
ABSTRACT 

WANG, MENGQI. Novel Ultra-High-Frequency AC Link Based Distributed Energy 
Systems and Microgrids. (Under the direction of Dr. Alex Q. Huang). 

The majority of the existing U.S. electricity grid infrastructure was built in the early 

1930s. This aging and overburdened critical infrastructure is under great pressure to meet the 

rising demand of domestic electricity consumption. To address these challenges, Microgrids 

have emerged as a relatively new and promising solution to restructuring the current 

electricity grid infrastructure and ensuring the reliability of energy supply. Microgrids consist 

of a variety of components including distributed generators (DGs), distributed energy storage 

devices (DESDs), and controllable loads. The two major forms of Microgrids are AC 

Microgrids and DC Microgrids. The inherent issues in DC Microgrids are the high costs for 

short distance transmission; complicated short circuit protection; and challenging realization 

of circuit breaker. Thus we placed our focus on AC Microgrids, which can be further 

categorized into 60 Hz line-frequency-AC (LFAC) Microgrids and high-frequency-AC 

(HFAC) Microgrids. Based on the state-of-the-art, the HFAC bus frequency ranges from 

several hundreds of Hz to tens of kHz. The HFAC buses are used to link the distributed 

sources and loads with the utility grid. Compared with the traditional LFAC Microgrids, 

HFAC Microgrids have the advantages of less bulky transformers and lower profile of 

passive components. However, several power conversion stages are needed to realize sources 

HFAC parallel operation. A central controller is needed as well to synchronize the amplitude, 

frequency and phase of the HFAC voltage. 

Our motivation for a new solution is to achieve that all the distributed sources or 

loads can access the HFAC bus through single-stage power electronics interface, enable soft 



switching in power electronics interfaces, and realize distributed control. Therefore, a 

framework for novel ultra-high-frequency-AC (UHFAC) link based Microgrids is proposed 

in this work. Unlike traditional LFAC Microgrids or DC Microgrids, the bus frequency of the 

UHFAC Microgrids is pushed to 54 kHz, as well as the power transmission frequency. The 

bus voltage waveform is quasi-square (trapezoidal) and the peak value is 400 V. As a result, 

60 Hz transformers will be eliminated from the system no matter the energy sources or the 

kind of loads interfaced. DC-arcing-flash will not exist as well with the utilization of 

UHFAC bus.  

For the proposed system architecture, all the power electronics interfaces are single-

stage converters, which increases the system efficiency and reduces the system complexity 

significantly. Two ZVZCS modulation strategies corresponding to two switch structures of 

the single-stage converter are proposed and analyzed in detail. Simulation and experiment are 

carried out to validate the converter functionality and effectiveness of the ZVZCS 

modulation strategies. System simulation for the proposed UHFAC Microgrids is also 

conducted to verify the functionality of the whole system architecture. A hardware platform 

mimicking the scenario of DC source powering LFAC load and DC load is also developed 

and tested. The experiment results are presented to demonstrate the system operation. 
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1 Introduction 

1.1 Review of DC and Line-Frequency-AC 

Microgrids 

Electric consumption is an irreplaceable part of our daily life. According to the U.S. Energy 

Information Administration (EIA), U.S. electricity usage in 2011 was 13 times greater than 

that in 1950 [1]. However, the majority of the existing U.S. electricity grid infrastructure was 

built in the early 1930s, making it more than 80 years old. This aging and overburdened 

critical infrastructure is under great pressure to meet the rising demands of domestic 

electricity consumption. The current U.S. electricity grid is also vulnerable to natural 

disasters and attack and has experienced at least five massive blackouts in the last 40 years 

[2]. There is an urgent need to modernize and reconstruct the outmoded U.S. power grid 

before transmission and distribution lines become stretched to the limit. To address these 

challenges, Microgrids have emerged as a relatively new and promising solution to 

restructuring the current electricity grid infrastructure and ensuring the reliability of energy 

supply. 

In general, the basic structure of power systems can be divided into three subsystems, 

generation, transmission, and distribution. The generating units (e.g., power plants) produce 

electricity from various sources of energy. An overhead transmission network then transfers 

the electricity from generating units to distribution substations [3]. The distribution system 
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ultimately supplies consumers (e.g., industrial, commercial, and residential loads). To date, 

there is no universal agreement on the definition of the Microgrid. Technically speaking, a 

microgrid is a low-voltage distribution network that is located downstream of a distribution 

substation through a point of common coupling (PCC). Microgrids consist of a variety of 

components including distributed generators (DGs), distributed energy storage devices 

(DESDs), and controllable loads. 

In terms of operational modes, microgrid operations can be grouped in two categories: (1) an 

interconnected mode linked to the main grid through the distribution substation transformer 

and (2) an islanded (autonomous) mode when it is isolated from the main grid during a 

blackout or brownout. In terms of the nature of electricity supply, there are two types of 

microgrid systems, namely, AC microgrid systems and DC microgrid systems. 

According to the historical perspectives, there was a “War of Currents” between 

Westinghouse and Tesla vs. Edison and J.P. Morgan more than 100 years ago. Since then, 

AC power networks have been the standard choice for commercial electricity grid 

infrastructure to power the incandescent lamps in our residences and motors in our factories 

since the late of 19th century. In AC power system, we can easily transform the voltages into 

various levels and transmit the electricity over a long distance. A typical AC microgrid 

system is interconnected with MV systems at the PCC. The main system could be an AC or 

DC bulk system. In most cases, the AC microgrid system operations adopt the voltage and 

frequency standards applied in most conventional distribution systems. There have been 

extensive literature studies on AC microgrid systems [4]-[7]. More about the AC microgrid 
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system operations, their ongoing work, and their research trends can be found in [8]. Figure 

1-1 illustrates a conceptual AC microgrid system with various DGs, DESDs, and loads. 

In contrast, the DC microgrid system does not need to track the phase and frequency of the 

voltage, which greatly improves the controllability and reliability of system. Today, the DC 

distribution systems (DC microgrid systems) are applied in avionics, automotive, marine and 

manufacturing industries for power distribution [10]-[12]. Today, many loads (households, 

businesses, industrial applications) need the DC power for their operation. However, all of 

these DC devices require power electronic conversion of the available AC power into DC for 

use. These DC-AC-DC power conversion stages result in substantial energy losses. Therefore, 

DC microgrid systems can significantly improve the overall efficiency of delivering power to 

the residential customer. It ensures a higher power quality to the end-users than in the present 

distribution. Figure 1-2 illustrates a conceptual DC microgrid system with various DGs, 

DESDs, and loads.  

 

Figure 1-1 A conceptual AC microgrid system [9] 
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Figure 1-2 A conceptual DC microgrid system [9] 

1.2 Introduction to High-Frequency-AC (HFAC) 

link Utilization 

1.2.1 Review of Various High-Frequency-AC Power Platforms 

High-Frequency-AC (HFAC) power has sought its applications in many areas, especially in 

power distribution systems. The concept of HFAC power distribution system was first 

proposed by NASA Lewis Research Center in 1983, for the Space Station program [13]. 

With the rapid development of technology, HFAC power distribution systems have 

demonstrated their advantages in areas other than space applications, such as 

telecommunications, computer systems, vehicle electronics and motor drives.  
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Figure 1-3 is the architecture of the 20 kHz sinusoidal, 440V VRMS and single-phase HFAC 

power distribution system for the space station program [14]. The HFAC power is distributed 

end-to-end. The system is comprised of two separate independent ones to provide redundant 

power. The power cable used in this system is Litz wire type with the following 

specifications: Resistance: 0.83 mΩ/m; inductance: 0.035 mH/m; capacitance: 0.00137 mF/m 

and weight: 1 kg/m. Since each copper wire is individually insulated and is woven to “straps”, 

the cable possesses flexibility and low ac resistance. A remote power controller (RPC) 

provides the function of load current limiting, fault protection and system status indications.  

 

Figure 1-3 Architecture of HFAC power distribution system in State Space program [14] 

Jain and Pinheiro proposed a telecommunication HFAC power distribution system in [15], as 

shown in Figure 1-4. It has a connector-less high frequency sinusoidal voltage and current 

distribution hybrid architecture. The reason for calling it a “hybrid” structure is because the 
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system employs a double tuned series-parallel resonant network. The authors claim the 

advantages as follows, based on utilizing the HFAC link:  

1) Connectorless power transfer;  

2) Fuseless protection;  

3) Sinusoidal voltage and current distribution;  

4) High overall system efficiency.  

