regressed by the ANN fitting. The predicted output result can be expressed as:
	
	(7.4)


where X is the input matrix and X=[Nt, Dw, θ]T. Based on the fitting results, the four matrices can be obtained as (7.5)-(7.8).
	
	(7.5)

	

	(7.6)



	

	(7.7)



	

	(7.8)


It should be noted that the winding angle is added as an input for a better ANN regression although it is dependent on the product of Nt and Dw. Moreover, all the input and output data have been normalized. To de-normalize them, the average for Nt, Dw, θ, and Lleak are 15.1, 0.0014, 1.36, and . The standard deviations are 13.2, , 0.817, and . The Bayesian Regularization algorithm is used for the ANN training, which can result in good generalization for difficult, small, or noisy datasets. The activation function is the linear function in this case.
The R value of the training results is given in Figure 7.7. The horizontal axis is the target of the training, which represents the normalized simulation results of the leakage inductance. The vertical axis is the output calculated by ANN trained matrices. The figure includes all the data in training, validation, and testing sets. The final R value is 0.99998, which is very close to 1.
[bookmark: _Toc104199164]7.3.2 General ANN Solution for Various Cores
122 commercial cores with different geometries are used to fit the general relationship. For each core, AWG0000-AWG33 are used as windings to generate the training data. Starting from a wire gauge with a diameter less than half of the inner diameter of the core, then simulations are conducted from Nt=1 to the maximum number of turns for the wire gauge. Finally, 18,414 effective data have been collected to train the model.
[bookmark: _Toc420995900][bookmark: _Toc422997487]OPTUNA is used to automate the hyperparameter search. In this case, the number of layers and number of neurons in each layer are tuned for an optimized ANN model. The optimization process and results are shown in Figure 7.8. It takes approximately 1 hour to finish the optimization of 100 cases. It can be seen that using 2 hidden layers where each layer has 14 neurons can achieve the highest accuracy with R2=0.9941. For a single hidden layer, the one with 64 neurons can achieve the highest accuracy with R2=0.9931. Since the two solutions result in the R2 value with only a minor difference, the single hidden layer solution with 64 neurons is finally selected to avoid the possible overfitting issue. In this case, the input of the model is X=[OD, ID, HT, Mg_c, Nt, Dw, θ]T. The selected optimizer is the limited-memory Broyden-Fletcher-Goldfarb-Shanno (lbfgs) algorithm and the activation function is the rectified linear unit (ReLU) function.
Several cases are given to show the ANN fitting accuracy compared with the simulation results and Ren’s model. The results comparison of three different cores each with two windings of different AWG numbers are shown in Figure 7.9. The proposed ANN model can give a lower error percentage compared to Ren’s model in most cases. Moreover, the maximum error compared to the simulation result is below 10%.



iv


[image: ]
[bookmark: _Ref103327412][bookmark: _Toc104199306][bookmark: _Ref82975740]Figure 7.8. Hyperparameter optimization using OPTUNA
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[bookmark: _Ref84366767][bookmark: _Toc104199307]Figure 7.9. Accuracy comparison between the proposed model and Ren’s model to the simulation results in different cases.
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Figure 7.9 continued
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Figure 7.9 continued




[bookmark: _Toc104199165]7.3.3 Measurement Method of Lleak
The leakage inductance is measured by the impedance analyzer using the connection shown in Figure 7.10. The dotted terminals are short-circuited such that there will be no common mode current influencing the impedance. The differential mode impedance tested can be taken as an equivalent inductance in series with equivalent resistance, where the equivalent inductance is the leakage inductance.
[bookmark: _Toc104199166]7.3.4 Experimental Results Comparison
Three examples of the core ZW43610TC with arbitrarily chosen wire size and the number of turns and one example of core ZW44932TC are built in Figure 7.11. The leakage inductance predicted by Nave’s model, Heldwin’s model, and the model derived by the proposed method is compared with the measured values in Table 7.2. For the case where the previous models have the worst accuracy, the error is reduced from 42.9% with Nave’s model and 36% with Heldwin’s model to 2.4% with the model derived by the proposed method.
The CMC with ZW44932TC core is used to verify the ANN model accuracy of the cases for high height CMCs. In this case, the AWG23 is used with 20 turns. The measured leakage inductance is 44.2 µH. The predicted inductance by the ANN based model is 45.4 µH (2.7% error) while the predicted inductance by Ren’s model is 50.5 µH (14.3% error).



 
[bookmark: _Ref84366768][bookmark: _Toc104199308][bookmark: _Ref12385603]Figure 7.10. Leakage inductance test connection.
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	(a) #1 ZW43610TC core: Nt=12 with AWG16
	(b) #2 ZW43610TC core: Nt=29 with AWG20
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	(c) #3 ZW43610TC core: Nt=11 with AWG24
	(d) #4 ZW44932TC core: Nt=20 with AWG23


[bookmark: _Ref84366771][bookmark: _Toc104199309][bookmark: _Ref82975744]Figure 7.11. CMCs built for the test.



