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(ABSTRACT) 

 

 

 

 Auxiliary power supply (APS) plays a key role in ensuring the safe operation of the 

main circuit elements including gate drivers, sensors, controllers, etc. in medium voltage 

(MV) silicon carbide (SiC)-based converter systems. Such a converter requires APS to 

have high insulation capability, low common-mode coupling capacitance ( ), and high-

power density. Furthermore, considering the lifetime and simplicity of the auxiliary power 

supply system design in the MV converter, partial discharge (PD) free and multi-load 

driving ability are the additional two factors that need to be addressed in the design. 

However, todayôs state-of-the-art products have either low power rating or bulky designs, 

which does not satisfy the demands. To improve the current designs, this thesis presents a 

1 MHz isolated APS design using gallium nitride (GaN) devices with MV insulation 

reinforcement. 

By adopting LCCL-LC resonant topology, the proposed APS is able to supply multiple 

loads simultaneously and realize zero voltage switching (ZVS) at any load conditions. 

Since high reliability under faulty load conditions is also an important feature for APS in 

MV converter, the secondary side circuit of APS is designed as a regulated stage. To 

achieve MV insulation (> 20 kV) as well as low  value (< 5 pF), a current-based 

transformer with a single turn structure using MV insulation wire is designed. Furthermore, 



 

 

 

by introducing different insulated materials and shielding structures, the APS is capable to 

achieve different partial discharge inception voltages (PDIV). In this thesis, the transformer 

design, resonant converter design, and insulation strategies will be detailly explained and 

verified by experiment results.  

Overall, this proposed APS is capable to supply multiple loads simultaneously with a 

maximum power of 120 W for the sending side and 20 W for each receiving side in a 

compact form factor. ZVS can be realized regardless of load conditions. Based on different 

insulation materials, two different receiving sides were built. Both of them can achieve a 

breakdown voltage of over 20 kV. The air-insulated solution can achieve a PDIV of 6 kV 

with  of 1.2 pF. The silicone-insulated solution can achieve a PDIV of 17 kV with  

of 3.9 pF.  
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 Recently, 10 kV silicon carbide (SiC) MOSFET receives strong attention for medium 

voltage applications. Asit can switch at very high speed, e.g. > 50 V/ns, the converter system 

can operate at higher switching frequency condition with very small switching losses 

compared to silicon (Si) IGBT [8]. However, the fast dv/dt noise also creates the common 

mode current via coupling capacitors distributed inside the converter system, thereby 

introducing lots of electromagnetic interference (EMI) issues. Such issues typically occur 

within the gate driver power supplies due to the high dv/dt noises across the input and output 

of the supply. Therefore, the ultra-small coupling capacitor (<5 pF) of a gate driver power 

supply is strongly desired.[37] 

To satisfy the APS demands for high power modular converter system, a solution is 

proposed in this thesis. This work investigates the design of 1 MHz isolated APS using 

gallium nitride (GaN) devices with medium voltage insulation reinforcement. By 

increasing switching frequency, the overall converter size could be reduced dramatically. 

To achieve a low ὅ  value and medium voltage insulation of the system, a current-based 

transformer with a single turn on the sending side is designed. By adopting LCCL-LC 

resonant topology, a current source is formed as the output of sending side circuity, so it 

can drive multiple loads importantly with a maximum of 120 W. At the same time, ZVS
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 can use realized with different load conditions. The receiving side is a regulated stage, 

so the output voltage can be easily adjusted and it can operate in a load fault condition.  

Different insulation solutions will be introduced and their effect on ὅ  will be discussed. 

To further reduce ὅ , shielding will be introduced. Overall, this proposed APS can 

achieve a breakdown voltage of over 20 kV and PDIV up to 16.6 kV with ὅ υ ὴὊ. 

Besides, multi-load driving ability is able to achieve with a maximum of 120 W. ZVS can 

be realized. In the end, the experiment results will be provided. 
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Chapter 1 

 

Introduction  
 

 

 

1.1  Background Information and Motivation  

 

Recently, the demand for power electronics in medium voltage (MV)  applications is 

continuously increasing. It has been widely used in electric transportations [1-3], e.g. 

electrical ships, renewable energy systems, e.g. solar-PV system [3][4], data centers [1][5], 

etc. However, those applications have high requirements on power converterôs size, power 

density, efficiency, and reliability. [6] Thus, the traditional silicon (Si) IGBT-based 

converter cannot meet the requirements anymore and a new semiconductor device with 

high power processing capability is desired. [7] 

As a promising candidate for MV applications, 10 kV SiC MOSFET receives strong 

attention as it has higher breakdown voltage, higher operating temperature, faster-switching 

speed, e.g. > 50 V/ns, and lower losses compared to Si IGBT [8]. Due to high 

blocking voltage, SiC devices enable a few switches in MV converter, which leads to a 

simpler control scheme. High  allows the converter to operate with the high switching 

frequency, which can improve the MV converterôs power density. However, these advanced 

device features bring additional design challenges to other circuit components, such as gate 

driver (GD) and auxiliary power supply (APS).  

The isolated APS is a critical component to ensure device safe operation. Qualified 

isolation level and constant output voltages under different conditions are the key features 

for APS. Besides medium insulation voltage, medium partial discharge inception voltage 

(PDIV) is also required with the consideration of APSôs lifetime [9] and insulation design 

of a modular converter. Due to the fast dv/dt caused by the device, a common mode current 

via coupling capacitors was created and distributed inside the converter system, which 
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introduces many electromagnetic interference (EMI) issues.[10] As shown in Fig. 1, such 

an issue typically occurs through the gate driver power supply (GDPS) because its common-

mode coupling capacitor ( ) value is much larger than the value caused by signal 

transmission. Therefore, an ultra-small  value (< 5 pF) is strongly desired in APS design. 

Finally, considering the future integration purpose, complete auxiliary power system design 

inside MV converter, and future high current applications, a multi-channel, high output 

power APS design in a compact form factor, which is the most challenging aspect, is 

preferred. Overall, a multi-channel APS with high insulation capability, low , high 

output power, and small dimensions are required. The complete APS specifications are 

listed in Table I.  

 

Figure 1. Main common mode current conducted path in half-bridge inverter 

 

Table 1. Design Specification for the Isolated Auxiliary Power Supply 

Parameters Values 

Input voltage ( ) 48 V 

Output voltage ( ) 24 V 
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Max. receiving side output power ( ) 20 W 

Max. sending side output power ( ) 120 W 

Insulation Voltage ( ) 20 kV 

Partial discharge inception voltage ( ) 5 kV-15 kV 

Common-mode coupling capacitance ( ) < 5 pF 

Volume < 3  

 

 

1.2  State-of-the-Art Architectures  

 

1.2.1 Transformer-based Designs  

 

Insulation capability is always the priority to consider for APS design. Based on 

insulation methods, todayôs state-of-the-art architectures fall into two categories: 

transformer-based designs and non-transformer-based designs. Transformer appears as the 

most common isolation component in APS design since it provides galvanic isolation and 

at the same time, it is able to alternate voltage or current levels with high efficiency. For 

transformer-based designs, there are three subcategories: the voltage-based-transformer 

design on a single PCB, voltage-based-transformer designs on two PCBs, and current-

based-transformer designs on two PCBs [11]. 

Figure 2 shows the single PCB solution for voltage-transformer-based design. For this 

structure, there are generally two different designs. The first type of design has an extremely 

small converter size. To achieve so, the APS is designed as a GaN-based dc/dc converter 

with the switching frequency in the Megahertz range. From a topology point of view, simple 

circuit structure, such as active clamp flyback and LLC shown in Fig. 3 and Fig.4, is favored 

by this design as it requires few numbers components and can achieve high efficiency. [12-

14] Additionally, multiple outputs can be easily achieved with less space required, but due 

to the small converter size, the number of outputs is limited. Besides this, a small converter 

size brings insulation design challenge. To maintain insulation capability with limited core 
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size, [12-15] use PCB embedded transformer. In this case, FR4 is the insulation material. 

Although the voltage strength of FR4 is high, considering the overall size and pollution 

condition of the PCB surface, the insulation voltage for this design is limited to a lower MV 

level, such as 3 kV. Another drawback for the embedded transformer solution is value 

is relatively high. The designs in [12-15] have  value varied from 2 pF to 10 pF.  Finally, 

considering the overall thermal performance and converter size, the output power for the 

transformer embedded solution is only 2 W. 

 

Figure 2. Block diagram for voltage-transformer-based design on single PCB with labels insulation path 

 

 

Figure 3.Circuit schematic of active clamp flyback converter 
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Figure 4.Circuit schematic of LLC resonant converter 

The second type of single PCB design has a transformer on the surface of the PCB with 

the exact layout shown in Fig. 2. In most designs, the air is the main insulation media, so 

the APS insulation level mostly relies on transformer size. Thus, due to the low voltage 

strength of air, to ensure the clearance distance between low and high sides, the transformer 

size is increased dramatically compared to the previous design. Slots are added to PCB to 

increase the creepage distance. [16] To assure the insulation capability between core and 

windings, [16, 17] utilize Kapton tape. Although the completed transformer design is bulky 

and the manufacturing process is complex, the insulation level is able to reach over 20 kV. 

For multi-channel outputs design, [18] uses PCB windings in a flyback converter shown in 

Fig. 5.  By increasing the number of PCB layers, it is able to supply seven loads 

simultaneously with a total output power of 20 W. Although this type of design has large 

dimensions, the value can be reduced below 2 pF due to the large distance between 

windings. To further decrease value, double transformer s with the opposite winding 

method is introduced in [17].  Overall, this type of solution has a high insulation level, small 

value but large size.  

LrCp

Co Ro

Cd

V in

Vo

Lm
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Figure 5. Circuit schematic of a flyback converter 

The second subcategory is the voltage-transformer-based design with two separated 

PCBs, and the transformer is located on the secondary side boards. As shown in Fig. 6, the 

reinforcement insulation distance is slightly different from previous solutions, but in this 

case, the MV insulation level can be easily realized by increasing the distance between two 

boards. [11] As presented in [19-24], since the high side and low side boards are separated, 

the insulation between circuits is less concerned.  To ensure the insulation capability inside 

the transformer, solid materials are applied. [19-22] potted transformer with either epoxy or 

silicone, which is more reliable than using air. [23] offers another solution by using Kapton 

tape and PCB is used as insulation media in [24]. All designs can achieve a breakdown 

voltage over 18 kVac with a similar converter size to the second case of a single PCB design, 

but due to the permittivity of solid material, the  is relatively large. From a circuit 

perspective, besides flyback, CLLC and single active bridge shown in Fig. 7 and Fig. 8 are 

the common topologies due to simple structure and capability  to achieve ZVS, but most 

designs have an unregulated stage. Thus, the operating condition for this type of design is 

limited and when multiple secondary side circuits are connected in parallel, normal 

operation will be affected. Thus, besides using PCB windings, using litz wire with the 

structure shown in Fig. 6 is difficult to achieve multi-load driving ability. 
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Figure 6. Block diagram for voltage-transformer-based design on two PCBs with labeled insulation path  

 

 

Figure 7. Circuit schematic of CLLC resonant converter 

 

Figure 8. Circuit schematic of single active bridge 

To solve the multiple output voltage problem while keeping a high insulation level, a 

current-based transformer solution becomes a good candidate. By using the LCCL-LC 
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topology shown in Fig. 10 [25], the output of the primary side circuit is a constant current, 

so multiple loads could be connected in series with one wire hanging in the converter. [25-

27] uses a MV wire as primary side winding in design, so as shown in Fig. 9 by increasing 

the length of the MV wire, the insulation requirement can be easily met. Although the 

transformer size does not determine the insulation level anymore, it still affects PDIV. 