The specifications of the prototype are: 

Input voltage: 39 V to 75 V DC; 

Input power: 300 W; 

AC bus voltage: 30 V rms; 

AC bus frequency: 128 kHz; 

Output voltage: 5V. 

 

Figure 1-4 Hybrid HFAC power distribution system for telecommunication system [16] 
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Robert Watson proposed a simplified concept of PCB AC power distribution bus as shown in 

Figure 1-5 [17]. A PCB trace is served as the AC bus. The conceptual view and end view of 

the AC bus structure are shown in Figure 1-6 and Figure 1-7 respectively. The frequency is 

set at 300 kHz for the AC bus and the Voltage is 42 Vac. The total output power ranges from 

80 W to 400 W.  

 

Figure 1-5 Simplified concept of PCB AC power distribution bus [17] 

 

Figure 1-6 AC bus structure [17] 
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Figure 1-7 End-view of the parallel-place PCB bus structure [17] 

1.2.2 Introduction to existing High-Frequency-AC Microgrids 

Chakraborty et al. proposed a grid-connected single phase HFAC Microgrids system with a 

Unified Power Quality Conditioner (UPQC) in [18] in 2003, as shown in Figure 1-8. The 

HFAC bus in the proposed Microgrids carries 500 Hz sinusoidal voltage and current 

waveforms. The authors further developed this system in [20], [21]. The authors define three 

types of bus in the system: bus 1 is the Source Bus, bus 2 is the Utility Connection Bus, and 

bus 3 is the Load Bus. Bus 1 and bus 2 are connected by the intermediate supply bus which 

works as the uncontrolled line. The intermediate supply bus gets its supplies from Bus 1 and 

Bus 2 and then it sends the power to Bus 3. The unified power quality conditioner (UPQC) 

serves as an active filter. It compensates for load current harmonics and voltage distortion, 

and provides power factor correction. The universal active power line conditioner (UPLC) 

controls the power flow between the source bus and the utility connection bus. The authors 

summarize the advantages as follows: 
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• The higher order harmonics are easily filtered out; 

• The performance of fluorescent lighting will be improved; 

• High-frequency induction motors can be soft-started; 

• High-frequency transformer become smaller, along with the harmonic filters; 

• Auxiliary power supply will be smaller with better efficiencies; 

• HFAC Microgrid makes dynamic storage such as flywheel an easy alternative, in 

addition to the traditional battery storage. 

However, the proposed system has the following issues: 

• 3 separate buses increase the complexity of the system; 

• Choosing 500 Hz over 50/60 Hz is not a significant improvement with regards to 

reducing the passive components size, transformer weight/volume 

• Acoustic noise can be minimized if the frequency is above 20 kHz, thus 500 Hz does 

not help in this aspect; 

• 500 Hz sinusoidal waveforms do not help much on the simplification of power 

electronics circuits. 
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Figure 1-8 Single-phase HFAC microgrid with UPLC and UPQC [20], [21] 

1.3 The Scope of the Work 

The remainder of this dissertation is organized as follows:  

Chapter 2 presents the novel Ultra-High-Frequency-AC (UHFAC) Microgrids. The system 

architecture and design guidelines are presented first. The advantages of the proposed 

UHFAC structure are analyzed in detail, building block by building block. The challenges 

are also introduced for each building block. The HFAC transmission is an important issue 

that needs to be paid special attention to. Since the AC resistance of transmission cable will 

increase with the frequency and distance, the voltage drop needs to be calculated, which will 
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result in a frequency and transmission distance limit. Several AC power transmission cables 

are also introduced. The simulation results are presented to validate the proposed system. 

Chapter 3 proposes an AC/AC Silicon Carbide (SiC) cyclo converter with advanced 

commutation strategy to reduce the voltage spike caused by the transformer leakage 

inductance. The structure and steady-stage analysis of the cyclo converter are introduced. 

The Advantages of utilizing SiC power devices are presented in detail. The existing methods 

of reducing voltage spikes in transformer linked DC/AC converters are reviewed and 

compared. The proposed commutation strategy helps reduce the spikes introduced by the 

transformer leakage inductance while maintaining a simple form. The simulation results 

demonstrate the validity of the proposed structure and strategy. The experiment is ongoing 

and the result will be presented at the final defense. 

Chapter 4 presents a system demonstration for the proposed UHFAC Microgrids. A hardware 

platform is developed to mimic the scenario of DC source powering LFAC load and DC load. 

The experimental waveform verifies the functionality of the demonstration setup. Two ultra-

fast UHFAC bus voltage zero-crossing detection techniques are proposed and compared in 

this chapter as well. 

Chapter 5 introduces a conventional HFAC link application in Dual-Active-Bridge (DAB) 

converter. An improved small-signal modeling technique for the DAB is proposed. The 

steady-stage and power flow analysis of the DAB converter is performed. Both theoretical 

analysis and simulation verifications are conducted to validate the proposed small-signal 
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modeling technique. The experimental results also verify the small-signal model derived 

from theoretical analysis and simulation. 

Chapter 6 presents a special application of the proposed UHFAC Microgrids, which is a cost 

effective distributed PV system with UHFAC bus for residential applications. The distributed 

PV system architectures are categorized and compared first. Then the architecture and 

advantages of the proposed PV system are analyzed in details. High-frequency AC cable 

modeling is also performed to help the better utilization of the system parasitic parameters. 

The cost advantage analysis is shown to demonstrate the merits of the proposed residential 

PV system. Finally, simulation and experimental verifications are presented. Dissipation 

breakdown is also conducted to help optimize the system efficiency. 

Chapter 7 concludes this report and highlights the major contributions of this work, and also 

specifies the future work needed to be done.   

12 



 

2 Novel Ultra-High-Frequency-AC 

Microgrids 

2.1 Proposed Novel Ultra-High-Frequency-AC 

Microgrids 

2.1.1 System Architecture  

A novel Ultra-High-Frequency-AC (UHFAC) Microgrids is presented in this chapter. Unlike 

traditional AC Microgrids, the bus frequency of the UHFAC Microgrids is pushed to 54 kHz, 

as well as the power transmission frequency. The bus voltage waveform is quasi-square 

(trapezoidal) and the peak value is 400 V. For the proposed system architecture, all the power 

electronics interfaces are single-stage converters/inverters, which increases the system 

efficiency and reduces the system complexity significantly. The UHFAC bus is initially 

powered up by the utility grid through an AC/AC cycloconverter with a shunt bus 

compensator. The function of the bus compensator within the grid-interfaced cycloconverter 

is to stabilize the UHFAC bus voltage at 400 V. The bus compensator also provides the 

synchronization signal for all other source-interfaced and load-interfaced converters. After 

the UHFAC bus voltage is built up, all other power electronics interfaces may start up at any 

time. The system architecture and control scheme of the proposed UHFAC Microgrids is 
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shown in Figure 2-1. Table 2-1 summarizes the elements of the proposed UHFAC 

Microgrids. Four major parts of the UHFAC Microgrids are introduced in detail as follows: 

(1) UHFAC bus.  

The UHFAC bus is a specialized power cable that is able to carry and transfer high-voltage 

and ultra-high-frequency power in a distance up to 500 meters.  Litz-wire type is most 

preferable but is also the most expensive one. When considering the cost, multi-stranded wire 

is also an option. EIA estimates that national electricity transmission and distribution losses 

average about 6% of the electricity that is transmitted and distributed in the United States 

each year [19]. Making this number as the starting point, the desired UHFAC cable is to 

maintain the power dissipation within 6% of the total power. 

(2) Utility grid interface 

The utility grid interface is composed of an AC/AC cycloconverter with a shunt bus 

compensator. The UHFAC bus is first powered up by the utility grid through the 

cycloconverter. The shunt bus compensator also starts up at the same time to stabilize the 400 

V quasi-square bus voltage. The bus compensator also provides the synchronization signal 

for all other source-interfaced and load-interfaced converters. 

(3) Single-stage AC load interface  

The single-stage AC load interface is an AC/AC cycloconverter as well. It can convert the 54 

kHz UHFAC voltage to any other frequency voltages to support various AC loads, i.e., 60 Hz 

utility frequency load, or medium frequency load, which usually ranges from 400 Hz to 1000 

Hz.  
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(4) Single-stage DC load/source interfaced  

The DC load/source interface is a single-stage UHFAC/DC converter. It can be either uni-

directional or bi-directional. The UHFAC/DC converter is cycloconverter oriented but 

employs a simpler form than the cycloconverter. The uni-directional converter has even less 

active switches than the bi-directional converter. For PV applications, a current-controlled 

uni-directional DC/UHFAC converter is utilized. Similarly, a voltage-controlled and/or 

current-controlled bi-directional converter are/is employed for battery or super-capacitor 

banks to access the UHFAC bus. Depending on load type, i.e., DC electrical appliances 

(lighting, refrigerators, computers, etc.), different controller are used but the converter 

topology stays the same. 