[bookmark: _Ref84366425][bookmark: _Toc104199204][bookmark: _Ref535331375][bookmark: _Ref12390633]Table 7.2. Error Comparison of Leakage Inductance Predicted by Different Models
	CMC
	#1
	#2
	#3

	Nt
	12
	29
	11

	Dw/mm
	1.32 (AWG16)
	0.838(AWG20)
	0.534 (AWG24)

	θ/rad
	1.563
	2.355
	0.570

	Measured Lleak in µH
	11.3
	45.0
	14.1

	FEM silumated Lleak in µH (error)
	11.6 (2.7%)
	45.7 (1.6%)
	13.7 (2.8%)

	Lleak in µH by proposed approach (error)
	11.2 (0.9%)
	45.6 (1.3%)
	13.7 (2.8%)

	Lleak in µH by Nave’s approach (error)
	13.1 (15.9%)
	64.3 (42.9%)
	17.8 (29%)

	Lleak in µH by Heldwin’s approach (error)
	12.7 (12.3%)
	61.2 (36%)
	15.0 (6%)



[bookmark: _Ref84366426][bookmark: _Toc104199205]Table 7.3. Relative Permeability Influence on the Leakage Inductance
	CMC
	#1
	#2
	#3
	#4
	#5

	AWG
	25
	26
	27
	28
	29

	Turns
	1
	1
	1
	1
	1

	Lleak in nH with µ=10
(Diff. to µ=1000 )
	5.67
(18%)
	5.95
(18%)
	6.18
(18%)
	6.41
(18%)
	6.62
(17%)

	Lleak in nH with µ=100
(Diff. to µ=1000 )
	6.75
(3%)
	7.05
(3%)
	7.30
(3%)
	7.56
(3%)
	7.78
(3%)

	Lleak in nH with µ=1000
	6.95
	7.26
	7.51
	7.77
	7.99

	Lleak in nH with µ=10000
(Diff. to µ=1000 )
	6.97
(0%)
	7.28
(0%)
	7.53
(0%)
	7.79
(0%)
	8.02
(0%)



[bookmark: _Toc104199167]7.3.5 Discussion of Influence of Core Relative Permeability
The core permeability influence on the leakage inductance is investigated. As given in Table 7.3, five CMCs are simulated under different relative permeability from 10 to 10000. All five CMCs have the same core geometry, which is for YR40301TC core from Magnetics, Inc. Compared to the cases when µ=1000, the difference in leakage inductance value can be as small as 3% compared to cases when µ=100. The results show when µ>100, a relative permeability range valid for most CMC cores, the influence of the core permeability on leakage inductance can be very small (no larger than 3%). This validates the previous formula calculating the leakage inductance, where the core permeability influence is not considered.
[bookmark: _Toc104199168]7.4 Summary and Potential Future Work
This chapter proposed a data-driven method to model the leakage inductance of CMCs. The model is based on the Artificial Neural Network fitting of FEM simulation results by sweeping the selected input variables. There are two approaches implemented. For the first approach, since the number of commercial core types is limited, the relationship between the leakage inductance and winding parameters is separately studied for every single core. In the case study, the error is reduced from 42.9% using Nave’s model and 36% using Heldwein’s model to 1.3% using the model obtained by the proposed method. For the second approach, a general relationship is regressed for different cores. For the case with high core height, the error is reduced from more than 20% using Ren’s model to less than 10% using the model obtained by the proposed method. The proposed modeling method can well predict the leakage inductance because the leakage inductance data collected from FEM simulation is very accurate and the ANN has the ability to regress the nonlinear and complex relationship. Also, the core permeability influence on the leakage inductance is evaluated, and the influence is minor when the relative permeability is larger than 100. 