[25][26] can achieve PDIV over 10 kVac and breakdown over 20 kV, but the total output 

power is low and the primary side circuit size is extremely large [26] which is not suitable 

for system integration.  

 

Figure 9. Block diagram for current-transformer-based design on two PCBs  

 

 

Figure 10. Circuit schematic of LCCL-LC resonant converter 
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1.2.2 Non-transformer-based Designs  

 

Wireless power transfer (WPT) is the most popular candidate for core-less APS design. 

As presented in [28-33], the insulation level depends on the distance between the 

transmitting and receiving coils. By adjusting the distance between two transmitter and 

receiver coils, insulation levels can be easily scaled up or down. Thus, unlike a transformer-

based solution, WPT can achieve different insulation voltages without changing coil size. 

Depends on the effective area and distance between two sets of coils, the value can be 

different. By increasing the transmitter coil area or using topology with current source 

behavior, multi-channel outputs can be realized. [32] [33] However, WPT is a location-

oriented design which means the transmitter and receiver coils have to overlap with each 

other with a certain distance in between. Any location mismatch can cause low efficiency. 

Thus, system integration becomes a challenge for WPT when there are multiple loads 

needed to be powered.  

Power over fiber (PoF) is the last APS solution that is available now. It can achieve high 

insulation voltage with negligible value. However, the output power is limited to 0.5 

W and the efficiency is below 50 %. Although paralleling more receivers can eventually 

increase the output power to the desired value, high cost and ultra-large transmitter are the 

biggest concern. Thus, PoF cannot be implemented in a high power density converter 

although high isolation level and ultra-small  value can be achieved.   

Table 2 lists the comparison results for four different state-of-the-art solutions of APS. 

Different solutions have different advantages and disadvantages. Considering the overall 

performance, the current transformer-based solution becomes the best candidate for high 

insulation voltage, high power density with a small value APS design. Thus, this paper 

proposes a current-transformer-based APS with a design target as shown in Fig. 11 of 20 

kV breakdown voltage, 20 W output power, small dimensions, and ultra-low (< 5 pF). 

 



 

10 

 

Table 2. Comparisons of State-of-the-Art Features 

Solutions Insulation level Size  Output Power 

If multi -

channel 

available 

VT-based with 

single PCB 
Relatively low Very small Relatively high Low 

Yes 

(limited) 

VT-based with 

two PCBs 
Relatively high Large High High No 

CT-based Relatively high Moderate Relatively Low Relatively High Yes 

Non-

transformer-

based 

High Moderate 

Relatively High 

(WPT) 

Very low (PoF) 

High (WPT) 

Very low (PoF) 
Yes 

 

  

 

Figure 11. State-of-the-art architectures with blue dots indicated as voltage transformer-based single 

PCB solution, orange dots indicated as voltage transformer-based two PCBs solution, green dots indicated 

as a current transformer-based solution, and grey dots indicated as a non-transformer-based solution 
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1.3  Thesis Outline  

 

This thesis focuses on the design and evaluation for a GaN-based isolated DC/DC 

auxiliary power supply based on the given specifications. This APS is used for MV SiC-

based convert system.  

In Chapter 1, the background and motivation for achieving galvanic isolation APS for 

the MV system are discussed. The improved feasibility of this application due to the recent 

advancement in wide-bandgap semiconductor technology is explained. A survey on the 

state-of-the-art architectures including research project and commercial produces are 

presented. Advantages and disadvantages will be briefly discussed. Finally, the target 

specifications for the converter prototype to be designed are presented.  

Chapter 2 discusses transformer design and optimization based on the requirement of 

volume, insulation voltage, and . Due to the core structure, new modeling methods of 

maximum allowable voltage and  related are proposed and applied in transformer 

design. Also, core material and wire selections will also be included in this chapter.  

In Chapter 3, a brief discussion about the general structures and corresponding 

topologies of APS will be presented first. Then, based on analysis, LCCL-LC topology is 

selected and will be introduced specifically. The complete design process of this converter 

including magnetic design, device selection, controller, ZVS realization will be presented. 

Furthermore, for higher power applications, the design challenge and process for parallel 

device structure will be discussed. Finally, the experiment results will be provided.    

Chapter 4 focuses on insulation design. Eight different solutions will be introduced. 

Different insulation materials and shielding techniques are presented. At the same time, the 

effect on  caused by different insulation structures will be analyzed. Testing results will 

also be provided in the end.  

Chapter 5 will provide system experiment results. Low voltage tests with wireless power 

transfer (WPT) and assembled auxiliary power system in MV converter test results will be 

included.  

The overall summary of the thesis along with potential areas of interest that can be 

continued as an extension of the research outlined will be presented in Chapter 6.  
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Chapter 2 

 

Transformer Modeling and Design 
 

 

 

2.1  Introduction  

 

The transformer is always the key component in converter design as it determines the 

insulation level, coupling capacitor values, efficiency, and converter volume. In traditional 

transformer design, the overall losses are a major concern and coupling capacitance is less 

important since high efficiency is the most desired feature in many applications. However, 

the situation is opposite for APS in MV applications. In APS design for MV applications, 

insulation capability, coupling capacitance, and overall volume are the three major design 

criteria, so losses are less concerned in this design. Thus, a new transformer design method 

based on these three criteria will be introduced in the following sessions. According to 

[25], a toroid core without an air gap is selected. For installation and insulation purposes, 

a single turn using insulated wire of AWG 18 is selected as the primary side winding going 

through the center of the core. As shown in Fig. 12, the secondary side winding is wound 

tightly on the opposite side of the core in a compact way.  Based on this structure, specific 

modeling of insulation voltage and coupling capacitance will be introduced first. Then, a 

specific transformer design process will be discussed.  

 

Figure 12. 3D view of proposed transformer design structure 
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2.2  Maximum Allowable Voltage Modeling  

 

In the insulation design, the primary side winding is connected to low potentials, such 

as GND, and the secondary side winding connects to high potential as shown in Fig. 12. 

Although the secondary side winding is tightly wound around the core, there is still a thin 

air gap between the core and windings labeled as  and  in Fig. 13. To ensure no 

breakdown would happen in the thin air without adding additional insulation material 

such as Kapton tape, the core is also connected to the high voltage side. Thus, the 

maximum electric field is mainly determined by the distance between the primary side 

winding and the secondary side winding. However, due to the compact winding method 

and bending part of secondary side wire, the electric field inside the transformer is not 

uniformly distributed, which increases the difficulty to predict the maximum allowable 

voltage for this structure.  

To simplify the model, it assumes that ,  and  shown in Fig. 15 is larger than  

shown in Fig. 13, so only the portion of primary side wire is located at the center of the 

core will affect the electric field distribution. In this case, this transformer structure can be 

regarded as a concentric cylinder as indicated in Fig. 13 with a uniformly distributed 

electric field between the high voltage and low voltage sides. The maximum electric field 

inside the structure is [38]: 

 (1) 

where  is the radius of the primary side wire including the insulating layer and  is 

the distance from the center of the primary side wire to the center of the secondary side 

wire ( ).  

When the secondary side wire radius is much smaller than , can be substituted for 

. 
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Figure 13. Simplified structure of the proposed transformer for maximum allowable voltage modeling 

Although in the air, the maximum electric field is 3 kV/mm, since manufacturing 

tolerance exists in practice, a design margin is required. Thus, the designed maximum 

electric field ( ) for the concentric cylinder structure is 2 kV/mm. Then, based on eq. 

(1), the maximum allowable voltage is:     

 (2) 

Figure. 14 shows the maximum allowable voltage with a transformer inner radius from 

3.5 mm to 20.5 mm. From the figure, to achieve a maximum allowable voltage of 5 kV, 

the inner radius of the core is required to be at least 7.3 mm. Due to the manufacturing 

requirement, the minimum inner radius will be 7.5 mm. 

 

Figure 14. The maximum allowable voltage with increasing transformer inner radius for concentric 

cylinder structure   

d7

2rpi

core

primary side wire
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2.3   Modeling  

 

Due to the fast switching speed of SiC MOSFETs, a common-mode current is often 

induced via coupling capacitors ( ) of isolated components inside the converter, which 

can introduce electromagnetic interference (EMI) problems. [39, 40] As shown in Fig. 1, 

the isolated gate driver power supply and signal controller provide common-mode current 

paths. However, the controller signal is usually transmitted by optical fiber and the distance 

between transmitter and receiver is much larger than the sending side and receiving side 

circuitries of APS, so the   caused by signal transmission negligible compared to the 

  caused by auxiliary power transmission. Thus, APS becomes the main path to conduct 

common-mode current. To reduce the circulating common-mode current, a small   

value is necessary for APS design. Therefore, an accurate  model is needed in order to 

complete the transformer design. Paper [25] and [41] provide a modeling method by using 

electric field energy. This method divides the two side windings into different groups based 

on the coupling path first and then calculates each mutual capacitance. With different 

distributed voltage for each group, the corresponding electric field energy can be derived. 

By summing up all-electric field energy portions, the final  can be calculated with 

predetermined input and output voltages. However, the method does not include all 

coupling paths between windings. Besides, the calculation process is complex. Therefore, 

a new  model is developed with all coupling paths considered. In this section, the 

mathematical derivation of based on the structure shown in Fig. 12 will be introduced. 

To simplify the model derivation process, the insulating layer of the primary side is not 

considered. Fig. 15 shows the side view of the transformer with labeled dimensions.  
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Figure 15. Side view of the proposed transformer structure without the insulated layer of primary side 

winding 

The mutual capacitance between the primary and secondary side windingôs inner 

portion labeled as  and  above is shown in Fig. 16. There are two coupling paths with 

three different coupling capacitances between these two wire segments. Firstly,  and  

are coupled directly through the insulating material which is air in this case and generates 

. Then,  can be simply modeled as a capacitance between two parallel wires 

[42] 

 
(3) 

where  is the relative permittivity of the insulating material.  is the length of .  

is the distance from the center of  to the center of .  is the conductor radius of 

primary side wire.  is the radius of the secondary side wire.  

Since  is the coupling capacitor between the primary side winding turn to 

secondary winding turn, for the transformer design with multiple turns on the secondary 

side, the total coupling capacitance coupled through the air directly is  

 (4) 

where n is the number of turns on the secondary side. 

primary side wire

secondary side wire
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The second coupling path between  and  is from  to core first and then from the 

core to . Thus, two coupling capacitances labeled as  and  are created and they 

are in series connection.   represents the total capacitance that is coupled between  

and every single point on the core. To simplify the derivation of , it assumes that the 

core is a good conductor. Then,  can be regarded as the capacitance of concentric 

cylinders structure: 

 
(5) 

where  is the core inner radius.  