 

Figure 2-1 Proposed novel Ultra-High-Frequency-AC Microgrids architecture  
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Table 2-1 UHFAC Microgrids composition 

System component Description 

UHFAC Bus High power high frequency power cable  

Synchronization Signal 
Carrier Shielded signal cable 

UHFAC Transformer Interface low-voltage UHFAC with high-voltage UHFAC 

Utility Grid Interface Interface utility grid with UHFAC bus 

AC Load Interface Interface utility or other frequency AC load with UHFAC 
bus 

Voltage-controlled DC 
Source/Load Interface 

Interface battery, ultra-capacitor bank or other voltage-
controlled DC source/load with UHFAC bus 

Current-controlled DC 
Source/Load Interface 

Interface PV panel or other current-controlled DC 
source/load with UHFAC bus 

 

Three principal specifications of the system design are: UHFAC bus frequency; UHFAC bus 

voltage amplitude and UHFAC bus waveform shapes.  

(1) UHFAC bus frequency 

The selection of bus frequency is a complex trade-off procedure. Generally speaking, higher 

frequency results in the component size reduction. However, when the frequency goes up too 

high, magnetic core losses, switching losses and power transmission losses will increase. 

Thus for the proposed UHFAC Microgrids, the bus frequency is set at 54 kHz. 

(2) UHFAC bus voltage amplitude 
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The amplitude of the UHFAC bus poses impacts on two parts: local HF transformer of each 

inverter and the central HF transformer for power transmission. Because of the different 

nature and different scales of distributed energy sources, the voltage rating at the DC end of 

the DC/UHFAC inverter varies. If the bus voltage amplitude is much higher than the DC end, 

i.e., 20 times, then the stress on the local transformer of each inverter will increase and the 

efficiency will be affected.  On the other side, if the bus voltage amplitude is relatively low, 

the central transformer for power transmission will face a high voltage step-up/down ratio, 

which also brings challenges. Thus the UHFAC bus voltage amplitude setting needs to give 

consideration to both local and central HF transformers, in terms of efficiency, cost and 

effectiveness. The UHFAC Microgrids proposed in this work is designed to interface with 

240 Vrms grid voltage, which means the peak value of the grid voltage is 340 V. When the 

UHFAC bus voltage is slightly higher than 340 V, the local transformer stress will be greatly 

reduced since a 1:1 turns ratio should be a proper option. Thus the bus peak voltage is set at 

400 V.  

(3) UHFAC bus waveform shapes 

There exist various forms for AC voltages are triangle, trapezoidal, square and sinusoidal 

waveforms. Sinusoidal waveform is the most popular choice in today’s power systems. The 

advantage for utilizing sinusoidal waveform in AC bus is the good efficiency for distribution 

to line transformers with rectifier/filters for “point-of-load” voltage [22]. Moreover, the 

electromagnetic interference (EMI) issues can be mitigated because of the absence of sharp 

rising/falling edges. However, complex converter topology and control are needed in order to 

maintain the bus voltage waveforms as sinusoidal. Square waveform is easier to generate and 
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wide load range regulation is also easier to achieve, but the wide spectrum noise content 

(compare to a sinusoidal waveform) [22] will be introduced to the system. In addition, the 

proper frequency range for the square waveform is more limited compared to the sinusoidal 

waveform. Therefore, to determine the UHFAC bus waveforms, we need to pay attention to 

several aspects: EMI, cost, complexity, and system performance.  

2.1.2 Advantages Outline of the Proposed UHFAC Microgrids 

Compared to traditional LFAC Microgrids, the utilization of UHFAC bus in the proposed 

Microgrids results in many advantages: 

(1) The size and weight of transformer can be greatly reduced; 

(2) Passive components, such as filter inductors and capacitors have smaller value and 

size, thus the interface converters/inverters can be made very compact; 

(3) Acoustic noise is greatly reduced for that the link frequency is above 20 kHz; 

(4) Soft-switching can be achieved to reduce the voltage stresses on the switched, 

minimize the switching losses, and improve the converter performance and efficiency; 

(5) It provides the possibility of wireless access of the distributed energy sources to the 

UHFAC bus; 

(6) Functionality of Plug and play can be easily realized when utilizing transformer 

connector-less contact. 

Compared to the DC Microgrids, the proposed UHFAC Microgrids has the following 

advantages: 

(1) Simpler form of power electronics circuits;  
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(2) Less component counts; 

(3) Lower system cost; 

(4) Less complex control scheme;  

(5) Higher reliability because of simpler structure, less component counts and simpler 

control strategy. 

(6) Elimination of large electrolytic capacitors which helps extend the system life span. 

(7) Functionality of Plug and play can be easily realized when utilizing transformer 

connector-less contact. 

2.2 Detailed Advantages Analysis of the Proposed 

Structure 

2.2.1 System Level Analysis 

The system level advantages of the proposed UHFAC Microgrids can be summarized as 

follows: 

• Soft switching can be easily implemented because of the utilization of UHFAC bus. 

The soft switching feature will be analyzed in detail in Chapter 3.  

• Passive components in the interface converters/inverters are greatly reduced in value 

and size.  

• Since the bus carries UHFAC power, bulky electrolytic capacitors can be eliminated. 

Electrolytic capacitors have limited lifetimes compared to other components in the 
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system. Its reliability under high temperature is also unsatisfactory, which is 

responsible for most inverter’s failure according to reference [23]. Thus the 

elimination of the electrolytic capacitors greatly improves the system lifetime and 

stability.  

• Circuit breaker is able to achieve arcing-flash free with UHFAC bus architecture.  

• The short-circuit protection is able to respond as fast as one switching cycle, given 

that the power electronics interface works under the same frequency as the UHFAC 

bus.  

• The acoustic noise is greatly reduced when above 20 kHz [24].  

2.2.2 Advantages Analysis for AC Load/Source Interface 

Figure 2-2 (a) to (c) represent the AC load/source interface structure in the traditional LFAC 

Microgrids and proposed UHFAC Microgrids respectively. The traditional LFAC Microgrids 

need three-stage conversions after the local LF transformer if there is one as shown in Figure 

2-2 (a). First the LFAC voltage is stepped-down through a LF transformer. Then power needs 

to be converted to DC power through an AC/DC converter. A second-stage DC/AC converter 

will then invert the DC power to LFAC power. For the DC/LFAC inverter, a two-stage 

flyback plus an unfolding bridge is a common choice. When not using a LF transformer, 

more stages of conversion are required in order to realize galvanic isolation as shown in 

Figure 2-2 (b). An AC/DC stage first converts the LFAC power to DC. Then a DC/HFAC 

chopper inverts the DC voltage to HFAC voltage. An HF transformer is placed after this 

20 



 

stage to provide galvanic isolation. An HFAC/DC converter rectifies the HFAC power to DC. 

Finally a DC/LFAC converter inverts the DC to LFAC power. However, for the interface in 

UHFAC Microgrids in contrast, only one HF transformer and a single-stage AC/AC 

cycloconverter are needed to convert the HFAC power to AC power in another frequency. 