[bookmark: _Toc81169494][bookmark: _Ref84528044][bookmark: _Ref103331117][bookmark: _Toc104199169]
An Accurate and Efficient Single Fourier Analysis Method for Harmonics of PWM Waveforms in Voltage Source Inverters
[bookmark: _Toc104199170]8.1 Introduction and Literature Review
Design tools for power electronics converters require simulation to obtain the waveforms for EMI filter noise, THD, and others. For an optimal design, iterations are required for different input voltage, switching frequency, modulation, and other design variables [26]. Simulation speed is critical for the overall design time required. The issue for time-domain simulation is time-consuming because it always requires multiple cycles for the converter to converge to a steady state condition. For dc converters, researchers have come up with some methods to directly get the initial status of each state variable [133]. However, for ac converters with multiple switching cycles in one fundamental cycle, there are still no reported advanced time-domain simulation solutions for it. Moreover, the time domain solver normally requires an interface with simulation software, e.g., Simulink, PLECS, etc. Thus, some researchers are trying to use frequency-domain simulation to replace conventional time-domain simulation. In [134], the frequency domain simulation is applied, and the simulation speed is much accelerated. For a specific case with an inverter phase leg, the frequency domain simulation can solve it in 0.404 s while the PLECS analysis requires 6.16s, which is more than 15 times of the computational time. 
The double Fourier analysis (DFA) without the sensitivity to the periodicity of the overall waveform is popular for harmonic analysis [135]. However, the calculation of the DFA coefficients requires huge computational efforts due to the double integral equations or Jacobi-Anger expansions in the appearance of Bessel functions, which would not benefit the computation speed of the design tool. Moreover, for modulations with a large number of sideband harmonics, the sideband harmonics of one carrier frequency would overlap with the neighboring carrier frequency, which increases the required sideband harmonics that need to be calculated and the computational effort.
[bookmark: _Hlk82094829]To reduce the computational effort, single Fourier analysis (SFA) has been investigated by some researchers [136]-[140]. In [136]-[138], the amplitudes of the harmonics are derived by the Lagrange expansion of implicitly given angles of PWM signal edges. However, the simplified Taylor’s expansion with the first-order approximation is required for certain switching angle derivations due to the complexity of the Lagrange expansion, which could induce some errors. References [139]-[140] propose a method to represent the switching angle by directly comparing the carrier waveform and reference waveform. However, the method assumes the waveforms are half symmetric with only odd harmonics, which is not correct for some cases. Moreover, none of them considers the conditions with non-integral carrier ratio (ratio of the carrier frequency to the fundamental frequency). Besides, only sinusoidal pulse width modulation (SPWM) has been discussed, not covering other modulation schemes commonly used in voltage source inverters, especially, space vector modulation (SVMs)
In this chapter, an improved single Fourier analysis is proposed to consider conditions with non-integral carrier ratios for both even and odd harmonics. The idea is to use the greatest common divisor of the fundamental frequency and switching frequency as the new fundamental frequency for single Fourier analysis. The derivation of the equations for the modified single Fourier analysis is given in detail. Moreover, the method is extended to space vector modulations (SVMs). The harmonic analysis results of the SPWM, continuous SVM, and discontinuous SVM are compared with those from simulation and double Fourier analysis, which shows high accuracy for both integral and non-integral carrier ratio conditions. The computational time of the proposed single Fourier analysis method is also compared with double Fourier analysis, which shows dramatic savings of computational efforts.
The two-level ac converter in Figure 8.1 is used as an example to conduct the harmonic analysis. Extension to multilevel converters can follow a similar procedure as the DFA approach. All case studies in this chapter follow the same design specifications: the input voltage  V, rated ac line-to-line rms voltage V, and the modulation index  under the rated condition.  is defined as , where  is the peak phase to neutral voltage. The base frequency f0 is 60 Hz, and the switching frequency fsw or carrier frequency fc is selected as 4 kHz for the non-integral carrier ratio, which could be different for some studies if specified. Moreover, when comparing the computational efforts, all calculations are based on MATLAB 2021 using a desktop computer with eight Intel(R) Core(TM) i7-7700 CPU @ 3.60 GHz processors, 16 GB of RAM, and a 64-bit operating system.
In the analysis, the negative dc bus potential is selected to be zero to simplify the mathematical relations and the dc bias is not considered in the results.
[bookmark: _Toc104199171]8.2 Double Fourier Analysis and Single Fourier Analysis
Theoretical analysis can give an analytical closed-form equation for the harmonics. This part discusses two state-of-the-art harmonic analysis methods including the DFA and single Fourier analysis (SFA).
[bookmark: _Toc104199172]8.2.1 Double Fourier Analysis
Double Fourier analysis is widely used in the harmonic analysis of ac converters due to two time variables corresponding to the carrier frequency and fundamental frequency separately [135]. The closed form of the equation is given in (8.1). 



[bookmark: _Ref82186701][bookmark: _Ref82186684][bookmark: _Toc104199310]Figure 8.1. Circuit diagram of two-level ac converter with SPWM.



[bookmark: _Ref73905804][bookmark: _Ref73905800][bookmark: _Toc104199311]Figure 8.2. Sideband harmonics for discontinuous SVM with different selections of n.
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where  is the angular carrier frequency, and is the fundamental frequency. m is the carrier index variable and n is the baseband index variable. The coefficients  and  can be obtained by (8.2) and (8.3).
	