 Similar to ,  represents the total capacitance that is coupled between  and 

every single point on the core, but since  is not at the center of the core, eq. (5) cannot 

be used in this case. Thus, a new mathematical model needs to be built. By dividing the 

core into multiple rectangular prisms with the same dimensions as , the coupling 

capacitance between  and each rectangular prism approximates to be the capacitance 

between parallel wires with a distance of  

, where  (6) 

From eq. (6),  is increasing with decreasing . Since secondary side wires are 

tightly wounded around the core, the  that is from  to the closest rectangular prisms 

is ultra-small, which can generate an infinitely large capacitance. This leads to that  

value is infinitely large. Since  and  are in series, the total capacitance for this 

coupling path is eventually dominated by . To be noticed, although there are multiple 

turns on the secondary side, all turns share the same  in the model because all  are 

connected and can be regarded as the same potential point.  
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Figure 16. The coupling capacitors between segments of  and  

Figure 17 indicates the coupling capacitors caused by  and . Unlike the previous 

case, this time, there is only one coupling path which is from  to core and from the core 

to . The capacitor between  and core is already discussed can be calculated above. 

The derivation process of  is similar with ôs. According to eq. (6),   is 

infinitely large.  

 

Figure 17. The coupling capacitors between segments of  and  

As shown in Fig. 18, there are two coupling capacitances,  and , between  

and .  is generated by the coupling between  and core, so a similar method of 

calculating  can be applied to obtain . However, the calculation process is 
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relatively complicated. To simplify the derivation process, it assumes that the core is a 

good conductor, so  can be considered as the capacitance between two parallel 

cylinders. In this case,  is determined as  

 
(7) 

where  is the outer radius of the core and  is the distance from the center of  to 

the outer cylindrical surface of the core.  

Unlike  or ,  is placed a certain distance away from the coreôs outer surface due 

to insulation requirement. Thus,   is not infinitely large and cannot be dropped. As 

discussed before,   is infinitely large. Thus, this coupling path is dominated by  

eventually since  and  are connected in series.  

 

 

Figure 18. The coupling capacitors between segments  and  

The last coupling path is shown in Fig. 19, which is between  and . is the 

same one as discussed in the previous case and  is ignored in this branch. One 

important aspect that needs to be noticed that the capacitance caused by direct coupling 
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through the air between  and  is ignored because, for this designed APS, the number 

of turns is limited to 10. In this situation, the area that is covered by secondary side 

windings will not exceed half of the core. In another word, if the number of turns for the 

secondary side is high enough which leads to the distance between  and  is equal or 

less than  , this capacitor should be considered and can be calculated by using eq. 

(3).  

 

Figure 19. The coupling capacitors between segment and  

The total common-mode coupling capacitors is the summation of all capacitors 

mentioned above. Since  and  are ignored, the final  is  

 (8) 

This model is verified with simulation results. Fig. 20 shows the comparison between 

simulation and calculation results for one example with transformer inner radius of 7.5 

mm, the outer radius of 12.5 mm, and a height of 7 mm. Furthermore,  is set to be 10 

mm.  With turn number from 1 to 10, this model provides high accuracy with an average 

of less than 5% error. Thus, the proposed  model that is based on physical geometries 

is valid.   
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Figure 20.  model verification 

After obtaining the equation, the relationship between  and transformer geometries 

need to be further analyzed in order to determine the critical impact factor of , which 

can be used as a design boundary in transformer optimization. Fig. 21 shows the 

calculation results of  with turn numbers varied from 1 to 10 when transformer inner 

radius changing from 7.5 mm to 12.5 mm. In this case, transformer height is 14 mm and 

the outer radius is 15 mm. As illustrated in the figure,  is increasing with increasing 

turn numbers and decreasing inner radius. With a fixed turn number,  varies less than 

20%.  

To analyze the impact of transformer height on , the inner radius is selected to be 

7.5 mm and the outer radius is 15 mm. Fig. 22 shows the results as transformer height 

varied from 1 mm to 14 mm with turn number from 1 to 10. As the result,  is highly 

increased with larger transformer height. With lower height, i.e. h < 5 mm, turn number 

has a smaller impact on , but the impact of turn numbers will increase will increasing 

transformer height. 
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Figure 21. Effect of transformer inner radius on  with different number of turns 

 

Figure 22. Effect of transformer height on  with a different number of turns 

Figure 23 shows the results of   with transformer inner radius of 7.5 mm, the 

height of 14 mm, and the outer radius varied between 8.5 mm and 15 mm under different 

turn ratio conditions. The effect of the transformer outer radius is limited. From the 

figure,  value is approximately constant over the whole outer radius range. Similar to 

previous cases, larger turn numbers will increase  value, but under the same height 
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conditions, the difference of  between turn to turn is nearly the same.  

Overall, based on the calculation results, transformer height has the largest impact on 

, and outer radius has a smaller impact on . Therefore, to obtain a small  

value, a lower transformer height with a small turn ratio is preferred.  

 

Figure 23. Effect of transformer outer radius on with a different number of turns 

 

 

2.4 
 Transformer Design  

 

Transformer design is based on three criteria: volume, PDIV and  since they are 

highly related to transformer geometries as well as they are the key features of APS. 

However, it is difficult to achieve a high insulation level, low  in a compact form-factor 

at the same time because the realization condition of each feature is contradicted with 

others. By increasing switching frequency, transformer size can be greatly reduced, but to 

achieve a high insulation level, the transformer inner radius needs to be large which will 

lead to a larger outer radius. In this case, to maintain a relatively small footprint, either 

transformer height or turns ratio needs to be increased to avoid saturation problem. 

However, in the meantime,  will be increased. Thus, the goal for transformer design is 
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to determine the optimal core geometries, turn ratios, and switching frequency that can 

balance these three features. The specific design process will be introduced in this session.  

 Table 3 shows the design specifications for the transformer. The desired transformer is 

able to achieve a PDIV of 5 kV with air insulation, an overall volume of 3.6  , and  

of less than 1 pF. To ensure the small transformer volume, the switching frequency is 

selected above 500 kHz.  

Table 3. Transformer Design Specifications 

Parameters Values 

Transformer height () 14 mm 

Transformer outer radius ()  12.5 mm 

Transformer volume < 3.6  

PDIV 5 kV 

 1  

Switching frequency ( ) > 500 kHz 

Secondary side dc current ( ) 1.4 A 

 

Based on the desired frequency range, core material and litz wire can be selected first. 

Six core materials are suitable for high-frequency applications. P51, P52, P53 from Acme 

Electronics, and ML95s from Hitachi are applicable for frequencies from 500 kHz to 1 

MHz. [43] [45] For switching frequencies above 1 MHz, P61 from Acme Electronics and 

ML91s from Hitachi are the best candidates. [44] [45]. With a flux density of 50 mT, Fig. 

24 shows the core loss density of all selected materials with different frequencies under 

different temperatures. In the figure, the solid line represents test results with an ambient 

temperature of 23  , and the dash line represents test results with the ambient 

temperature of 100 . Although P61 is claimed to be designed for frequency from 1 to 3 

MHz, the specific core loss density with a flux density of 50 mT is not provided in the 

datasheet for the range of 2 to 3 MHz, so only 1 MHz data is plotted in the figure below. 

Overall, under different temperatures, ML91s has the smallest core loss density over the 
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whole frequency range. Thus, it is selected as the final core material. However, since the 

core loss density of ML91S increases rapidly after 1 MHz, the desired frequency range is 

narrowed down to 500 kHz to 1 MHz.  

 

Figure 24. Core loss density of P51(labeled in blue), P52 (labeled in orange), P53(labeled in gray), ML91S 

(labeled in yellow), ML95S (labeled in green), and P61(labeled in red).  

For frequency from 500 kHz to 1 MHz, to reduce the ac winding loss caused by skin 

effect, strand AWG 44 and AWG 46 listed in Table 4 become the candidates for secondary 

side windings.  

Table 4. Litz Wire Parameters 

Strand AWG  Diameter ( ἵ) Frequency (kHz) Skin Depth ( ἵ) 

44 50 350-850 110-70.7 

46 40 850-1400 70.7-55.1 

 

Since APS is designed to be 24 V with 20 W for each receiving side, the load current is 

approximately 1 A. With a certain design margin, the secondary side current is designed to 

be 1.4 A as listed in Table 3. According to the current rating, as shown in Fig. 25, the 

equivalent AWG 25 is selected as the secondary side wire.  
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Figure 25. Current rating for equivalent AWG 

After determining core material and wire, transformer geometry design is the next step. 

In the previous session, when calculating the maximum allowable voltage inside the 

transformer structure, 2 kV/mm is selected as the designed maximum electric field in air, 

which is the critical value to determine partial discharge free design. [45] Since PDIV is 

difficult to model, with the same maximum field strength, the maximum allowable voltage 

can be regarded as the reference for PDIV. In another word, in this thesis, it assumes that 

PDIV follows the same trend of modeled maximum allowable voltage. Thus, according to 

Fig. 14, the transformer inner radius has a direct effect on PDIV. In addition,  value 

will be affected by the transformer inner radius. In order to reach high PDIV and small  

value, a large inner radius is desired. To achieve so, the outer radius is designed with the 

largest value of 12.5 mm based on Table 3.  

As shown in Fig. 22, height is the most critical factor in  design, so a low-profile 

transformer is preferred. With a fixed outer radius, the minimum height can be achieved 

with the smallest inner radius. However, according to eq. (2), the inner radius is limited by 

PDIV. To balance between PDIV and , the inner radius is selected based on the 

minimum requirement of PDIV, which means the inner radius is 7.5 mm. In this case, the 

minimum transformer height can be found based on the desired  value and maximum 

flux density.  
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With the designed inner and outer radius, transformer volume can be easily calculated 

using the following equations. [47] Fig. 26 plots the transformer volume with height varied 

from 1 mm to 14 mm. The red dash line represents the maximum volume given in Table 

3. As labeled in the figure, the maximum height is limited to 11.8 mm. Due to 

manufacturing capability, the height has to be an integer. In addition, if the profile is too 

low, the transformer becomes fragile. Therefore, the available height is limited between 3 

to 11 mm.  

 
(9) 

 (10) 

 (11) 

 

Figure 26. Transformer volume with different heights 

To determine the optimal height and turn ratio, the first step is to determine the turn 

ratio range. Due to the current rating of the primary side wire and the current requirement 

for the secondary side, the maximum turn number for the secondary side is 10. Then, flux 

density ( ) is introduced as the fourth design boundary, so the turn ratio range can be 

further reduced. For core material ML91S, the recommended maximum flux density is 50 
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mT. Considering the design margin, the interested range of maximum flux density is 25 

mT to 40 mT. With a maximum switching frequency of 1 MHz, it can find the minimum 

turn number under different height conditions based on eq. (12). Fig. 27 shows the 

minimum turn number is 3 with  of 40 mT and transformer height of 11 mm. 

Furthermore, from the figure, big advantages could be gained when transformer height 

increases from 3 mm to 4 mm. Thus, the range of transformer height is from 4 mm to 11 

mm.  

, where  (12) 

where D is the duty cycle which usually is 0.5.  