The proposed UHFAC Microgrids greatly simplifies the interface structure between the 

UHFAC bus and the AC loads. The efficiency is also higher for one-stage power conversions 

than three-stage power conversions. 
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(a) 

 

(b) 

 

(c) 

Figure 2-2 Interface inverter for the AC load/source. (a) Interface structure with LF 

transformer in the traditional LFAC Microgrids; (b) Interface structure without LF 

transformer in the traditional LFAC Microgrids; (c) Interface structure in the proposed 

UHFAC Microgrids. 
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2.2.3 Advantages Analysis for DC Load/Source Interface 

Figure 2-3 (a) through (c) demonstrate the power conversion structure between the DC 

load/source with the voltage bus in the traditional LFAC Microgrids and the proposed 

UHFAC Microgrids respectively. For the DC load/source interface in traditional LFAC 

Microgrids, two stages of power conversion are needed when using the LF transformer. After 

the LF transformer steps down the voltage, either a rectifier bridge or an AC/DC converter 

first converts the LFAC power to DC power, then a DC/DC converter steps up or steps down 

the DC voltage to the level required by the DC loads or DC Microgrids. When there is no LF 

transformer, an AC/DC converter first converts the LFAC power to DC. Then a DC/AC 

chopper inverts the DC voltage to HFAC voltage. An HF transformer is placed after this 

stage to provide galvanic isolation. An HFAC/DC converter will then rectify the HFAC 

power to DC power.  However, in UHFAC Microgrids, we have proposed a single-stage bi-

directional HFAC/DC converter, which is cycloconverter oriented, to realize the one-step DC 

and UHFAC power conversion. It is obvious that the UHFAC Microgrids have greatly 

reduced the complexity, and increased the efficiency of the DC load/source interface 

structure. 
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(a) 

 

(b) 

 

(c) 

Figure 2-3 Interface inverter for the DC load/source. (a) Interface structure with LF 

transformer in the traditional LFAC Microgrids; (b) Interface structure without LF 

transformer in the traditional LFAC Microgrids; (c) Interface structure in the proposed 

UHFAC Microgrids. 
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2.2.4 Advantages Analysis for Magnetic Components 

As mentioned in section 2.2.2 and 2.2.3, transformers are necessary between the voltage bus 

and the load/source interface for both traditional LFAC Microgrids and the proposed 

UHFAC Microgrids for galvanic isolation purposes. The size and weight of the 54 kHz HF 

transformer in the UHFAC Microgrids is greatly reduced compared to the 60 Hz LF 

transformer in traditional LFAC Microgrids due to the introduction of the UHFAC bus.  

Figure 2-4 and Figure 2-5 demonstrates the relationship between transformer volume, weight 

and the frequency, respectively, based on the results in reference [25]. From the plot we can 

see that when the frequency is lower than 500 kHz, the volume and weight of the transformer 

have a nearly negative linear relationship under the dual-logarithmic (log-log) coordinates. 

However, beyond 500 kHz, the volume and weight of the transformer increases with 

frequency because of the core losses. Thus, below 500 kHz, we can expect the 54 kHz 

UHFAC Microgrids transformer volume reduction to be around 99%, and weight reduction 

to be more than 99% as well, than that of the traditional 60 Hz LFAC Microgrids. 

25 



 

 

Figure 2-4 General view of the relationship between transformer volume and frequency  

 

Figure 2-5 General view of the relationship between transformer weight and frequency 

 

 Volume vs. Frequency

10 100 1k 10k 100
k

10

1

100

1k

10k

Vo
lu

m
e,

 c
m

3

Frequency, Hz

Given number of 
strands, Core loss 

constant, 3F3, EE core

 Weight vs. Frequency

10

1

100

1k

10k

10 100 1k 10k 100
k

Frequency, Hz

W
ei

gh
t, 

g

Given number of 
strands, Core loss 

constant, 3F3, EE core

26 



 

2.2.5 Summary of the Comparison among the DC, LFAC and 

HFAC Microgrids  

Compared with DC Microgrids, the UHFAC Microgrids transfers AC power through the 

transmission line, which means that there exists a natural zero-crossing point. Thus, it is 

much easier to construct the circuit breaker and achieve arcing-free with UHFAC bus and 

UHFAC transmission.  

With regards to the short-circuit protection point of view, the protection circuit in UHFAC 

Microgrids is able to respond in as fast as one switching cycle, which is within 0.01 to 0.1 

milliseconds depending on the UHFAC bus frequency. This is a big reduction compared to 

that of the LFAC Microgrids, whose short circuit protection responding time is usually more 

than 1 millisecond.  

Another point worth mentioning is that the proposed structure brings in the possibility of 

wireless access of the distributed energy sources to the UHFAC bus. The most generally 

accepted approach for wireless power transfer is the inductive power transfer, since magnetic 

(inductive) coupling offers significant opportunities for transferring power [26].  

Table 2-2 summarizes the comparison among the DC, LFAC and HFAC Microgrids.  

  

27 



 

Table 2-2 Feature comparison among the DC, LFAC and HFAC Microgrids 

 DC Microgrids LFAC Microgrids HFAC Microgrids 

Advantages 1. Higher reliability 
2. No reactive 

power 
compensation 
issue 

3. Longer grid 
length 

4. No transformer 
needed for long-
distance 
transmission 

5. Fault ride through 
capability 

1. Higher reliability 
2. No need of private 

distribution line 
3. Being able to 

provide quality 
power to sensitive 
loads 

4. Well-established 
interfaces among 
distributed 
generators (DGs), 
Microgrids and 
main power grids 

1. Reduced volume 
and weight of 
transformer 

2. Reduced size of 
passive 
component 

3. Simplified 
interface 
converters 
between 
DGs/loads and 
grids  

4. No need of 
complex power 
electronics when 
supplying 
medium-
frequency or DC 
load 

5. Easy to filter out 
HF ripples 

Dis-
advantages 

1. Need large but 
life-time limited 
electrolytic 
capacitors  

2. No galvanic 
isolation 

3. Need private 
distribution line 

4. Less convenient 
to convert to 
different voltage 
levels 

5. No zero-crossing 
point of voltage 

6. AC loads need to 
be adapted 

1. Bulk transformers 
are needed for 
transmission 

2. Large passive 
components 

3. Large filters at 
load side 

4. Rigid 
synchronization 
requirement 

5. Need to be 
conditioned for DC 
loads 

6. Power circulation 
between two 
sources 

1. Limited 
transmission 
distance 

2. Less efficient 
transmission 

3. Higher 
transmission cost 

4. EMI issues 
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2.3 Challenges of the Proposed UHFAC Microgrids 

2.3.1 Challenges 1: High-Frequency Parallel Operation of 

Distributed Energy Sources  

One major issue for the ultra-high-frequency (UHF) parallel operation of distributed energy 

sources is minimizing the circuiting currents. Even a little deviation of the voltage phase or 

frequency will result in currents circulation. The accumulation of the deviation will be fast 

because of the high frequency, which will further worsen the case. Reference [27] proposed a 

novel control scheme to minimize the circulating current in high-frequency AC power 

distribution architecture with multiple inverter modules operated in parallel. The control 

scheme is based on the active and reactive current decomposition concept. All the module 

output currents are decomposed into active and reactive components. Phase angle and 

magnitude control of the inverter output voltage enables the control of both reactive and 

active currents. The active current sharing and reactive current minimization control make 

the load current evenly distributed among the parallel-connected modules and minimize the 

circulating current. However, the problem with this control scheme is that a central controller 

is needed, which is not suitable for distributed energy sources to access the UHFAC bus. In 

addition, two-stage converters are necessary for this approach, which will increase the 

complexity of the system.  
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2.3.2 Challenges 2: UHFAC Power Transmission  

UHFAC power transmission is a challenging issue because the high frequency will bring in 

Skin Effect and Proximity Effect. Skin Effect is the tendency of an AC current to become 

distributed within a conductor such that the current density is largest near the surface of the 

conductor, and decreases with greater depths in the conductor [28]. Proximity Effect is the 

result of current crowding. When currents are flowing through several nearby conductors, the 

distribution of current within the first conductor will be constrained to smaller regions 

because of the magnetic field generated by the conductors [29]. Both the Skin Effect and 

Proximity Effect will increase losses with the increment of frequency, meaning that 

traditional LFAC power cables need evaluation for compatibility with the UHFAC power 

transmission. Table 2-3 shows the relationship between the wire gauge and the maximum 

frequency for 100% skin depth. As can be observed from the table, AWG 1 wire can carry 

power with maximum frequency of 325 Hz, while AWG 26 wire is able to carry power with 

maximum frequency of 107 kHz. 
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Table 2-3 AWG Wire Sizes [30] 

AWG 
gauge 

Conductor 
Diameter 

Inches 

Conductor 
Diameter 

mm 

Ohms 
per 

1000 ft. 