	[bookmark: _Ref73618477](8.2)

	

	[bookmark: _Ref73636184](8.3)


For some commonly used modulation schemes, e.g. the SPWM, simplified equations are also derived in [135] to reduce some computational efforts by ignoring frequencies without harmonics. However, they still require Bessel functions with relatively large computational efforts. Moreover, for some complex modulations with a large number of sidebands, the calculation can hardly be simplified and the required calculation number of n in (8.1) could be large.
An example is the discontinuous SVM. The selection of  influences the number of calculated sideband harmonics. In Figure 8.2, calculated phase voltage harmonics are compared with different selections of  (, , and ). With the increase of , new sideband harmonics are shown around fsw=4 kHz. Moreover, the sideband harmonics of the carrier frequency fsw=4 kHz overlap with those of the neighboring carrier harmonic frequency fsw=8 kHz. This means  needs to be quite large for an accurate calculation of sidebands and so are the computational efforts. For this example, the computational time for the three cases is  for ,  for , and for .
[bookmark: _Toc104199173]8.2.2 Single Fourier Analysis
To reduce the computational efforts of double Fourier analysis, the single Fourier analysis approach is investigated. In [139]-[140], the assumption is made that the phase voltage is half-wave symmetric, and the carrier ratio is integral. The phase voltage  is expressed as in (8.4), and the coefficients  and  can be obtained through (8.5) and (8.6).
	

	[bookmark: _Ref73619994](8.4)

	
	[bookmark: _Ref73619996](8.5)

	
	[bookmark: _Ref73906774](8.6)


Because  and  will be either Vdc or 0 depending on the switch position in the half-bridge, the calculation of coefficients in (8.5) and (8.6) will be reduced. As can be seen in (8.4), all the harmonics calculated should be multiples of , which is not correct for non-integral carrier ratio cases.




[bookmark: _Ref82619720][bookmark: _Toc104199312][bookmark: _Ref82540865]Figure 8.3. Proposed SFA solution to cover non-integral carrier ratio conditions.


[bookmark: _Toc104199174]8.3 Proposed Single Fourier Analysis Considering Non-integral Carrier Ratio Conditions
To make the SFA approach more general without the assumptions of the integral carrier frequency ratio and half-symmetry, an improved SFA approach is introduced here with the idea of using the greatest common divider of the switching frequency and original fundamental frequency as the new fundamental frequency to perform the integration and also consider both even and odd harmonics. Moreover, the angle deviation is expanded from SPWM to SVM.
[bookmark: _Toc104199175]8.3.1 Proposed Single Fourier Analysis Solution Considering Non-integral Carrier Ratio
The DFA provides the theoretical basis that the phase voltage harmonics include baseband, carrier, and sideband harmonics as . Thus, using a period longer than the fundamental period for the integrals of SFA coefficients in (8.5) and (8.6) is possible to include all harmonic frequencies by covering integral carrier cycles as shown in Figure 8.3. The largest frequency to meet the requirement is the greatest common divisor of the switching frequency and fundamental frequency given in (8.7).
	
	[bookmark: _Ref73620094](8.7)


The number of switching cycles during one updated fundamental frequency is , which can be ensured to be integral because  is a divisor of . In the special case when  is an integer, , the derivation would be the same as the previous SFA method.
The phase voltage  can be expressed as in (8.8) with the updated fundamental frequency, and the coefficients  and  can be obtained through (8.9) and (8.10).
	

	[bookmark: _Ref73620095](8.8)

	
	[bookmark: _Ref73620098](8.9)

	
	[bookmark: _Ref82619721](8.10)


The coefficient equations can be simplified by determining  to be Vdc or 0 based on calculating the switching angles in one fundamental frequency. Since the digital implementation is widely used nowadays, asymmetrical regular sampling is selected as an analysis objective owing to its lower THD compared with other sampling schemes [135]. As an example in Figure 8.4, one switching cycle Tc with two equal sub-intervals: (2n-1)th and (2n)th is shown. The phase reference voltage  and  determined by the asymmetrically sampled scheme are compared with the sine-triangle carrier waves  and  for (2n-1)th and (2n)th sub-intervals respectively. The intersection times  and  are switching times for (2n-1)th and (2n)th sub-intervals respectively. During the sub-intervals, if  or , then the switching function would be 1 and  for a two-level VSI; otherwise the switching function would be 0 and . 
Using the relations illustrated in Figure 8.4, the coefficients in Equations (8.9) and (8.10) can be expressed by Equations (8.11) and (8.12), where  and  are the switching angle of the (2n-1)th and (2n)th switching sub-intervals and Nc is the total number of switching cycles in one made-up fundamental cycle. Nc is an integer thanks to the selection of .


[bookmark: _Ref73566067][bookmark: _Ref73565605][bookmark: _Toc104199313]Figure 8.4. Switching angle derivation in sine-triangle PWM.
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[bookmark: _Ref73578593][bookmark: _Ref73578564][bookmark: _Toc104199314]Figure 8.5. Phase a PWM reference voltage for continuous SVM (M=1.15).
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	[bookmark: _Ref73620723](8.12)


[bookmark: _Toc104199176]8.3.2 Switching Angle Determination for SPWM
The phase a reference voltage is . Thus, the reference value for the (2n-1)th sub-interval as shown in Figure 8.4 is , and for the 2nth sub-interval is . Using these relationships and Figure 8.4, the switching times  and  can be found in (8.13) and (8.14). Accordingly, the corresponding switching angles  and  can be obtained by  for Equations (8.11) and (8.12).
	