 

Figure 27. Calculated  with turn numbers from 1 to 10 under different height conditions 

After obtaining the range of transformer height and turn numbers, the next step is to 

analyze the effect of switching frequency on transformer height and turn numbers.  

and  values are used to evaluate each set of height and turn number. Since the maximum 

desired  value is 1 pF, by simulation results, the insulating layer of primary side wire 

will add roughly 10% to the calculated value, the boundary for calculated  is reduced 

to be 0.9 pF.  Fig. 28 ï Fig. 33 illustrate the results of calculated  and  with turn 
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number from 3 to 10 under different transformer height and switching frequency. Blue 

curves indicate  results and the orange curves indicate  results. Each curve is 

gained based on different transformer height and plotted with different markers. In each 

figure, only when the curves with the same marker but different colors cross each other, 

there is a solution that satisfies both requirement of  and . For example, Fig. 32 

shows the results under 900 kHz. For transformer height of 4, 5, 6, and 7 mm, the  

curve and  curve are across each other (labeled in red dots). Then, each crossing point 

matches a turn number that can achieve  from 25 mT to 40 mT while  is smaller 

than 0.9 pF.  However, most of the time, the corresponding turn number is not an integer 

which is not practical in reality. In this case, the turn number is rounded to the nearest 

integer value and selected from the green area labeled in Fig. 32. Sometimes, the turn 

number can be either rounded up or down, such as in the 1 MHz plot, when transformer 

height is 5 mm, the turn number could be either 6 or 7. In this case, the turn number that 

generates smaller  is selected. Overall, there is no solution for frequency from 500 kHz 

to 800 kHz, and are few solutions for the frequency of 900 kHz and 1 MHz.  

 

Figure 28.  (plotted in blue) and  (plotted in orange) values under switching frequency of 500 kHz 
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Figure 29.  (plotted in blue) and  (plotted in orange) values under switching frequency of 600 kHz 

 

Figure 30.  (plotted in blue) and  (plotted in orange) values under switching frequency of 700 kHz 
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Figure 31.  (plotted in blue) and  (plotted in orange) values under switching frequency of 800 kHz 

From the green area labeled in Fig. 32, four pairs of turn number and height are 

available: 1). h=4 mm and =8.5; 2). h=5 mm and =6.8; 3). h=6 mm and =5.6; and 

4). h=7 mm and =4.8; To obtain a practical turn number for each height, rounding up is 

needed. However, for the last pair, there is no closest integer for turn number that satisfies 

both requirements. Therefore, three solutions left and they are 1). h=4 mm and =9; 2). 

h=5 mm and =7; 3). h=6 mm and =6; 

 

Figure 32.  (plotted in blue) and  (plotted in orange) values under switching frequency of 900 

kHz. All suitable options are converted by the green area. 



 

32 

 

For a switching frequency of 1 MHz, there are five sets of solutions left after rounding 

up turn numbers. They are 1). h=4 mm, =8; 2). h=5 mm, =6; 3). h=6 mm, =5; 4). 

h=7 mm, =5; and 5). h=8 mm, =4.  

 

Figure 33.  (plotted in blue) and  (plotted in orange) values under switching frequency of 1 MHz 

Table 5 lists all possible solutions within the desired range of transformer height, turn 

number, and frequency.  

 
Table 5. Summary of Available Solutions for Frequency of 900 kHz and 1 MHz 

Frequency Transformer Height (mm) Turn Number  

900 kHz 

4 9 

5 7 

6 5 

1 MHz 

4 8 

5 6 

6 5 

7 5 

8 4 
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To obtain the final solution of transformer design, total losses including core loss, 

winding loss, and device loss need to be calculated and compared. Although both 900 kHz 

and 1 MHz have available solutions, considering the design of passive components in the 

resonate converter, 1 MHz is selected as the switching frequency. Thus, only five cases 

will be calculated in the following part.  

First, to calculate core loss,  needs to be calculated for each pair of solutions based 

on eq. (12). By using the value provided in the datasheet, core loss with square wave 

excitation can be obtained as: 

 (13) 

 (14) 

Since the switching frequency is 1 MHz, strand AWG 46 is selected. Assume the 

average of H for each turn is the same, then simulate the transformer model in Maxwell 

and get the average H value. The ac resistance can be calculated by [48] 

 , where  (15) 

where  is the strand diameter and  is the resistivity of copper.  

Based on the simulated H value, the ac winding loss is approximately 6.6 .  

Compared to dc winding loss, it is negligible.  

The dc resistance can be calculated with a predetermined equivalent wire size for the 

primary and secondary sides. Since the ac winding loss is ultra-small, the total winding 

loss includes dc winding loss for both sides only.  

 (16) 

 (17) 

Finally, to obtain the device loss, the device needs to be selected first. Due to high 

switching frequency, GaN power devices become the best candidate for high switching 
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speed and low losses. Since the normal operating voltage for the primary side is 48 V, low 

voltage devices are desired. Table 6 lists a few candidates from EPC with a breakdown 

voltage of 60 V and 80 V. Although soft switching can be realized, a 12 V design margin 

is not enough to guarantee safe operation. To reduce conduction loss, small turn-on 

resistance is required. Thus, EPC 2021 is selected as the main power switch.  

Table 6. GaN Device Candidates 

 ἤἬἻ ἓἬ ἠἬἻἷἶ ἝἯ 
Size 

(mm x mm) 

EPC2031 60 V 48 A 2.6 mɱ 16 nC 4.6 x 2.6 

EPC2020 60 V 90 A 2.2 mɱ 16 nC 6.05 x 2.3 

EPC2102 60 V 220 A 4.9 mɱ 8 nC 6.05 x 2.3 

EPC2029 80 V 48 A 3.2 mɱ 13 nC 4.6 x 2.6 

EPC2021 80 V 90 A 2.2 mɱ 15 nC 6.05 x 2.3 

EPC2103 80 V 195 A 5.5 mɱ 6.5 nC 6.05 x 2.3 

 

Since ZVS is realized and turn-off loss is normally small compared to conduction loss, 

switching loss is not included. Thus, the device losses only include conduction loss and 

driving loss.  

 (18) 

 (19) 

where  is the driving voltage that is normally 5 V.  

 (20) 

Figure 34 shows the total power loss calculated from eq. (21) for all solutions under 

1MHz. For a height of 7 mm and a turn number of 5, it has the minimum losses. 

Furthermore, considering the tunning process during the circuit design and manufacturing 

tolerance of the core,  needs to have some margins. Therefore, the final transformer 

is designed with an inner radius of 7.5 mm, an outer radius of 12.5 mm, a height of 7 mm 
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with 5 turns on the secondary side, and a switching frequency of 1 MHz. The complete 

design procedure is shown in Fig. 37.  

 (21) 

 

Figure 34. Total power loss for 5 pair of solutions 

 

 

2.5  Test Result 

 

Figure 35 shows the hardware prototype for the designed transformer with an inner 

diameter of 15 mm, an outer diameter of 25 mm, and a height of 7 mm. The secondary 

side has a turn number of 5. At 10 kHz, the designed transformer is able to achieve  

of 1.09 pF as shown in Fig. 36, which is close to the predicted value of 1 pF. Thus, the 

 model developed above is valid.   

 
Figure 35. Hardware prototype of the designed transformer with labeled dimensions 
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Figure 36. The measurement result of  for designed transformer  

 

 

2.6  Summary  

 

This chapter provides the models of maximum allowable voltage for insulation design 

and common-mode coupling capacitors for toroid core with single primary side winding 

and multiple secondary side windings. These models as well as volume are used as the 

design boundaries of the transformer. Based on the desired  value of 1 pF, the 

maximum allowable voltage of 5 kV, transformer volume of 3.6  , and maximum flux 

density of 25 mT to 40 mT, the optimized transformer has an inner radius of 7.5 mm, an 

outer radius of 12.5 mm, and height of 7 mm. The optimal switching frequency is 1 MHz 

and the turn number is 5 for the secondary side. The detailed transformer design steps are 

provided. 
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Figure 37. Flowchart of transformer design steps 

 

Select ro & ri

Select a fsw, sweep h, 

get Bmax vs. N & Ccm vs. N

Get different sets of h & N 

Output the final h & N values

Determine h range 

Calculate total power loss for 

different sets of h & N 

If not finish 

calculation for 

all fsw values  

Determine the range of  ro , r i , h, N , fsw ,V, 

PDIV, Ccm

Select the core materials

If finish calculation for 

all fsw values  
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Chapter 3  

 

Circuit Design  
 

  

 

3.1  Introduction  
 

As state previously, considering insulation capability, multi-channel outputs, and overall 

size, current-transformer-based APS is the best candidate for a 10 kV SiC-based converter 

system. Due to constant current output on the sending side and coupling independent 

resonance frequency [35], LCCL-LC topology is selected. However, with the traditional 

design of LCCL-LC topology, the turn-off current for ZVS realization is dependent on load 

conditions. cannot be guaranteed under different load conditions. In addition, the traditional 

designed LCCL-LC circuit has a low tolerance for parasitic changing and component 

mismatch. Thus, to solve all issues mentioned above, a new LCCL-LC design methodology 

is introduced in this chapter. The proposed methodology can realize constant turn-off 

current regardless of load conditions and it is not sensitive to parameter change. A controller 

is added to the system to ensure the output voltage is regulated and able to operate under 

faulty load conditions. This chapter will provide the specific circuit design process of APS 

including controller design, ZVS realization, and PCB optimization. 

 

3.2  Topologies Comparisons 

 

Under different load conditions, to ensure all receiving side circuitries to gain power 

simultaneously and work independently, a load-independent current source is desired as the 

output of sending side circuitry. Fig. 38 (a) and (b) show two simplified structures that have 

a current source as output with the input of a voltage source. [36] According to Theveninôs 

Theorem, in the T-model circuit with one passive component ( ) in series with an 

input voltage source and another passive component ( ) in parallel with the whole 
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branch,  the original circuit can be transformed to the equivalent circuit shown in Fig. 39, 

which is a current source in parallel with  and . Utilizing the resonance phenomena of 

parallel structure, with the resonant frequency of  

 (22) 

 

(a) 

 

(b) 

Figure 38. Constant current output from a voltage source connected in series with (a) an inductor (b) a 

capacitor d 

The total impedance of  and  is infinitely large. Thus, a load-independent current 

source  is formed. With an input voltage of a square wave, by designing resonate 

frequency same with switching frequency,  only contains the first harmonics component 

with corresponding magnitudes for type A and type B are 

 (23) 
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(24) 

 

Figure 39. Current source mechanism of type A and type B circuits 

 

According to eq. (23) and (24), with a fixed frequency and input voltage, the current 

source magnitude only depends on  or . However, for type A circuits such as CLCL-

LC topology shown in Fig. 40, in order to realize ZVS,  and  will experience high 

current and high voltage stresses, especially for the design with high current bus 

requirement. [37] In this case, component selection becomes a challenge. Thus, the type B 

circuit is selected, and the specific structure named LCCL-LC is shown in Fig. 10.  