Ohms 
per km 

Maximum 
amps for  

power 
transmission 

Maximum 
frequency for 

100% skin depth 
for solid 

conductor copper 

0 0.3249 8.25246 0.0983 0.322424 150 250 Hz 

1 0.2893 7.34822 0.1239 0.406392 119 325 Hz 

2 0.2576 6.54304 0.1563 0.512664 94 410 Hz 

3 0.2294 5.82676 0.197 0.64616 75 500 Hz 

4 0.2043 5.18922 0.2485 0.81508 60 650 Hz 

5 0.1819 4.62026 0.3133 1.027624 47 810 Hz 

6 0.162 4.1148 0.3951 1.295928 37 1100 Hz 

7 0.1443 3.66522 0.4982 1.634096 30 1300 Hz 

8 0.1285 3.2639 0.6282 2.060496 24 1650 Hz 

9 0.1144 2.90576 0.7921 2.598088 19 2050 Hz 

20 0.032 0.8128 10.15 33.292 1.5 27 kHz 

21 0.0285 0.7239 12.8 41.984 1.2 33 kHz 

22 0.0254 0.64516 16.14 52.9392 0.92 42 kHz 

23 0.0226 0.57404 20.36 66.7808 0.729 53 kHz 

24 0.0201 0.51054 25.67 84.1976 0.577 68 kHz 

25 0.0179 0.45466 32.37 106.1736 0.457 85 kHz 

26 0.0159 0.40386 40.81 133.8568 0.361 107 kHz 

27 0.0142 0.36068 51.47 168.8216 0.288 130 kHz 

28 0.0126 0.32004 64.9 212.872 0.226 170 kHz 
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2.3.3 Challenges 3: Bi-directional Cyclo-Converter with HF 

Transformer Link 

Cyclo-converter is a special case of matrix converter. For a full-bridge cyclo-converter, at 

least 8 switches, or 4 pairs of anti-series connected AC switches are needed. Because of the 

high switch count, conduction losses and switching losses become severe issues. Another 

problem is caused by the HF transformer link. Since there is no ideal transformer, leakage 

inductance and capacitance are inevitable. Leakage inductance will cause voltage spikes, 

which will increase the switch voltage stress and possibly incur damage to the switches. 

2.4 Design Specifications of the UHFAC Microgrids 

2.4.1 Design Specifications for the UHFAC Bus 

The reason why we specify the UFHAC bus first is that it is the core component of the 

UHFAC Microgrids. It determines the system power form of generation, transmission and 

distribution. The designs of AC and DC load/source interfaces totally depend on the 

specifications of the UHFAC bus. Three Key features need to be determined: bus voltage 

waveform, bus voltage level, and bus frequency. 

We pick square waveform for the bus voltage because using square wave greatly reduces the 

converter complexity and component counts. It is worth mentioning that square wave voltage 

increases the core loss by 23% compared to that of the sine wave voltage [31]. The square 
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wave current also increases the copper loss [32]. Thus, a careful design of the step-up and 

step-down transformer is needed.  

The UHFAC bus voltage is chosen at 400 V. The incoming power for American home is 240 

V measured line to line, between two incoming hot lines. These two lines are 120 volts each, 

exactly opposite each other, which makes 240 volts [33]. The 240 Vrms indicates the peak 

value of the voltage is 240 × √2 ≅ 340 V. Since the cyclo converter is a buck oriented 

converter, it can only step down the input voltage. For that reason, we need to set the 

UHFAC bus voltage at a value larger than 340 V but not significantly higher to avoid using 

high-voltage rating power electronics devices. Thus, the peak value 400 V is selected for the 

UHFAC bus voltage. 

The UHFAC bus frequency is set at 54 kHz for current research. Since the bus frequency has 

a close relationship with the transmission cable type, transmission distance and cost, an 

optimization is recommended. The optimization procedure of the frequency selection is 

currently ongoing and will be presented at the final defense.  

2.4.2 Design Specifications for the DC Load/Source Interface 

The responsibility for the DC load/source interface is to enable the distributed DC energy 

sources, such as PV source to access the UHFAC bus, and to enable the UHFAC bus to 

power up the DC load, such as DC appliances. We can divide the distributed energy sources 

into two big categories: uni-directional and bi-directional energy sources. Solar panels and 
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wind turbine are two of the most recognized uni-directional energy generators. Bi-directional 

energy sources include batteries, ultra-capacitors and flywheel energy storage.  

Based on the AC/AC cycloconverter, we proposed a bi-directional, single-stage UHFAC/DC 

converter and also included several topology variations. Figure 2-6 shows the schematic of 

the DC load/source interface converters. 

 

Figure 2-6 Topology variations for the DC load/source interface converters 
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2.4.3 Design Specifications for the AC Load/Source Interface 

Even though the main topology for the AC load/source interface is the cycloconverter, which 

is able to convert voltage from one frequency to another, by increasing or decreasing the 

frequency bidirectionally in one stage, there is a difference between the utility grid interface 

and the other AC source or load interface. The most important functionalities for the utility 

grid interface converter are to start up and stabilize the UHFAC bus, and to serve as a master 

for the synchronization as well. A shunt bus compensator is included in the utility grid 

interface in order to stabilize the UHFAC bus square-wave voltage. The bus compensator is 

composed of a full bridge inverter with a capacitor. Switch S1 and S4 are on when the bus 

voltage is positive; switch S2 and S3 are on when the bus voltage is negative. The schematic is 

shown in Figure 2-7 (a). For the other AC source or load interface, only one cycloconverter, 

as shown in Figure 2-7 (b), is necessary. Further details on the cyclo converter will be 

presented in Chapter 3. 
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(a) 

 

(b) 

Figure 2-7 Schematic for the AC load/source interface. (a) Utility grid interface topology; (b) 

Other AC source or load interface topology 

54 kHz - 400V 
UHFAC Bus

S1

S2

S3

S4

C

S1a

S1b

S2a

S2b

S3a

S3b

S4a

S4b

Utility Grid

Cyclo-converter w/ Bus 
Compensator

54 kHz - 400V 
UHFAC Bus

S1a

S1b

S2a

S2b

S3a

S3b

S4a

S4b

AC Load/
Source

Cyclo-converter

36 



 

2.5 Study on High-Voltage-High-Frequency-AC 

Power Transmission 

2.5.1 Review of DC and Line-Frequency-AC Power 

Transmission 

AC (Alternating Current) and DC (Direct Current) power are two existing forms for various 

power systems. AC power is most widely used in today’s power transmission system because 

transformers can step up AC voltages in order to minimize resistive losses in the long 

distance transmission lines. 50 or 60 Hz power is the most common form for power 

transmission and distribution. The following quotations summarizes the reason why people 

choose 50 or 60 Hz high voltage for power transmission: 

• “He (Tesla) had calculated that 60 cycles per second or 60Hz was the most effective 

frequency.” [34] 

• “The major advantage that AC electricity has over DC electricity is that AC voltages 

can be readily transformed to higher or lower voltage levels, while it is difficult to do 

that with DC voltages.” [35] 

• “Nicola Tesla did some great empirical work in the 1860s to determine that 220vac at 

60Hz was the optimal combination (at least for motors, which were the key to having 

an electricity business in the late 19th century).” [36] 
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Figure 2-8 shows the structure of the mostly used uninsulated overhead power transmission 

line. It is composed of multiple layers of copper wires with each layer twisted in the opposite 

direction to the adjacent layers. 

 

Figure 2-8 Uninsulated overhead power transmission cable [37] 

HVDC (High Voltage DC) is relatively new and attracts more and more attention nowadays 

for the following advantage against traditional AC power systems [38]: 

• Less expensive and higher efficiency for long-distance transmission; 

• Least influenced by the cable capacitance, especially for underwater power cables; 

• No need to synchronize power and allows power transferred between two systems at 

different frequencies, such as 50 Hz and 60 Hz. 
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Types of HVDC cable are overhead, underground and submarine. Figure 2-9 gives an idea on 

what underground HVDC cable (also called XLPE cable) looks like. 

 

Figure 2-9 underground XLPE cable [39] 

However, due to extra power conversion equipment, HVDC is less reliable and has lower 

availability. Furthermore, HVDC circuit breakers are challenging to build since there is no 

natural zero crossing point. 

2.5.2 High-Voltage-High-Frequency-AC Power Transmission  

Another type of power system is the HFAC (High Frequency AC), which have sought their 

applications in military naval ships, airplanes, and even in NASA space exploration. “Higher 
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frequency ac generation at frequencies 400 ~ 1200 Hz as the fundamental frequency is a 

good option to explore [40].” There are a couple of reasons for applying the high frequency 

AC to power the planes or naval ships: 

• Generator can be built with fewer windings and smaller magnets, thus size and weight 

is reduced; 

• Transformer size and weight can also be reduced greatly; 

• As the frequency goes up, the current get carried on the outermost portion of the 

conductor, meaning that just a copper pipe can do the job. Therefore copper core is 

saved; 

• Higher frequency, such as 400 Hz, makes it a lot easier to filter out the ripples, and 

also the size choke coils is reduced; 

• Save many more power electronics components compared with HVDC. 

A straightforward question is, why the frequency is set at 400-1200 Hz, not lower, nor higher? 