	[bookmark: _Ref73620866](8.13)

	
	[bookmark: _Ref73620867](8.14)


The closed form equation of the phase voltage can be simply derived by combining (8.8), (8.11), (8.12), (8.13), and (8.14).
[bookmark: _Toc104199177]8.3.3 Line-to-line Voltage Derivation
The line-to-line voltage  is calculated by subtracting phase b voltage  from phase a voltage . Phase b voltage can be derived by the same approach as phase a. The only difference is the switching angle  and  replaced by  and  for the coefficient calculation with a phase shift of  of the fundamental frequency for switching angles as given in (8.15) and (8.16).
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The line-to-line voltage  can then be calculated by (8.17) with coefficients in (8.18) and (8.19).
	
	[bookmark: _Ref73621132](8.17)

	
	[bookmark: _Ref73621134](8.18)

	
	(8.19)


[bookmark: _Toc104199178]8.3.4 Switching Angle Determination for Continuous and Discontinuous SVMs
[bookmark: _Hlk69491733]For other PWM schemes, similar approaches and formulas can be used to determine voltage harmonics. The only differences are the switching times and switching angles determined by the phase PWM reference voltages based on different PWM schemes. As an example, for the popular SVM, the PWM reference voltage is a non-sinusoidal periodic function, which induces additional baseband and sideband harmonics.
For the continuous SVM, the reference voltage can be derived based on different sectors as given in Table 8.1 [141]. Figure 8.5 shows the phase reference voltage during one fundamental cycle. The waveforms look like a sinusoidal fundamental voltage plus an equivalent third-order harmonic injection.
For the discontinuous SVM, there are several different implementation schemes including 30°, 60°, and 120° discontinuous angles. The popular 60° solution is discussed, and the reference voltage can be derived based on different sectors as given in Table 8.2 [141]. Figure 8.6 shows the reference voltage during one switching cycle for M=0.5 and M=1.15. For M=1.15, the reference voltage is similar to that of the continuous SVM, which might include an equivalent third-order harmonic injection and other triplen high-order harmonics. For M<1.15, different from SPWM and continuous SVM, the reference voltage of the discontinuous SVM is not continuous when the sector switches from one to another.

[bookmark: _Ref73578557][bookmark: _Ref73578214][bookmark: _Toc104199206]Table 8.1. Phase Reference Voltage Waveforms for Continuous SVM.
	Sector
	Phase a
	Phase b
	Phase c

	I: 
	
	
	

	II: 
	
	
	

	III: 
	
	
	

	IV: 
	
	
	

	V: 
	
	
	

	VI: 
	
	
	



[bookmark: _Ref73578558][bookmark: _Ref73627758][bookmark: _Toc104199207]Table 8.2. Phase Reference Voltage Waveforms for Discontinuous SVM.
	Sector (s)
	Phase a
	Phase b
	Phase c

	VI&I: 
	1
	
	

	I&II: 
	
	
	0

	II&III: 
	
	1
	

	III&IV: 
	0
	
	

	IV&V: 
	
	
	1

	V&VI: 
	
	0
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[bookmark: _Ref73578594][bookmark: _Ref73578566][bookmark: _Toc104199315]Figure 8.6. Phase a PWM reference voltage for discontinuous SVM (M=0.5 and M=1.15).




[bookmark: _Ref73626563][bookmark: _Ref73626543][bookmark: _Toc104199316]Figure 8.7. SPWM harmonics comparison among simulation, DFA, and conventional SFA (fsw=4 kHz).
With the dedicated reference voltage for each modulation scheme, the harmonics can be calculated by substituting  and  in (8.13) and (8.14).

[bookmark: _Toc104199179]8.4 Verification with Simulation Results
To verify the proposed solution for harmonic analysis, conditions with non-integral and integral carrier ratios are both given for all three PWM schemes. 
[bookmark: _Toc104199180]8.4.1 Verification of SPWM
Harmonics of the ac phase voltage are calculated for SPWM with a pure sinusoidal reference voltage. Figure 8.7 shows the conventional SFA without considering the non-integral carrier ratio (fsw=4 kHz and f0=60 Hz). The sidebands of the conventional SFA are quite different from the DFA and simulation results. This is because what is calculated by (8.4) can only be harmonics of the fundamental frequency. However, the sideband frequencies theoretically are not harmonics of the fundamental frequency. Note that the DFA results envelop is fully covered by the simulation result, which makes it difficult to see. Figure 8.8 shows the proposed SFA considering the non-integral carrier ratio. The result matches well with those of the DFA and simulation.
Figure 8.9 shows the SFA results of SPWM harmonics with integral carrier ratio (fsw=6 kHz and f0=60 Hz). In this case, the proposed SFA and conventional SFA have the same results because . Moreover, the results match well with the DFA and simulation results.