 

Figure 40. CLCL-LC resonant converter 

 

3.3  LCCL -LC Operation Principle  
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In one switching cycle, the LCCL-LC converter has six operating modes. Each mode 

will be introduced below. Fig. 45 demonstrates the convert waveforms in steady-state 

operation.  

a) Mode 1 [ - ]  

From  to , the top device  is in turn-on mode. The resonant tank connects to the 

input source  directly, so the current  starts increasing and  is charging until  is 

off.  and  is out of phase by , therefore ZVS can be achieved in a later period. 

In the meanwhile, since  and  are in resonance, the current source  is a sine wave 

and outputs a half-cycle from negative peak point to a positive peak point.  and  are in 

phase. Thus, during the negative half cycle of ,  and  will conduct, and after  

reaches to zero,  and  turns off, and  and  start conducting.   

 

Figure 41. LCCL-LC operation condition in mode 1 with the labeled current direction  

 

b) Mode 2 [ - ] 

At , the top device  turns off. The deadtime period starts. Due to magnetizing 

inductance, the current flow direction in the converter does not change but  starts to 

decrease, so the output capacitors of  and  is charging and discharging. and  

are still conducting.  
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Figure 42. LCCL-LC operation condition in mode 2 with the labeled current direction  

 

c)  Mode 3 [ - ] 

At , the output capacitors of  and  are fully charged and discharged, so the 

voltage across  drops to zero. Since as shown in Fig. 43, the current direction in the 

converter is unchanged, the body diode of  conducts. This is still in the deadtime period.  

 

Figure 43. LCCL-LC operation condition in mode 3 with the labeled current direction 

 

d) Mode 4 [ - ] 

At ,  turns on with ZVS realized. The current direction  remains the same until 

reaching zero.  and  resonate from positive peak value to negative peak value, so  

and  conduct first during the positive cycle and then  and  conduct after  and 

 reaches zero. Then, the current direction in the converter is reversed. 
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Figure 44. LCCL-LC operation condition in mode 4 with the labeled current direction 

 

e) Mode 5 [ - ] 

Similar to mode 2, at ,  turns off. The deadtime period starts. The output capacitor 

of  and  is discharging and charging by decreasing  until fully discharged or 

charged.  and  are still conducting.  

 

Figure 45. LCCL-LC operation condition in mode 5 with the labeled current direction 

 

f)  Mode 6 [ - ] 

At , the output capacitors finished charging and discharging, so the voltage across  

drops to zero and body diode is conducted. ZVS will be realized in the next mode.  
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Figure 46. LCCL-LC operation condition in mode 6 with labeled current direction 

 

Figure 47. Voltage and current waveforms for LCCL-LC topology during steady-state operation 
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3.4  LCCL -LC Converter Design  

 

During transformer design, the switching frequency  is determined to 1 MHz and the 

turn ratio is 1:5. Thus, with a secondary side current (RMS value) of 1.4 A, the primary 

side current source magnitude is designed to be 10 A. According to eq. (23) and eq. (22), 

 and  can be calculated. Then, in the following part, the specific design guideline for 

controller and compensation network for ZVS realization will be discussed.  

 

3.4.1  Controller Design  

 

As shown in Fig. 48, a current-fed switching network is designed, so the output voltage 

becomes scalable. Due to excellent dynamic performance and simple structures as shown 

in Fig. 49, a negative feedback hysteresis controller-based switching regulator is selected. 

[37] The working principle of the whole feedback network is simple. In the hysteresis 

controller, two voltage boundaries,  and  are predetermined and the output voltage  

will bounce in between. When the output voltage reaches the upper boundary , the active 

control switch  turns on so the input current  will flow through the device, and the load 

is charged by the output capacitor . In this case,  will drop until it reaches the lower 

boundary . Then, the active switch will turn off and  rise again. The voltage 

boundaries can be calculated according to Eq. (25) and (26) based on the schematics shown 

in Fig. 49 and the switching frequency of the active controller can be gained according to 

Eq. (27). In design, the output capacitor Co is usually large, so the switching frequency for 

the controller is relatively low compared with the 1 MHz switching frequency.  

During load failure, when a short-circuit happens to a certain load, the sending side 

circuit will not be affected due to current source behavior, so other loads remain normal 

operation. When an open-circuit happens, the active switch turns on most of the time, so the 

faulty load is bypassed and will not impact other loads. Therefore, with a designed feedback 

controller, the APS is immune to a fault and able to work independently.  
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Figure 48. LCCL-LC resonant converter with hysteresis controller 

 

Figure 49. Hysteresis controller schematics 

 (25) 

 (26) 

, where  (27) 

 

3.4.2  ZVS Analysis   

 

Soft-switching realization can not only reduce EMI issues in the high-frequency systems 

but also can reduce the deviceôs switching loss which induces less thermal issue. Thus, it is 

an important feature to achieve for APS. In this section, an analytical model of ZVS 
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realization for LCCL-LC resonant converter with multi-load condition is proposed. Then, 

the specific design procedure is provided.   

To achieve ZVS, the turn-off current ( ) must be able to fully charge and discharge the 

output capacitors ( ) of  and  during the deadtime. In the LCCL-LC converter,  

is determined by input voltage ( ) and total impedance under switching frequency (

). In general, the total impedance (Zin) is preferred to be inductive for ZVS 

realization. The minimum required  can be calculated as: 

 (28) 

where  is the deadtime.  

Normally, the design of compensation network in a resonant converter, such as  and 

 in Fig. 48, is based on fixed circuit parameters which mean the number of loads, each 

load condition, total output power, etc. is known. In addition, most of the time, the parasitic 

components are ignored in the compensation network design. However, those conditions 

are not applicable to the designed APS. As shown in Fig. 50, the proposed APS only 

contains one sending side circuitry but multiple receiving sides. Depending on the MV 

system requirement, every time, the total number of driving loads and each driving load 

condition could be different, which leads to varied impedance to the circuit. Besides this, 

due to insulation requirements, the primary side wire always creates a loop area around the 

core. With a different numbers of loads and placement of two side boards, the total loop 

area shown in Fig. 51 (a) is different. Since the loop area will generate inductance, another 

unknown element is introduced to the total impedance calculation. Therefore, in this case, 

the compensation network design becomes extremely difficult, so ZVS realization cannot 

be guaranteed for all load conditions.  
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Figure 50. Block diagram of proposed APS with the series-connected receiving side 

Before the compensation network design, the impact of loop inductance should be 

analyzed first. Fig. 52 shows the converter total input impedance under a single load of 20 

W with wire self-inductance ( ) varies from 1 nH to 1 . At the switching frequency 

of 1 MHz, the magnitude and phase of input impedance have small changes when  is 

smaller than 100 nH, but when  increased to 1 , the input impedance is much 

smaller and becomes capacitive. With the winding configuration I shown in Fig. 51(a),  

value can be larger than 0.4 while four loads are connected. It will introduce a 

significant impedance at switching frequency. As the result, the devices are in a hard-

switching mode as shown in Fig. 53.   Such an issue will be worse when the supplied loads 

are installed far away from each other. Since the loop inductance has a large impact on input 

impedance as well as ZVS realization, the loop area has to be well controlled.  

 

(a) 

 

 (b) 

Figure 51. Winding configuration (a) I (b) II. 

Receiving side 
of PS

Receiving side 
of PS

Gate 
Driver

Gate 
Driver

Sending side 
of PS
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Figure 52. Total impedance with different wire self-inductance 

 
Figure 53. Simulation result for non-ZVS case caused by large wire self-inductance 

To reduce the EMI radiation and loop inductance, twist wire as shown in Fig. 51(b) is 

preferred. [37] Then,  is determined by the small local loop circled around the 

transformer. In a real application, as mentioned before, the minimum distance between 

primary side wire and core depends on the insulation requirement, which means the winding 

loop always exists. Since the total wire self-inductance is proportional to the number of 

loads by using winding configuration II, it cannot be ignored during circuit design. To 

simplify the circuit design process, it assumes that each local loop is identical and 
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approximately a circular shape as illustrated in Fig. 54. For each local loop, the self-

inductance is: 

 (29) 

where is the loop diameter in millimeter and is the wire thickness in millimeter 

as shown in Fig. 54. 

 

Figure 54. Diagram for loop inductance calculation 

During design, the dynamic effect from the control switch  on load impedance is 

ignored because the controllerôs switching frequency  is much smaller compared to the 

main switching frequency . Only two steady-state conditions are considered in the 

compensation network design: 1).  turns on and 2). turns off. For case 1 of  turned 

on, the equivalent load impedance is 0 , so it can be regarded as a special condition of 

case 2. In the high frequency range, the total impedance is always dominated by passive 

components, i.e. indicator and capacitor. The resistive load will only add a damping effect 

at each resonant point but not affect the overall impedance. [37] However, in a resonate 

network, the worst case is no damping effect. Thus, in the discussion below, the circuit will 

only be analyzed with 0  load resistance. The equivalent circuit with multi-load is shown 

in Fig. 55.  
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Figure 55. The simplified circuit schematic for compensation network design with multiple loads 

In the following part, the traditional compensation methods will be introduced first. 

However, they are not applicable for multi-load configuration. The specific reasons will be 

illustrated. To solve the problem, a new compensation method will be proposed and verified 

by simulation results under different load conditions.  

 

A.  Traditional Compensation Method I  

 

As discussed in [25] and [39],  is used to compensate the secondary side self-

inductance , so a constant voltage source output is formed with input of a current source. 

[36] The circuit transformation is shown in Fig. 56.  is used to compensate for the total 

impedance so that ZVS could be realized. With a shorted output, the equivalent circuit for 

multiple loads (m) is shown in Fig. 57. Since  resonates with , the total impedance 

from the secondary side is infinitely large. In this case,  value will not affect the total 

impedance. Thus, the total input impedance is dominated by  and , which is close to 

0 as shown in Fig. 58. Although when load numbers increase, the total impedance decreases 

and input current will increase, as shown in Fig. 59, the input current for either single load 

or multi-load conditions is extremely large. It is not practical in real applications.  
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(a) 

 

 (b) 

Figure 56. Voltage source mechanism from the current source. (a) original circuit (b) equivalent circuit 

 

Figure 57. The equivalent circuit for transition compensation method I   

 
Figure 58. The input impedance of traditional compensation method I 
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Figure 59. Time-domain verification with transitional compensation method I with  

 

B. Traditional Compensation Method I I  

 

Another method is to use  to compensate the secondary side leakage inductance , 

so the secondary side impedance is 0.  can be used to adjust the total input impedance 

for ZVS realization. Fig. 60 illustrates the equivalent circuit for multi-load conditions. With 

a fixed  value, the total input impedance is proportional to the number of loads. In this 

case, with more loads connected in series, the input current becomes smaller. The results 

are shown in Fig. 61 and Fig. 62. Since  is designed based on the maximum number of 

loads, at light load condition, the input current will increase and the circuit becomes more 

lossy than heavy load condition.  

 

Figure 60. The equivalent circuit for traditional compensation method II 
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Figure 61. The input impedance of traditional compensation method II 

 
Figure 62. Time-domain verification with transitional compensation method II with  

 

C. Proposed Compensation Method  

 

In the previous methods, the input impedance varied with the number of loads, so the 

input current has large changes at different load conditions. This is not desired in many 

cases. Therefore, a new compensation method is proposed, which can achieve nearly 

constant input impedance.   
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Due to multiple passive components in the circuit, there are many resonates frequencies.  