The basic starting point for HFAC is to push the frequency as high as possible, so that the 

size and weight of the generator and transformer can be much smaller. However, there is 

limitations for the power frequency the generator can generate. One of the commercialized 

Variable Frequency Generators from UTC Aerospace Systems can generate up to 800 Hz 

power. To increase the frequency of the generator power output, we can utilize power 

electronics equipment. High-speed power switches, such as IGBT, can chop the voltage and 

current into kHz AC with proper design. So up to this point, there is no issue for the HFAC 

generation. 
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However, there is also a range for the frequency of power running through a wire because of 

Skin effect and Proximity effect. A common approach to determine the maximum frequency 

a wire with solid conductor can carry is to refer to the American Wire Gauge (AWG). For 

example, for AWG 6 wire, the maximum frequency for 100% skin depth for solid conductor 

copper is 1100 Hz. Another way to look at this issue is to consider the cable inductance. The 

cable inductance becomes larger with the frequency increases. The amount of power 

transferred through the transmission line is:  

𝑆𝑆 = 𝑉𝑉𝑟𝑟𝐼𝐼∗ = 𝑉𝑉𝑟𝑟 �
𝑉𝑉𝑠𝑠−𝑉𝑉𝑟𝑟
𝑍𝑍
�
∗

= 𝑉𝑉𝑟𝑟 �
𝑉𝑉𝑠𝑠−𝑉𝑉𝑟𝑟
𝑗𝑗𝑗𝑗

�
∗
                                                                        Equation 2-1 

𝑆𝑆 = 𝑉𝑉𝑠𝑠𝑉𝑉𝑟𝑟
𝑗𝑗
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑗𝑗 𝑉𝑉𝑟𝑟

𝑗𝑗
(𝑉𝑉𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 − 𝑉𝑉𝑟𝑟)                                                                          Equation 2-2 

𝑃𝑃 = 𝑉𝑉𝑠𝑠𝑉𝑉𝑟𝑟
𝑗𝑗
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠                                                                                                           Equation 2-3 

𝑄𝑄 = 𝑗𝑗 𝑉𝑉𝑟𝑟
𝑗𝑗

(𝑉𝑉𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 − 𝑉𝑉𝑟𝑟)                                                                                            Equation 2-4 

where P is the real power and Q is the reactive power. From the above equation, when 

frequency is high enough, there will be almost no power transferred through the line. 

Inspired by the high-frequency transformer, Litz wire is a perfect candidate to transfer the 

HFAC power. “It refers to wire consisting of a number of individually insulated magnet 

wires twisted or braided into a uniform pattern, so that each strand tends to take all possible 

positions in the cross-section of the entire conductor [41].” The inductance under high 

frequency, from several hundred Hz to even several kHz of Litz wire is way smaller than the 

traditional transmission cable, thus minimizing the reactive voltage drop. The size of each 

41 



 

insulated magnet wire and the size and number of strands can be optimized based on 

different applications. There are also several patents on cables, which are capable of 

transferring large currents (up to 1500 A) in high frequency (up to 150 kHz) [42]. 

An issue associates directly with the HFAC is the EMI problem, especially when we utilize 

power switch to generate HF square-waveforms AC. The noise can be significant when the 

frequency increases to several kHz and the transmission distance goes longer. In order to 

solve this problem, we propose utilize resonance in the transmission. Since the cable 

inductance is much smaller compared to traditional transmission cable under high frequency, 

we would not need a huge capacitor banks to achieve kHz level resonant frequency.  

To summarize, compared with traditional 50 or 60 Hz power transmission, HFAC can greatly 

reduce the size and weight of the generator and transformer; compared with HVDC, HFAC 

can save a huge amount of power electronics equipment, offering very promising cost 

savings. 

2.6 Review of High-Voltage/High-Frequency-AC 

Power Transmission Cable  

Three existing high-voltage/high-frequency AC power cable patents (Europe/United Stages) 

are reviewed in this section. These patents provide inspirations and solutions for the HV-

UHFAC transmission.  

Patent EP0821371A2 (published in Jan 1998) claims that the proposed cable can efficiently 

transfer power between 100 kHz to 400 kHz at 230 V to 430 V. The cable also carries 

42 



 

bidirectional RF communication signals using a 91.5 MHz carrier frequency [43]. The 

structure of the cable is shown in Figure 2-10. Separately insulated stranded wires form one 

string, which is part 1 in the figure. Two of strings are twisted together to form part 2. Two or 

more twisted-pairs composed the major part of the cable. A coaxial cable, which is labeled 

part 3, is in the center of the cable, surrounded by multiple twisted-pairs. Each string 

comprises 665 strands of AWG 40 wires. Another option mentioned is to use 65 strands of 

AWG 34 wires for the string.  

 

Figure 2-10 Cross-sectional view of cable structure in patent EP0821371A2 

Patent US2012/0234577A1 (published in Sep 2012) discloses a high frequency power cable, 

which is able to transmit power of 400 Hz or more and effectively suppress the skin and 

proximity effects [44]. The cross-sectional view of the cable is shown in Figure 2-11. Part 1 
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is the central conductor, part 2 is conducting layer, and part 3 and 4 are insulating and sheath 

layer respectively. Both the central conductor and the conducting layers are composed of a 

plurality of metal strands twisted together, while the central conductor has a cylindrical 

configuration and the conducting layers employ a multilayered configuration. 

 

Figure 2-11 Cross-sectional view of cable structure in patent US2012/0234577A1 

Patent US2012/0292075A1 (published in Nov 2012) discloses a high-power high-frequency 

cable, which is capable of conducting high currents of 1 A to 1500 A, at a frequency of 1 Hz 

to 150 kHz [45] as shown in Figure 2-12. The strands are made of individually insulated 

wires. At least one pair of strands is needed to form the cable, with one serving as a feed 

conductor and one as a return conductor. They are bundled to run parallel to each other, so as 
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to prevent large stray fields and to keep the losses small. Preferably four strand pairs (means 

8 strands) can be bundled in a cable. The strands may have 2000 to 4000 individually 

insulated wires. The patent suggests the wires can have a cross-section area of 0.0157 mm2, 

which corresponds to AWG 35 wire.  

 

Figure 2-12 Cross-sectional view of cable structure in patent US2012/0292075A1 

  

 1-2000 to 4000 
insulated AWG 

35 wires 2-Insulating 
layer

3-Sheath 
layers

45 



 

2.7 Summary of Chapter 2 

A novel UHFAC Microgrids is proposed in this chapter. The system architecture and design 

specifications are presented in detail. The system is divided into three building blocks. A 

comprehensive analysis of the advantages of the proposed system is conducted.   

Compared to traditional LFAC Microgrids, the utilization of UHFAC bus in the proposed 

Microgrids results in many advantages: 

(1) The size and weight of transformer at the ends of transmission line can be greatly 

reduced; 

(2) Passive components, such as filter inductors and capacitors have smaller value and 

size, thus the interface converters/inverters can be made very compact; 

(3) Acoustic noise is greatly reduced for that the link frequency is above 20 kHz; 

(4) Soft-switching can be achieved to reduce the voltage stresses on the switched, 

minimize the switching losses, thus improving the converter performance and 

efficiency; 

(5) It provides the possibility of wireless access of the distributed energy sources to the 

UHFAC bus; 

(6) Functionality of Plug and play can be easily realized when utilizing transformer 

connector-less contact. 

Compared to the DC Microgrids, the proposed UHFAC Microgrids shows the following 

advantages: 
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(1) Simpler form of power electronics circuits;  

(2) Less component counts; 

(3) Lower system cost; 

(4) Less complex control scheme;  

(5) Higher reliability because of simpler structure, less component counts and simpler 

control strategy. 

(6) Elimination of large electrolytic capacitors which helps extend the system life span. 

(7) Functionality of Plug and play can be easily realized when utilizing transformer 

connector-less contact. 

The challenges of the proposed system, such as UHFAC parallel operation of distributed 

energy sources, UHFAC transmission efficiency, and voltage spike issue of the UHFAC 

transformer linked AC/AC cyclo converter are also studied in this chapter.   
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3 UHFAC Bus Interfaced Bi-

directional AC/AC Silicon 

Carbide (SiC) Cyclo Converter 

with HF Transformer Link 

3.1 Introduction to the Proposed UHFAC bus- 

interfaced AC/AC Cyclo Converter 

In the proposed UHFAC Microgrids, UHFAC/LFAC cyclo converters are needed to interface 

with the line frequency Power Grids or power the line frequency AC loads. As shown in 

Figure 3-1, the transformer-linked AC/AC cyclo Converter is able to serve as a bi-directional 

interface between the UHFAC bus and the line frequency Grids or loads. Because it is a 

single stage converter, the structure is simpler and the efficiency is higher than multi-stage 

topology. The cyclo converter is a special case of matrix-converter, which also greatly 

simplifies the interface with AC loads in other frequencies.  