[bookmark: _Ref73626565][bookmark: _Toc104199317]Figure 8.8. SPWM harmonics comparison among simulation, DFA, and proposed SFA (fsw=4 kHz).



[bookmark: _Ref73626566][bookmark: _Toc104199318]Figure 8.9. SPWM harmonics comparison among simulation, DFA, and proposed SFA (fsw=6 kHz).


[bookmark: _Ref73627893][bookmark: _Toc104199319]Figure 8.10. Continuous SVM harmonics comparison among simulation, DFA, and conventional SFA (fsw=4 kHz).


[bookmark: _Ref73627895][bookmark: _Toc104199320]Figure 8.11. Continuous SVM harmonics comparison among simulation, DFA, and proposed SFA (fsw=4 kHz).
[bookmark: _Toc104199181]8.4.2 Verification of Continuous SVM
Harmonics of the ac phase voltage are calculated for SVM with a reference voltage given in Table 8.1. Figure 8.10 shows the conventional SFA without considering the non-integral carrier ratio (fsw=4 kHz and f0=60 Hz). Similar to Figure 8.7, the sidebands of the conventional SFA are quite different from the DFA and simulation results. Figure 8.11 shows the proposed SFA considering the non-integral carrier ratio. The result matches well with those of the DFA and simulation. For the DFA, n=33 is selected to cover the sideband harmonics in this case.
Figure 8.12 shows the SFA results of continuous SVM harmonics with integral carrier ratio (fsw=6 kHz and f0=60 Hz). As expected, the results match well with the DFA and simulation results.
[bookmark: _Toc104199182]8.4.3 Verification of Discontinuous SVM
[bookmark: _Hlk81867172][bookmark: _Hlk82103544]Harmonics of the ac phase voltage are calculated for discontinuous SVM with a reference voltage given in Table 8.2. Figure 8.13 shows the conventional SFA without considering the non-integral carrier ratio (fsw=4 kHz and f0=60 Hz). Similar to Figure 8.10, the conventional SFA is quite different from the DFA and simulation results. Figure 8.14 shows the proposed SFA considering the non-integral carrier ratio. The result matches well with those of the simulation. Note that there are some differences for DFA amplitude with n selected as 33. This is because the sideband harmonics for the discontinuous SVM are considerable, and n cannot be selected as infinite to cover all sidebands.
Figure 8.15 shows the SFA results of SPWM harmonics with integral carrier ratio (fsw=6 kHz and f0=60 Hz). The results match well with the DFA and simulation results with little discrepancy similar to Figure 8.14 due to the considerable sideband harmonics of discontinuous SVM.



[bookmark: _Ref73627897][bookmark: _Toc104199321]Figure 8.12. Continuous SVM harmonics comparison among simulation, DFA, and proposed SFA (fsw=6 kHz).


[bookmark: _Ref73627899][bookmark: _Toc104199322]Figure 8.13. Discontinuous SVM harmonics comparison among simulation, DFA, and conventional SFA (fsw=4 kHz).


[bookmark: _Ref73627947][bookmark: _Toc104199323]Figure 8.14. Discontinuous SVM harmonics comparison among simulation, DFA, and proposed SFA (fsw=4 kHz).



[bookmark: _Ref73627949][bookmark: _Toc104199324]Figure 8.15. Discontinuous SVM harmonics comparison among simulation, DFA, and proposed SFA (fsw=6 kHz).
[bookmark: _Toc104199183]8.4.4 Comparisons of THD and Computational Time of Different Methods
Table 8.3 and Table 8.4 compare the calculated THD defined with different methods of the SPWM, continuous SVM, and discontinuous SVM for fsw=4 kHz and fsw=6 kHz respectively. THD formula for the proposed SFA is given in (8.20). The results match well for the simulation, DFA, and the proposed SFA.
	
	[bookmark: _Ref73618451](8.20)


[bookmark: _Hlk81867509]where , and the th harmonic of  is the fundament angular frequency .
Table 8.5 and Table 8.6 compare the required computational time for harmonics of the SPWM, continuous SVM, and discontinuous SVM using DFA and the proposed SFA for fsw=4 kHz and fsw=6 kHz respectively. Note that for SPWM, the simplified DFA equation in (5.10) in [135] is used while for SVMs, the double integral equations (8.2) and (8.3) are used to calculate the results. The integral limit of n is set as fsw/f0-1. All calculations are based on MATLAB 2021 using a desktop computer with eight Intel(R) Core(TM) i7-7700 CPU @ 3.60 GHz processors, 16 GB of RAM, and a 64-bit operating system. For non-integral carrier ratio (fsw=4 kHz and f0=60 Hz) conditions of the discontinuous SVM, the computational time is reduced from 112.5 s using DFA to 21.3 s using the proposed SFA. For integral carrier ratio conditions (fsw=6 kHz and f0=60 Hz) of the discontinuous SVM, the computational time is reduced from 228.1 s using DFA to 3.6 s using the proposed SFA.