Assuming there is no resonant frequency that is close to , so at , the resonant tank 

impedance is either dominated by inductors or capacitors. Thus, to simplify the analysis, at 

, the resonant tank can be regarded as either an inductor (Leq) or a capacitor (Ceq). [37] 

The equivalent circuit is shown in Fig. 63.  

 

Figure 63. The equivalent circuit for total impedance analysis 

First, if the resonant tank behaves like an inductor ( ) around , there are three 

different cases (see Fig. 64) with different resonant frequency () caused by  and .  

 (30) 

Case 1:  

When Leq resonates with Cr at , it will generate an infinite impedance in series with 

 as shown in Fig. 65. As the result, there will not be any current in the loop, so ZVS is 

not realized.  

Case 2:  

When  is smaller but close to , the total impedance at  becomes capacitive as 

shown in Fig. 64(b). This is not desired for ZVS realization. In addition, another high 

resonant frequency ( ) is created and will generate an infinite small impedance: 

 
(31) 
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When  , with a large Leq value,  approximately equals to . In this case, 

ZVS can be achieved, but the turn-off current is large which can potentially damage the 

device. 

Case 3:  

 An inductive impedance is created at . When  is larger but close to , the 

magnitude of Zin is relatively large. Although the total impedance is inductive, the turn-off 

current is too small to achieve ZVS. Thus, in this case,  needs to be designed much higher 

than , which requires a small Leq value. However, it is difficult to achieve in real 

applications due to the uncertainty of load numbers.   

(a) (b) 

 

 (c) 

Figure 64. Equivalent circuits of (a). case 1 (b). case 2 and (c). case 3 

 

Figure 65. Total input impedance for three analyzed cases 



 

57 

 

To avoid complicated design procedure, the impedance of resonant tank around  is 

designed with capacitive characteristic as shown in Fig. 66. Similar to the previous cases, 

an extra resonant frequency is created, but in this design, only one resonant frequency  

is generated. 

 (32) 

 

Figure 66. The equivalent circuit for the proposed compensation model 

 is always smaller than , so is always inductive at  so ZVS could be achieved. 

Then, the design has fewer restrictions. The specific design guideline to achieve a capacitive 

resonant tank at  is provided below. 

Step 1: Use Cs to compensate inductances caused by transformer i.e. Lpk, Lsk, and Lm, and 

wire loop inductance (Lwire). Therefore, at , Cs should satisfy: 

 (33) 

Unlike traditional design methods which use a single component Cp to compensate the 

total impedance, using Cs to compensate each receiving side individually can help Zin to be 

independent of the number of loads.  

Step 2: Use Cp to control Zin. As shown in Fig. 66, the total impedance at  is: 

 (34) 
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Since  and  are designed based on current bus value and switching frequency,  

becomes the critical element to determine the input impedance at . By adjusting  

value,  could be well controlled and is independent of load conditions. As shown in Fig. 

67, with a fixed Cp value, the total impedance is fixed at  a regardless number of loads. 

Since the total impedance does not vary with different load conditions, the design of Cp is 

much simpler. To verify the load resistor doesnôt affect the operation of the resonant tank, 

simulation is performed and results are shown in Fig. 68 and Fig. 69. As a result, the input 

impedance magnitude is constant at  with or without a load resistor. Thus, Cp  can be 

designed based on =0 ɋ. 

 
Figure 67. Input impedance for the proposed compensation method  
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Figure 68. Time-domain verifications with the proposed compensation method for  

 
Figure 69 Time-domain verification with the proposed compensation method for  

 

 

3.5  PCB Layout Design 

 

In the high-frequency converter, gate loop and power loop inductances minimization 

is the most critical design aspect in PCB layout, since they will induce ringing and 

overshoot on gate and switching node voltage, which can potentially damage devices. In 

addition, they can slow down the deviceôs switching speed which can increases losses.  
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According to EPCôs recommendation layout, the input decoupling capacitors are 

placed close to the drain terminal of the top device as shown in Fig. 70. [49] Polygon is 

used for each power terminals and connected to devices through vias. For thermal 

purposes, the polygons connected to each power terminal are designed with a large area 

and thermal vias are also designed around devices. However, to avoid high switching 

noises polluted other circuits that have different reference potential, the polygon for the 

switching node is small. Gate drivers are placed to the gate terminals as close as possible. 

To minimize gate loop inductance, the decoupling capacitor for gate drivers are placed on 

the same side as gate drivers.  

Figure 71 shows another PCB layout for high power applications. This design adopts 

parallel devices for each switching position and all devices at each switching position 

share one gate driver, so a more symmetrical design for each device is achieved. In this 

case, the performance of parallel devices has less difference. As shown in Fig. 71(b), 

different than the previous design, this design has input decoupling capacitors under the 

devices, so heatsink and fan could be added to the deviceôs top side. With interleaved 

power polygons design, this design is able to achieve power loop inductance of 0.29 nH 

and gate loop inductance of 2.5 nH. 

 

Figure 70. PCB layout for single device condition 
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(a) 

  

(b) 

 

(c) 

Figure 71. PCB layout for half-bridge configuration using parallel devices. (a) top view (b) bottom view (c) 

side view with labeled power loop [49] 

 

 

3.6  Hardware Prototype and Test Results 

 

Figure 74 shows the receiving side for designed APS. The circuit is designed on two 

PCBs including the diode layer and control layer to achieve small size and good thermal 

performance. As shown in Fig. 72, only the bottom side of the diode layer has circuits, and 

the transformer is located on the top side. Hysteresis controller, current-fed active switch 

network, and auxiliary power circuits are located on the top side of the control layer, and 

the bottom side of the control layer only contains decoupling capacitor shown in Fig. 73 

Overall, the receiving side is able to achieve a power density of 2.22  with a 

maximum power of 30 W.  The primary side design is shown in Fig. 75. Fig. 76 shows the 

modular design of half-bridge for higher power applications. This design is able to reach a 
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bus voltage of 75 V and output power in the kilowatts range. Due to modular, it can be 

assembled with other circuit applications. Table 7 provides all passive component values 

that are used during the test shown below.  

Table 7 Design Parameters for LCCL-LC Resonant Converter 

Parameter Design Value 

 0.5  

 51 nF 

 0.5  

 229 nH 

 1.33  

 420 nH 

 4.3 nF 

 

 

(a) 

 

(b) 

Figure 72. PCBôs (a). top side (b) bottom side for diode layer. 
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(a) 

 

 (b) 

Figure 73. PCBôs (a) top side (b) bottom side for control layer. 

 

Figure 74. Hardware prototype of the assembled receiving side 

 

Figure 75. Hardware prototype of the sending side  
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Figure 76. Half-bridge modular designôs top view (top) and bottom view with assembled heatsink and fan 

 

3.6.1 Steady-State Responses  

 

 

Figure 77 shows the steady-state results of the current source and transformer secondary 

side input current under light load conditions. It is a sine wave. However, under heavy load 

conditions, the controller will introduce a small perturbation for every time the control 

device turns on as shown in Fig. 78, but the output will not be disturbed.  
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Figure 77. Current source waveforms under light load condition  

 

  

Figure 78. Current source waveform under heavy load condition 

Figure 79 and 80 show the steady-state waveforms for two load conditions. The output 

ripples match well with the deigned value of 0.5 V. Due to relatively large output ripples, 

the control device is switching with a low frequency. By adjusting the resistor values of the 

controller, output ripples can be set to any other values. However, if the ripple value 

decreases, the switching frequency of the control device will increase. Overall, the APS is 

able to provide constant output voltages with a different numbers of loads as shown in Fig. 

81.   
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Figure 79. Steady-state waveform of output voltages measured in DC mode and controller gate signals  

 
Figure 80. Steady-state waveform of output voltages measured in AC mode and controller gate signals 
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Figure 81. Output voltages of four loads under steady-state operation 

 

3.6.2 Transient Responses  

 

The transient responses are verified by the system with four receiving sides of the total 

output power of 80 W. As shown in Fig. 83, during startup, there no overshoot, so soft-

startup is achieved. All loads are able to gain power simultaneously.  

 

Figure 82. System configuration with one sending side and four receiving sides 
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Figure 83. Startup result for four load condition 

When fault conditions happen to load as shown in Fig. 82, the protection of the controller 

is triggered immediately. As illustrated in Fig. 84 and Fig. 85, during short and open-circuit 

conditions, the controller is able to protect the faulty load without interfering with other 

loads. Thus, fault immunity is achieved.  

 

 

Figure 84. Short-circuit response 
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Figure 85. Open-circuit response 

 

3.6.3 ZVS Verification  

 

Figure 86 shows the experiment result of a non-ZVS case caused by unintentional wire 

loop inductance. As analyzed before, due to large capacitive input impedance, ZVS is not 

achieved. This result matches with the previous analysis shown in Fig. 53.  

 

 

Figure 86. Experiment results for the non-ZVS condition when  
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With the wining method II showed in Fig. 51 (b), the loop inductance caused by the 

primary side wire is controlled to be 46 nH with a loop diameter of 25 mm. Then, applying 

the proposed compensation method, ZVS is achieved under different load conditions and 

the turn-off current is approximately the same. Thus, the proposed design method is valid.  

 

(a) 

 

(b) 

Figure 87. ZVS verification for single load condition with the active control switch (a). turns off (b) turns on 

 

(a) 

 

 (b) 

Figure 88. ZVS verification for four loads of condition with the active control switch (a). turns off (b) turns 

on 

 

3.6.4 Thermal Test  

 

A 3-hour continuous test is performed to verify thermal performance. There is no forced 

air-cooling during the test. As shown in Fig. 89 and Fig. 90, the hottest spot on the 

secondary side circuit is below 50  and is on the board as well as the primary side wire. 

The transformer is around 40 .  The devices on the primary side reach 100  under 80 



 

71 

 

W condition. It is still below the deviceôs rated maximum ambient temperature. Overall, 

there is no thermal problem for designed APS.  

 

Figure 89. Thermal test result for a single receiving side with an output power of 20 W.  

 

Figure 90. Thermal test result for four receiving sides with a total output power of 80 W 
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3.7   Summary  
 

In this chapter, the design of the current-fed switch network is discussed first, so the 

output voltage of APS becomes regulated. Then, different compensation methodologies 

of LCCL-LC converter are analyzed and compared. However, since they are not suitable 

for multi-load driving conditions, a new design method for ZVS realization is proposed. 

Wire self-inductance caused by the placement of the sending side and receiving side 

circuits is also addressed, so the proposed circuit can achieve constant turn-off current 

and guarantee ZVS realization. PCB layout design is also shown for minimizing loop 

inductance purposes.  