The structure mainly comprises of four pairs of bi-directional switches linked with the HF 

transformer. The LCL filter conditions the switch network output to feed to the LFAC Grid. 
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In this chapter, the UHFAC bus is generated by a DC/HFAC Full-bridge inverter, which 

works at 54 kHz and 50% duty-cycle. 

The bi-directional switch pair contains two MOSFETs connected in reversely series. In this 

chapter, one type of the wide band-gap power semiconductor, Silicon Carbide Power 

MOSFET is utilized. Its benefits will be discussed in the following section. 

 

Figure 3-1 Isolated AC/AC cyclo converter 

The voltage spike issue due to the leakage inductance and its possible solutions are studied. 

An easy implementing SPWM modulation is proposed for achieving non-resonant ZCS and 

eliminating voltage spikes as well. Simulation and experiments will be conducted to validate 

the proposed structure and modulation strategy. 
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3.2 Advantages of Utilizing Silicon Carbide (SiC) 

Power Devices in the AC/AC Cyclo Converter 

3.2.1 Brief Introduction to SiC Device 

Wide-Band-Gap (WBG) devices, such as Silicon Carbide (SiC) MOSFETs, have emerged as 

promising alternatives that push the limits of the power semiconductors [46]. The SiC 

material has superior performances in electrical breakdown field, thermal conductivity, 

electron saturated drift velocity, and irradiation tolerance [47]. Those remarkable advantages 

enable the SiC devices to work at higher voltage, frequency and temperature. Therefore, SiC 

device-based converters are expected to achieve high efficiency and high power-density as 

well [48], [49]. In high power, high voltage, and high frequency converter applications, the 

advantages of SiC Power MOSFETs compared to Si MOSFET are summarized as follows: 

(1) Ultra-low on resistance Rds(on), which leads to ultra-low conduction loss; 

(2) Ultra-low input, output and reverse transfer capacitance, which leads to ultra-low 

switching loss; 

(3) Ultra-fast reverse recovery speed of the body-diode which results in ultra-low reverse 

recovery loss. 

However, its body-diode’s forward voltage is much higher than Si MOSFET’s. A common 

solution for this is to utilize synchronous rectification (SR).  

In this chapter, SiC Power MOSFET C2M0080120D by CREE is chosen. Figure 3-2  (a) and 

(b) demonstrate the typical electrical characteristics of C2M0080120D. As can be observed 
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from the plot, the on resistance Rds(on), input, output and Reverse Transfer Capacitance are all 

ultra low.      

 

(a) 

  

(b) 

Figure 3-2 Electrical characteristics of C2M0080120D [50]. (a) Curve of on resistance vs. Vds; 

(b) Curve of capacitance vs. Vds.  
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3.2.2 Comparisons among IGBT, Si and SiC MOSFETs 

Most common devices used for the AC switches in cycloconverter are Silicon-controlled 

rectifier (SCR) and Insulated-gate bipolar transistor (IGBT). Figure 3-3 demonstrates the 

different structure of SCR and non-SCR AC switches. For the SCRs, two of them are 

connected in parallel to allow current flow in both directions or to block current from both 

directions. For the other non-SCR devices, such as IGBT, Si or SiC MOSFETs, two of them 

are connected in anti-series to form one pair of AC switch. Therefore the two anti-series 

connected body diodes are able to block current from both directions. 

                          

(a)                                                      (b) 

Figure 3-3  AC switches. (a) SCR AC switch; (b) non-SCR AC switch 

Generally speaking, SCR and IGBT have higher power capacity than the newly developed 

semiconductor devices and are proven to be reliable and economical [51]. However, SCR 

will only turn off when the current drops below the hold-current, meaning it is not suitable to 
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work as a “current breaker”. Moreover, SCR switches much slower than Si MOSFETs, 

which limits its working frequency to be at low to medium range. IGBT switches produce 

high switching losses and conduction losses, so they are only suitable for medium frequency 

(i.e., 5 kHz) applications as well. 

Si MOSFETs would be a better option to operate under high frequency such as 100-500 kHz, 

but for high voltage applications, the reverse recovery issue is still severe, thus limiting the 

switching frequency [52]. In order to mitigate the reverse recovery loss of the Si MOSFET 

body diode, people suggest paralleling Schottky diode to the device. However, problems still 

exist even with Schottky diode. Section 3.2.3 will address this issue in detail. 

We picked several commonly used Si MOSFETs from Fairchild, IXYS, and Infineon 

respectively to compare with the SiC MOSFET from CREE. Table 3-1 summarizes the 

electrical characteristics of these devices. An estimated result of reverse recovery loss and 

conduction loss at 400 Vdc, 1200 w condition is shown in Figure 3-4. As can be observed 

from the graph, SiC MOSFET has a much better switching performance. Using SiC power 

MOSFET helps significantly reduce the switching loss and conduction loss. Thus, SiC 

MOSFET is able to work at a much higher frequency, i.e., 50-100 kHz while achieving high 

power-density and high efficiency as well. 
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Table 3-1 Electrical characteristics comparison 

 Type VB(V)/ID(A) Rds(on)(Ω) Qg(C) trr(s)/Qrr(C) Coss/Ciss(F) 

1FAIRCHILD 
FQA13N80 DMOS 800/12.6 750m 68n 850n/11.3µ 275p/2700p 

IXYS 
IXFH 15N80Q HiPerFET 800/15 600m 90n 250n/0.85µ 360p/4300p 

Infineon 
SPW17N80C3 CoolMOS 800/17 290m 88n 550n/15µ 94p/2300p 

CREE 
 C2M0080120D SiC MOS 1200/31.6 80m 49.2n 40n/165n 80p/950p 

 

 

Figure 3-4 Loss comparison of Si and SiC devices 
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3.2.3 Middle Point Current Issue with Si MOSFET  

As shown in Figure 3-5, Schottky diodes are usually adopted when using Si MOSFET 

because of the large power loss caused by the body-diode reverse recovery. For high voltage 

applications, such as higher than 400 V, SiC Schottky is a more suitable choice for its low 

forward voltage drop, which is around 1.5 V. If the middle point A and B have been 

connected as shown in Figure 3-5 (a), the current will flow through both the body-diode and 

Schottky diode because they have similar forward voltage drop, which is 1.3~1.5V. The 

reverse recovery problem still exists. Thus the connection shown as Figure 3-5 (b) with the 

middle point cut is recommended. The sources of both MOSFETs are disconnected to 

prevent current flow through the body diode. 

However, the problem within this structure is that, with the middle point being cut, the 

converter cannot operate under synchronous rectification at any condition. The conduction 

loss will be very high since there are always diodes conducting. Moreover, it needs Schottky 

diodes of higher capacity to handle full current flow.  
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(a)                                                               (b) 

Figure 3-5 Si MOSFET: (a) Middle point connected circuit; (b) Middle Point disconnected 

circuit 

3.2.4 Middle Point Current Elimination in SiC MOSFET   

When using the SiC MOSFET, reverse recovery time is reduced significantly, meaning its 

loss can be minimized as well. However, if the SiC MOSFET works without an external SiC 

Schottky diode, the reverse recovery problem still exists even though it is not severe. 

Paralleling Schottky diode is also recommended as shown in Figure 3-6.  

The forward voltage drop of the SiC MOSFET body diode is relatively high, which is around 

3~5V. When Schottky diode exists, major portion of the current flows through the Schottky 

diode when the current is in reverse direction. Consequently, the middle point is connected. 
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Because the middle points are connected, the converter is able to work under synchronous 

rectification easily. As a result, the efficiency can be further improved. When operating under 

synchronous rectification, a much smaller Schottky, typically 1~2A can be chosen to be 

reverse parallel connected with the MOSFET.  

 

Figure 3-6 SiC MOSFET: Middle point connected circuit  

Based on the analysis above, a more efficient and cost effective power electronics circuit can 

be developed by adopting SiC MOSFET, synchronous rectification and small volume 

Schottky diode. 
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3.3 SPWM Modulation in AC/AC Cyclo Converter 

3.3.1 Bipolar SPWM Modulation for Cyclo Converter 

SPWM Modulation technique has been widely used in DC/AC Full-Bridge or Half Bridge 

converters. In the AC/AC cyclo converter, SPWM Modulation can still be adopted. The 

modulation techniques studied in this chapter are not synchronous rectification. Each arm is 

comprised with a MOSFET and a body-diode. Synchronous rectification can be achieved by 

turn on the MOSFET when its body-diode is conducting. 