[bookmark: _Ref73631379][bookmark: _Ref73631366][bookmark: _Toc104199208][bookmark: _Hlk81907619]Table 8.3. THD comparison of using different methods (fsw=4 kHz).
	[bookmark: _Hlk81907597]
	Simulation
	DFA
	Proposed SFA

	SPWM
	117.443 %
	117.402%
	117.414

	Continuous SVM
	117.597 %
	117.579%
	117.580

	Discontinuous SVM
	119.819%
	120.049%
	119.766


[bookmark: _Ref73631383][bookmark: _Ref73631370]
[bookmark: _Ref103328006][bookmark: _Toc104199209][bookmark: _Hlk81907631]Table 8.4. THD comparison of using different methods (fsw=6 kHz).
	[bookmark: _Hlk81907573]
	Simulation
	DFA
	Proposed SFA

	SPWM
	117.431%
	117.397%
	117.408%

	Continuous SVM
	117.584%
	117.575%
	117.576%

	Discontinuous SVM
	119.885%
	119.140%
	119.774%





[bookmark: _Ref73635742][bookmark: _Ref73635737][bookmark: _Toc104199210][bookmark: _Hlk81907556]Table 8.5. Computational time comparison of DFA and SFA (fsw=4 kHz) (Unit: s).
	[bookmark: _Hlk81907525]
	DFA
	Proposed SFAs

	SPWM
	62.3
	18.8

	Continuous SVM
	92.4
	17.8

	Discontinuous SVM
	112.5
	21.3





[bookmark: _Ref73635744][bookmark: _Toc104199211][bookmark: _Hlk81907488]Table 8.6. Computational time comparison of DFA and SFA (fsw=6 kHz) (Unit: s).
	[bookmark: _Hlk81907458]
	DFA
	Proposed SFA