Overall, the designed APS has a constant current source as the output of the primary 

side, so it is able to drive multiple loads simultaneously. Due to the additional feedback 

loop design, the APS can achieve fault immunity and soft startup. During load transient, 

the output voltage remains constant. ZVS could be realized regardless of load conditions 

and parasitic inductance. Thermal wise, the designed APS is able to perform continuously 

without any forced air cooling.   
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Chapter 4 

 

Insulation Design  
 

  

 

4.1  Introduction  

 

As mentioned in the previous chapter, the designed transformer uses insulated wire 

and litz wire on the primary and secondary sides. To achieve breakdown voltage over 20 

kV, the primary side wire only needs to provide a sufficiently long distance between the 

exposed conductor and core, since both the core and secondary side wire connect to the 

high voltage side. However, it cannot prevent system degradation because partial 

discharge (PD) will happen at a lower insulated voltage level. [9] Thus, to maintain a 

long lifetime of APS, a PD free insulation system design is desired. To achieve so, the 

maximum electric field (E-field) inside the transformer which is related to conductor 

geometry and insulation material needs to be well controlled. In this chapter, a total of 

eight solutions using different E-field stress control techniques and insulation materials 

will be introduced, but not all solutions are able to reach the desired PDIV. The first four 

designs use air as insulation media with a PDIV design target of 5 kV AC. 2 kV/mm is 

selected as the critical value for E-field strength to evaluate each design solution. The last 

four designs adopt silicone as an insulation material to further increase the design target 

to 15 kV. In this case, 8 kV/mm is the E-field boundary to determine if the solution meets 

the design target.   

 

4.2  Air -Insulated Solutions 

 

4.2.1 Solution I: Basic Design  

 

Figure 91 shows the first design structure. It is the most basic design by using air only. 

To analyze the E-field distribution, a 3D FEM simulation is operated with the result shown 
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in Fig. 92. With 5 kV excitation, the highest E-field stress happens around the bending 

points of outer windings on the secondary side. This is caused by the small radius of selected 

litz wire and sudden change of routing direction. However, the highest E-field within the 

transformer does not exceed 2 kV/mm. Thus, this design reaches the design target of 5 kV 

PDIV.  

 

Figure 91. Designed transformer with detail labeled 

 

Figure 92. FEM simulation result of plane 1 with 5 kV excitation  

 

4.2.2 Solution II:  HV Conductive Shield 

 

The insulating layer of primary side wire is manufactured by silicone rubber which has 

a breakdown field strength of 18 kV/mm. Since the breakdown field strength of silicone 

rubber is much higher than air, the insulating layer can be utilized in the insulation design. 

As shown in Fig. 93, a conductive shield is added to the outer surface of insulated wire. In 

this case, the shield can be connected to any other fixed potential between 0 and 5 kV in the 
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MV converter system. For example, the shield can be connected to the midpoint of the bus 

voltage. In this case, 5 kV is shared by both insulated layer and air, so the maximum E-field 

stress in the air can be reduced. However, this method is not applicable for designed APS 

because there is no such potential in the applied MV converter system. Therefore, another 

method can be introduced. By connecting the shield to the same reference point with core 

and secondary side wire, 5 kV differential voltage is added to the insulating layer only. As 

shown in Fig. 94, there is no E-field in the air between shield and core and the maximum E-

field inside the insulting layer is 7.7 kV/mm which is below the breakdown value of 18 

kV/mm. However, from the side view, as shown in Fig. 95, the field stress at the triple point, 

i.e. junction of air, shield, and insulated layer exceeds the breakdown field of air. This is 

caused by the boundary condition for the normal component of the electrical field between 

two media [46]:  

 (35) 

Because the relative permittivity of silicone rubber is 3-4 which is higher than airôs, at 

the interface of two materials, air will experience a higher E-field. To solve such a problem, 

[9] introduces a stress control system. This system uses a nonlinear stress grading layer that 

can reshape the E-filed intense area and allow the E-field decreases gradually. However, 

such  strategy is difficult to be applied in the MV system when multiple loads are connected 

to APSôs sending side because multiple shield sections will be required if each driving 

component are connected to a different reference potential. Also, to achieve 5 kV PD-free, 

the stress grading layer has minimum thickness and length requirement which can reduce 

the difficulty during APS assembly. As the result, this insulation solution is not suitable for 

designed APS even with a stress grading layer at shield terminals.  
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Figure 93. CAD model of isolated transformer with high voltage shield on insulated wire 

 

Figure 94. FEM simulation result of plane 2 under 5 kV excitation 

 

Figure 95. FEM simulation result of plane 3 under 5 kV excitation 

 

4.2.3 Solution III: Conductive Shield with Floating Potential  
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As shown in Fig. 96, another shielding technique used in much large power transformer 

and bushing system is adopted. [46] By adding a ring shape shield with floating potential 

between high voltage and low voltage portions, the E-field distribution inside the 

transformer can be reshaped. Depending on the distance  from the insulating layer to the 

shield, the sensed voltage on the conductive shield will change. Fig. 97 shows the simulation 

result of . Since the induced voltage on the shield is 2.2 kV which is slightly 

higher than without shield case, the E-field distribution is similar to the result shown in the 

solution I. However, from the side view, the maximum E-field exceeds the design boundary 

of 2 kV/mm due to the sharp edge of the core. However, when  increases to 5 mm, 3.8 

kV are induced on the shield. As shown in Fig. 98(a), the maximum E-field increases due 

to the limited space between shield and secondary side windings. From the side view shown 

in Fig. 98(b), the highest E-field point is transferred from core edges to shield terminals.  

Unlike the previous method, this method sets the shield with a floating potential, so 

thereôs no server E-field problem around the shield terminals, which means termination does 

not require for this design to achieve the 5 kV design target. However, based on the 

simulation results, adding a shield with floating potential cannot increase PDIV dramatically 

compared to a non-shield design. Furthermore, to make sure this method works 

appropriately, an accurate shield position is definingly needed. Any position mismatch can 

reduce PDIV. Thus, this design structure has extremely high requirements for the 

manufacturing and insulation process, which is hard to realize in practice.  

 

Figure 96. CAD model of the isolated transformer with a floating potential shield 
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(a) 

 

 (b) 

Figure 97. FEM simulation result of (a). plane 4 (b) plane 5 with  

 

(a) 
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 (b) 

Figure 98. FEM simulation result of (a). plane 4 (b) plane 5 with  

 

4.2.4 Solution IV: Double Shields 

 

Due to the compact winding method, the E-field distribution inside the transformer is 

nonuniform as shown in Fig. 92. However, nonuniform filed distribution will introduce 

weak points that have higher E-field intensity, so in most cases, a partial discharge will 

happen around the weak points first, which means PDIV in a nonuniformly distributed 

structure could be lower than in a uniformly distributed structure. Therefore, in order to 

improve the insulation performance of this transformer, the conductor structures need to be 

more uniform. As the result, double shields with fixed potentials design are introduced as 

shown in Fig. 99.  

 
Figure 99. CAD model of the isolated transformer with two fixed potential shields 

For the proposed structure, the outer shield connects to the high voltage side, so it shields 

a high E-field around the litz wire and forms a uniform conductor. The inner shield connects 
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to the low voltage side which can increase the low voltage conductor radius. According to 

eq (1), increasing the conductor radius can efficiently reduce the maximum E-field. In this 

case, a concentric cylinder structure is formed. As shown in Fig. 100(a), the E-field 

distributes more uniformly inside the transformer. However, because of the limited space 

between two shields, the maximum field increases over 2 kV/mm. Furthermore, as shown 

in Fig. 100(b), the triple point issue caused by shield terminals happens again, so termination 

needs to be designed. In addition, considering creepage distance, it is better to not use any 

holder to fix shields' position or connect shields. Therefore, manufacturing and installation 

processes become complex for the multi-load auxiliary systems. 

 

(a) 

 

 (b) 

 Figure 100. FEM simulation results of (a). plane 6 (b). plane 7 under 5 kV excitation 

Table 8 provides a summary of air-insulated designs discussed above. The method I is a 

basic design without any shielding technique. It forms non-uniform conductor structures 

and reaches the maximum E-field of 2 kV/mm under 5 kV excitation. To solve the 
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nonuniformly distributed E-filed, method IV introduces two shields connected to high and 

low voltage sides to form a concentric cylinder structure. This method reshapes the E-field 

distribution inside the transformer but cannot meet the desired voltage target due to the triple 

point issue at shield terminals. By setting a shield to a floating potential can solve the triple 

point issue, which is realized by method III. However, this method requires accurate shield 

position, which increases the difficulty of installation. Method II also has an insulation 

problem. It utilizes the silicone layer of insulated wire as insulation media by adding a high 

voltage conductive shield. However, due to abrupt material change at shield terminals, the 

E-field at shied terminals excesses air breakdown field, so this method cannot be applied.  

Table 8. Summary of Insulation Design with Air 

Insulation 

Design 

Insulation 

Capability 
Termination Manufacturability   

I Relatively high  Not required Easy 1 pF 

II  
Low (without 

termination) 
Required 

Easy (without 

termination) 
N/A 

III  Moderate Not Required  Relatively hard N/A 

IV 
Relatively high 

(with termination) 
Required  Hard N/A 

 

Overall, air-insulated solutions are able to achieve relatively low PDIV but small 

coupling capacitance with the designed transformer. Sharp core edges and inaccurate 

conductor positions can harm PDIV. The additional conductive shield cannot bring obvious 

benefits on insulation capability but will increase difficulty during assembly.  

 

4.3  Silicone-Insulated Solutions 

 

In order to further increase PDIV without changing transformer design, insulation media 

needs to be changed. Solid materials such as epoxy and silicone become good candidates. 
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Table 9 lists a few material options. From the table, all materials have similar voltage 

strength but different relative permittivity, thermal conductivity, and viscosity. Considering 

 value and manufacturability in the lab, small relative permittivity and low viscosity 

features are desired. Thus, SilGel612 from Wacker is selected. Then, in the following 

sections, different design solutions will be discussed based on the same material. The design 

target is 15 kV and the critical E-field is 8 kV/mm.  

Table 9. Potting Materials Parameters 

Manufacturer  
Part 

Number 

Voltage 

Strength 

Relative 

Permittivity  

Thermal 

Conductivity 
Viscosity 

Quantum 

Silicones 

Qsil 553 

LV 
18 kV/mm 3.12@10kHz 0.65 W/m*K 4000 cps 

Epoxies 20-1634 
17.72 

kV/mm 
3.1@1kHz 1.9 W/m*K 30000 cps 

Epoxies 

20-

1710/20-

1715 

18 kV/mm 

 
2.7@60Hz 1.9 W/m*K 6500 cps 

Wacker SilGel612 23 kV/mm 2.7@50Hz 0.2 W/m*K 1000 cps  

DOWSIL 
TC-4605 

HLV 
24 kV/mm 4.12@100K 1 W/m*K 2900 cps  

Creative 

Material  
116-04A 20 kV/mm 4.3@60Hz 2.63 W/m*K 2000 cps  

 

4.3.1 Solution V: Partially Potted Core 

 

Figure 96 offers the first silicone-based design. This method completely pots core and 

litz wire. The primary side wire is located at the center of the potting structure. An only a 

small portion is potted in silicone and the majority is exposed to the air. As the simulation 

result shown in Fig. 102(a), under 15 kV excitation, the highest E-field occurs around the 

conductor inside the insulated wire because the dielectric constant of silicone rubber is 

similar to the selected siliconeôs and primary side winding is connected to GND. Although 

the maximum E-field does not exceed 8 kV/mm in silicone, due to abrupt dielectric material 
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change, as shown in Fig. 102(b), the E-field in the air is closed to the junction of air, silicone, 

and primary side wire is higher than the breakdown field of air. Thus, this method cannot 

be applied to achieve a 15 kV PD-free target unless termination is designed. However, since 

the majority of primary side wire is in the air, this design can achieve Ccm of 1.43 pF at 10 

kHz, which is smaller than the Ccm value generated by other silicone-insulated solutions.  

 

Figure 101. CAD model of an isolated transformer with partially potted structure. 

 

(a) 

 
 (b) 
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Figure 102. FEM simulation result of (a). plane 8 (b) plane 9 under 15 kV excitation 

 

4.3.2 Solution VI: Potted Core with Stress Cone Terminals  

 

As mentioned in previous methods, the abrupt dielectric material change will induce high 

E-field stress at the interface in the air as shown in Fig. 102(b). Thus, termination needs to 

be designed at the ends of the primary side wire, where they are going out from silicone 

potting material. Therefore, solution VI introduces stress-cone structure as terminations 

shown in Fig. 103. To simplify the manufacturing process, the stress-cone structures are 

made of the same potting material. Inside the silicone potted structure, E-field distribution 

for this design is the same as shown in Fig. 102(a), but unlike the previous method, from 

the side view, the maximum E-field in the air at the junction point of three materials is much 

reduced and reaches 2.79 kV/mm with coneôs upper radius of 1.8 mm, lower radius of 9 

mm and height of 10 mm as shown in Fig. 104. If further increases cone height, the 

maximum E-field in the air at the junction point can be further reduced. However, in this 

case, the isolated transformer will occupy more space when integrated with other circuits. 

 

 

Figure 103. CAD model of the isolated transformer with stress cone shape as potting terminals 
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Figure 104. FEM simulation result of plane 10 under 15 kV excitation 

 

4.3.3 Solution VII: Fully Potted Transformer 

 

Although the previous method solves the E-field problem at the junction of different 

dielectric materials and can meet the design target of 15 kV, due to additional terminations, 

the geometry of the potted transformer becomes irregular, so it increases the integration 

difficulty with other circuitries. Therefore, improving the overall geometry of the potted 

transformer while maintaining insulation capability is important. To achieve so, this design 

solution uses silicone as the main insulation media, so the majority portion of the primary 

side wire is potted in silicone gel as shown in Fig. 105. The primary side wire forms a local 

loop inside the potting structure to ensure the insulation capability between low and high 

voltage sides. When the primary side wire comes out from the silicone gel, two terminals 

are tightly placed together to reduce the EMI problems as well as loop inductance.  

The E-field simulation result with 15 kV excitation is shown in Fig. 106. Due to the 

winding pattern of the primary side wire, a low voltage shield is formed at the outer side 

of the potted structure. Thus, the differential voltage is sustained by silicone gel only. 

Within silicone gel, the maximum E-field does not exceed the critical field value of 8 

kV/mm. Outside of the potted structure in the air, the maximum E-field keeps below 1 

kV/mm, so there is no triple point issue in this design. Thus, this design can maintain high 

insulation capability without any termination required. However, one thing that needs to 

be noticed for this design is that the potential for silicone housing is floating. In a real 

application, to ensure insulation ability between the isolated power supply and driving 
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circuitries, an extra-high voltage shielding layer needs to be added to the potted housing, 

especially the surface closed to the high voltage side of the auxiliary power supply.  

 

Figure 105. CAD model of fully potted isolated transformer 

 
Figure 106. FEM simulation result of plane 11 under 15 kV excitation 

 

4.3.4 Solution VIII: Mixed Dielectric Materials  

 

In silicone potted solutions, shielding techniques can also be applied. Fig. 107 presents 

the last design using mixed dielectric materials. In this design, the potted structure is a 

concentric cylinder and a conductive shield is added to the inner side. To utilize the voltage 

strength of silicone, the shield is connected to the low voltage side, which is on the same 

potential as the primary side wire, so there is no voltage difference between the shield and 

the primary side wire. In this case, the assembly for the primary side wire is much easier 

compared to other potted solutions because the primary side does not need to be potted. As 

the result shown in Fig. 108(a), the highest field inside silicone occurs around the litz wire 

bending points, but it is still below the critical field value. However, from Fig. 108(b), in 

this design, at the joint of three materials, air experiences high field stress, which is the same 
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problem as other designs that connects shield to a fixed voltage. Thus, this design cannot 

meet the design target of 15 kV without an extra termination design.  

 
Figure 107. CAD model of the isolated transformer with mixed dielectric materials 

 

(a) 

 
(b) 

Figure 108. FEM simulation result of (a). plane 12 (b). plane 13 under 15 kV excitation 

Table 10 provides a summary of silicone-insulated solutions. From an insulation point 

of view, method V and VIII cannot meet the 15 kV PD-free target due to the triple point 

issue unless extra terminations are designed, but this could increase difficulty during 

manufacturing. Method VI uses a stress-cone shape made of silicone as terminations to offer 
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a smooth field transition, so it is able to achieve a PDIV of 15 kV, but due to irregular shape, 

this design is hard to standoff by itself and to integrate with other circuitries. Method VII 

fully pots the transformer to keep high insulation voltage and regular shape, so it can easily 

achieve the design target. However, due to the increase dielectric constant value, silicone 

potted designs have a larger Ccm value than air-insulated designs, but it is still below 5 pF, 

which meets the design requirement. Additionally, the Ccm value is proportional to the 

percentage of primary side wire that is potted in silicone, so the Ccm value of method V is 

much smaller than method VIIIôs.  

Table 10. Summary of Insulation Design with Silicone 

Insulation 

Design 

Insulation 

Capability 
Termination Manufacturability   

V Low  Required  Easy 1.48 pF 

VI High Not required Relatively easy  1.84 pF 

VII  High Not required  Easy 2.22 pF 

VIII  Relatively low Required  Relatively easy N/A 

 

 

4.4  Test Results 

 

This section will mainly show the insulated test results for design method I and VII as 

well as measured  values for the two designs. The manufacturing process and hardware 

prototypes for silicone-insulated design will  be shown first. 

 

4.4.1 Manufacturing Process of Silicone-insulated Solution  

 

For silicone-insulated solutions, reducing the number of voids inside silicone is 

important because air gaps can harm insulation capability. Thus, the potting process 

becomes critical as it determines if the sample can achieve the designed voltage.  
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Before starting potting, a set of fixtures to hold receiving side boards needs to be 

designed. To ensure the hardware to stay in the middle of the potted structure, two fixtures 

placed on the bottom and top of the hardware are designed as shown in Fig. 109(a) and (b). 

Both of them have a hole at the center to allow the primary side to go through and an 

actuated structure on the left to keep the primary side wire a center distance away from the 

core and PCBs. Furthermore, to ensure the primary side wire to stay at the center of PCBs 

and cores, a convex structure is designed on both top and bottom fixture. Fig. 109(c) shows 

the housing with holes used for wires to come out.  

 

(a) 

 

(b) 

 

 (c) 

Figure 109. 3D printed fixtures for silicone-insulated design including (a). bottom supporter (b). top 

supporter and (c) potting housing 

After finishing the design of the fixture, the next step is to put everything inside. Then as 

shown in Fig. 110, RTV is applied around the slots on silicone housing to avoid the potting 

material leaking out. Before start potting, RTV should be fully cured.   
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Figure 110. Receiving side hardware in a 3D printed fixture with RTV applied at terminals 

During the manufacturing process, material preparation is the first step. Silgel 612 is 

made of two materials, so when using it, the two materials need to be mixed with a ratio of 

1:1. While stirring materials, air bubbles appear as shown in Fig. 112(a). To reduce the 

number of air bubbles in the final sample, vacuuming the mixed material first is necessary 

as shown in Fig. 111. After a few minutes, the air bubbles are eliminated as shown in Fig. 

112(b), so this material is ready to be used.  

 

Figure 111. Mixing material in the vacuum chamber 
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(a) 

 

 (b) 

Figure 112. Mixing material (a) before vacuum (b) after vacuum 

Since the viscosity of Silgel 612 is not too low, it is hard to eliminate the voids at the 

bottom of PCBs if all materials are poured into housing at once. Therefore, every time a 

small amount of material is poured into the housing as shown in Fig. 113. Then, the 

sample needs to be put in a vacuum chamber for tense of minutes. As shown in Fig. 114, 

during a vacuum, a heavy object can be placed on the top of the sample to give additional 

force to let air bubbles come out, but this step is optional. During the vacuum period, air 

pressure needs to be adjusted depending on air bubble status. Repeat these few steps until 

the sample is full of potting material.  

 

 

Figure 113. Sample with small amount of potting materiel 
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Figure 114. Potted sample in the vacuum chamber 

The last step is to put the potted sample in the oven as shown in Fig. 115 with the 

temperature around 60 ᴈ to fasten the curing process. 

 
Figure 115. Potted sample in the oven 

The final product is shown in Fig. 116. Although each receiving side is potted 

separately, a multi-load driving system with a single wire on the primary side is still 

achievable.  As shown in Fig. 117, each potted receiving side circuitry is connected to a 

PCB adaptor and all PCB adaptors are connected by a shielded cable. The shielded cable 

has an inner conductor connected to the positive terminal of the current bus and the outer 

conductor is connected to the negative terminal of the current bus, which is the return 



 

93 

 

path for the current bus. Thus, the return path is evenly wrapped around the current path 

that flows to receiving side circuitries. In this case, the EMI issue is eliminated.  

 

 
Figure 116. Hardware prototype of potted receiving side circuity  

 
Figure 117. APS setup for multiple potted receiving side circuitries 
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4.4.2 Insulation Test Verification  
 

The partial discharge (PD) test is operated with the complete receiving side circuitry 

including transformer and PCBs. As shown in Fig. 118, the sample is connected to a 60 Hz 

ac source with primary side wire shorted and connected to low voltage side and output wires 

shorted and connected to the high voltage side. As shown in Fig. 119, an HFCT and a PD 

detector are used to measure PDIV.  

 
Figure 118. PD Test Setup 

 
Figure 119. Setup configuration for PD test 

The PDIV results of the air-insulated solution are shown in Fig. 120 and Fig. 121 

measured by HFCT and PD detector respectively. According to Fig. 121, no discharge 

happens at 5.8 kV with the threshold discharge level of 10 pC, which matches with the result 
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measured by the HFCT. However, since the setups are not identical for every experiment, 

the measured PDIV could vary a little bit. Overall, both results indicate the design reaches 

the PDIV target of 5 kV. Fig. 122 and Fig. 123 show the measured PDIV for silicone-

insulated design and both of them have similar results and reach the design target of 15 kV. 

For silicone-insulated solution, the average accumulated charge can keep around 10 pF 

once reaches the threshold discharge level but the air-insulated design cannot due to the 

dielectric material features. Thus, the silicone-insulated solution has a more stable and 

reliable performance than the air-insulated design. Although PDIV for the silicone-

insulated solution is 16.4 kV peak, when the excitation voltage increases over 20 kV, the 

discharge value is only 30 pC.  

 

 

Figure 120. PDIV for the air-insulated solution measured by HFCT 

 
Figure 121. PDIV for the air-insulated solution measured by PD detector 
