	SPWM
	20.7
	3.52

	Continuous SVM
	312.9
	4.0

	Discontinuous SVM
	228.1
	3.6


[bookmark: _Toc104199184]8.5 Summary and Potential Future Work
[bookmark: _Hlk81867602]Harmonic analysis for PWM voltage in ac converters can help enable the frequency domain simulation for waveforms in the converter, which can reduce the computation time for the design tool. The analysis is also important to get the THD of the converter to check whether the design qualifies for certain standards. The commonly used double Fourier analysis requires huge computational efforts due to the double integral equations for coefficients. Single Fourier analysis is investigated by some researchers to reduce the computational efforts. However, state-of-the-art single Fourier analysis is only valid for conditions with integral carrier ratio and assumes half-wave symmetry to calculate odd harmonics only. 
In this chapter, an improved SFA approach is proposed to consider conditions with the non-integral carrier ratio and both even and odd harmonics. The idea is to use the greatest common divisor of the original fundamental frequency and switching frequency as the new fundamental frequency for the integrals of the SFA coefficients. The proposed SFA approach presents higher accuracy compared to the previous SFA approach for non-integral carrier ratio cases, which is verified by comparing harmonic analysis results with those using the time-domain simulation and DFA. With similar accuracy, the proposed SFA approach can save dramatic computational time compared to DFA, especially for modulation schemes with considerable sideband harmonics. The computational time reduces from 112.5 s using the DFA to 21.3 s using the proposed SFA in the case study of discontinuous SVM. These advantages make the proposed SFA approach promising in design tools to accelerate the design speed while ensuring accuracy.
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Conclusions and Potential Future work
[bookmark: _Toc104199186]9.1 Conclusions
The high-power SSCB development and accurate models for the design tool are focused on in previous chapters. Key results and findings of the high-power SSCB development are summarized below.
1. The challenges of developing high power and high power density SSCBs are identified. Due to the limited power of a single switch, it is necessary to parallel and series switches for high-power SSCBs. Series of switches benefit from the paralleled TVS diodes. However, paralleling switches brings potential instability issues. In addition, the high peak-to-average clamping voltage ratio is caused by Ldi/dt of the turn-off current commutation and foldback characteristics of high-power TVS diodes. The design procedure and implementation of the SSCB are summarized and the system-level influence is discussed. 
2. The parallel instability issue of multiple paralleled dies in a power module during high current switching transients is investigated. The instability is caused by the differential mode oscillation among paralleled MOSFETs. A model is proposed to consider the influences of the switching trajectory and nonlinear device parameters on stability by solving eigenvalues of state-space modeling system matrices of all operating points that the switching trajectory goes through. It is found that higher voltage and current stresses result in greater real parts of complex eigenvalues, which causes paralleled MOSFETs to be more unstable with higher voltage and current stresses. Thus, a method is proposed to manipulate the switching trajectory to avoid the unstable region where the conventional switching trajectory normally goes through to improve stability in SSCB applications.
3. The characterization method of the TVS diode is investigated by comparing the differences between using the sawtooth current waveform and the exponential current waveform. The sawtooth current waveform can give a more accurate characterization of the TVS diode for SSCB applications. Moreover, it is found that at cryogenic temperature, the peak-to-average clamping ratio would increase due to carrier freeze-out, making the high-power TVS diode a promising candidate in cryogenically cooled SSCBs. 
4. The limitation of using WBG devices for current limiting is discussed. A control strategy is then proposed to utilize the energy absorption component in series-connected SSCBs to absorb the major energy and utilize the WBG device to control the current limit level during the current limiting period. The proposed control strategy is verified experimentally to have more than 3X current limiting withstand time compared to using WBG devices alone for current limiting. Moreover, the proposed control strategy does not need any extra hardware.
Key results and findings of design tool models are summarized below.
1. An automatic design tool integrating state-of-the-art design algorithms and component models to reduce paper design efforts for engineers for three-phase motor drives is introduced. The converter is optimized for minimum weight considering comprehensive design constraints and conditions configured by users. With the modularly designed software, some component models can be selected by users based on design speed and accuracy considerations. Databases for components, including devices, passives, and cooling, are built with commercially available products and can be managed by users. 
2. The previous leakage inductance models of common mode chokes (CMCs) are not accurate due to the rod core assumption and simplification of magnetic flux. A data-driven approach to model the CMC leakage inductance is proposed to improve the accuracy. A large amount of data is collected by 3D FEM simulation. Then the data is trained by ANN to regress the nonlinear relationship between the leakage inductance and selected input variables. The proposed model is verified by comparing with the simulation and experimental results, which shows higher accuracy than state-of-the-art models.
3. The issue with the existing single Fourier analysis (SFA) approach with the non-integral carrier ratio is discussed. An improved SFA approach is proposed to consider conditions with non-integral carrier ratios by using the greatest common divisor of the fundamental frequency and switching frequency as the new fundamental frequency for the integrals of SFA coefficients. The method is verified to be accurate for not only SPWM but also SVMs. The computational time of the proposed SFA method is also dramatically reduced compared with the DFA approach.
[bookmark: _Toc104199187]9.2 Potential Future Work 
While some findings and improvements are found and made to some issues of the SSCB and converter design, there are still some related interesting topics and potential future work. For SSCBs related, some potential future work are listed below.
Some other future work includes:
1. The temperature influence on the parallel stability is interesting to be investigated. Thus, parallel stability can be guaranteed at the temperatures of interest. Moreover, the dwell time can be included in the large signal model for a comprehensive analysis of the sufficient conditions for the observable gate oscillation. The switching trajectory that goes through the unstable region with positive real parts is a necessary but not sufficient condition for the observable gate oscillation. It could be possible that no gate oscillation is observed if the device quickly passes through the unstable region with very limited dwell time.
2. For the TVS characterization part, a macro model could be generated to model the characteristics of the TVS diode involving thermal-dependent characteristics. With the model, it would be easier to consider these characteristics during the design stage. Moreover, except TVS diode, switching devices are also interested to be characterized at cryogenic temperatures for SSCB applications. Some devices, e.g., GaN HEMT, feature much lower on-resistance at cryogenic temperatures compared to room temperatures. However, the dynamic characteristics of turning off very high fault currents for SSCB applications are still unknown.
For the automatic layout tool for three-phase voltage source converters, some potential future work are listed below.
1. The ANN model together with FEM simulation is a very powerful tool that can be used to predict other parameters of interest of the magnetic components instead of just the leakage inductance of CMCs. It can potentially work for those models that are difficult to be analytically and accurately derived, e.g., the core loss model.
2. Harmonic analysis can be further improved by considering some nonideal factors for PWM voltage, including dead time and dc voltage ripple. Also, the method can be further extended to multi-level converters with a more complex  expression. In addition, to fully use this method for frequency-domain simulation, it needs to be combined with the modified nodal analysis (MNA). For linear components, the MNA can get the same results as steady-state time-domain waveforms from the frequency domain. However, for nonlinear components, it would be challenging to get accurate simulation results.
3. Switching waveform calculation is a critical part of the design tool, which can determine the estimated overvoltage and switching loss, and influence the semiconductor devices selection and the thermal system design. Parasitic loop inductance and switching node capacitance are needed for the switching waveform calculation using the advanced switching models. However, in the paper design stage, the parasitic inductance is difficult to be accurately determined without the layout. Thus, it is worth some effort to develop an automatic layout tool to provide accurate parasitic values for the switching waveform calculation and the converter design.
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