In a full-bridge inverter, when using the bipolar SPWM modulation, the output voltage of the 

bridge will have positive and negative levels. All switches work at high frequency. 

Table 3-2 demonstrates the true table or the switching timing for Bipolar SPWM Modulation. 

All switches are operating under switching frequency. When both the output voltage Vo and 

input voltage Vin are positive, S1a and S4a are the positive switches; while S2b and S3b are the 

negative switches. 
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Table 3-2 Bipolar SPWM Modulation switch utilization for Cyclo Converter 

Vo Vin PWM Positive PWM Negative 

+ + S1a, S4a S2b, S3b 

+ - S2b, S3b S1a, S4a 

- + S2a, S3a S4b, S1b 

- - S4b, S1b S2a, S3a 

 

Figure 3-7 represents the commutation strategy of the Bipolar SPWM modulation for 

cycloconverter. Assuming the frequency of DC/AC is fs1, all the switches will work under the 

frequency of fs1 and the output inductor current ripple frequency is 2fs1. This proposed 

modulation mechanism could double current ripple frequency, thus considerably reduce the 

size and weight of the output filter. 
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Figure 3-7 Bipolar SPWM modulation theory waveforms for Cyclo Converter 

3.3.2 Unipolar SPWM Modulation for Cyclo Converter 

In a Full-bridge inverter, output voltage of the bridge will have positive, zero and negative 

level when the unipolar SPWM modulation is adopted. This modulation strategy has less 

even harmonics. In addition, some switches can work at line frequency that will dramatically 

reduce the switching loss. 

Table 3-3 demonstrates the true table of the switching timing for Unipolar SPWM 

Modulation. When the output voltage Vo is positive, switches S1a and S2b are always on. 

When the input voltage Vin is positive, S4a will be on and off to make the voltage of the 

bridge become positive or zero; when the input voltage Vin is negative, S3b will be the PWM 
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switch. Similarly, when the output voltage Vo is negative, switches S1b and S2a are the 

commutation switches, and S3a and S4b are the PWM switches respectively.  

Table 3-3 Unipolar SPWM Modulation switch utilization for Cyclo Converter 

Vo Vin PWM Switch Commutation Switch 

+ + S4a S1a, S2b 

+ - S3b S1a, S2b 

- + S3a S1b, S2a 

- - S4b S1b, S2a 

 

Figure 3-8 demonstrates the unipolar modulation. The frequency of carrier for the AC/AC 

stage is doubled compared to the carrier of the DC/AC stage. Switches S1a, S2b and S1b, S2a 

work at line frequency. Assuming the frequency of DC/AC is fs1, the rest PWM switches will 

work at the same frequency fs1. However to the output inductor, the ripple frequency is 2 fs1 

which will reduce the output filter significantly.  
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Figure 3-8 Unipolar SPWM modulation theory waveforms for Cyclo Converter 

3.4 Methods to Suppress Voltage Spikes in Isolated 

DC/AC/AC Cyclo Converter 

Due to the energy stored in the leakage inductor, high voltage spikes are introduced in the 

proposed isolated AC/AC Cyclo Converter shown in Figure 3-9. This issue will lead to the 

destruction to the power devices or the use of MOSFETs with a much higher voltage rating. 

Multiple methods are reviewed for eliminating the voltage spikes brought by the leakage 

inductor. 
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Figure 3-9 Proposed Isolated AC/AC Cyclo Converter with leakage inductor Lk 

3.4.1 RC Snubber Circuits 

RC snubber circuit [53], as shown in Figure 3-10, is a straightforward and widely used 

solution to suppressing the voltage spikes on the switch. This approach is easy to carry out 

but its effectiveness depends on different conditions. When the spike is very severe, the 

performance of the snubber circuit is not satisfactory and the loss on the snubber resistance is 

fairly high. 

 

Figure 3-10 Cyclo converter with RC snubber circuit 
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3.4.2 Energy Recovery Circuit 

Figure 3-11 shows another approach – energy recovery circuit [54]. In this circuit, voltage 

spikes caused by the leakage inductance are clamped by the DC source VDC. The energy is 

recovered to the DC source by the energy feedback set up. This circuit adds some complexity 

compared to the RC snubber circuit and comprises of an additional four diodes and a 

transformer. Therefore more power loss occurs due to the energy circulating in the system.  

 

Figure 3-11 Cyclo converter with energy recovery circuit 

3.4.3 Active Clamp Circuits 

Figure 3-12 represents an active clamp circuits approach. It comprises a bidirectional switch 

and a clamp capacitor [55]. The energy stored in the leakage inductance can be absorbed by 

the clamp capacitor.  
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Figure 3-12 cyclo converter with active clamp circuit 

3.5 Proposed Carrier-based Unipolar ZVZCS 

Commutation Strategy for HFAC Link DC-AC 

Converter Using Hybrid Switches 

A novel isolated bi-directional soft-switched high-frequency-AC (HFAC) link DC-AC 

converter using SiC MOSFET and IGBT hybrid switches is presented in this section. In order 

to reduce the RMS current flowing through HFAC link transformer, we proposed a unipolar-

SPWM-oriented modulation technique. The proposed modulation technique also helps to 

realize zero-voltage-switching (ZVS) for FB and zero-current-switching (ZCS) for 

cycloconverter, and to suppress the voltage spikes introduced by the transformer leakage 

inductance as well. With the novel modulation technique, half of the AC switches in the 

cycloconverter work under transformer frequency and the rest work at line frequency (60 Hz).  
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The configuration of the proposed ZVZCS HFAC link DC-AC converter using hybrid 

switches is shown in Figure 3-13. A voltage source with FB is connected to the primary 

winding of a single phase transformer. The turn ratio for the transformer is 1:1 in this study. 

For the FB stage, all the 4 switches Q1 to Q4 are using SiC MOSFETs. Each of the switches 

are equipped with a snubber capacitor to realize zero-voltage turning on. The secondary 

winding of the transformer is connected to the input of a single-phase cycloconverter. The 

output filter utilizes LCL structure. Hybrid switches are utilized for the cycloconverter stage: 

S1a, S1b, S3a and S3b are IGBTs; and the rest AC switches S2a, S2b, S4a and S4b are SiC 

MOSFETs. The reason for the arrangement is that with the proposed commutation strategy, 

S1a, S1b, S3a and S3b operate at a line frequency of 60 Hz, and the rest work at high frequency 

which is 54 kHz in the design. Instead of using SiC MOSFETs for all the AC switches, the 

proposed hybrid switches structure help reduce the system cost without affecting the system 

performance. 

 

Figure 3-13 Schematic of the proposed DC-AC inverter using hybrid switches 
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The switch state table is the same as the table listed in section 3.2.1. The difference is that the 

PWM switch will stay at the same status (on or off), and the discharge process will be 

determined by the change of the HF bus voltage. The theoretical waveforms are shown in 

Figure 3-14. The modulation of Carrier 2 is the leading edge modulation.  

 

Figure 3-14 Non-resonant ZCS Commutation theoretical waveforms for Cyclo Converter 

Figure 3-15 demonstrates the overlap commutation theory. This strategy can achieve natural 

ZCS to suppress the voltage spikes caused by the leakage inductance. This figure is an 

example when the output voltage is positive and output current is constant because of the 

large inductor L1. When bus voltage changes direction, S1a and S4a is still on, discharging the 
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output inductance. During the overlapping period, i1 decreases while the i2 increases. The 

leakage inductor current decreases 2 times as of i1. When i1 decreases to zero, the diode 

blocks the current, then S4a can be switched off. Thus natural ZCS turning off is achieved.  

The essence of this natural commutation strategy is that the reverse voltage will be added to 

the leakage inductor, and its current would decrease to its negative value to match the output 

inductor current. More details on the steady-state analysis is presented in the next section. 

 

Figure 3-15 Overlap commutation to realize naturally ZCS 

3.5.1 Steady-state Analysis 

Figure 3-16 demonstrates the 9 different operating modes under the proposed modulation 

strategy when the LF output voltage is in the positive cycle, which can also be adopted for 
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the negative cycle analysis. Thus for this work, only commutation sequence on the LF 

positive cycle is provided.  

Figure 3-17 illustrates the corresponding operation waveforms. The SPWM generation 

scheme is represented in Figure 3-18. UTr represents the transformer voltage and ITr is the 

transformer current. In the following transition analysis, we assume the power flow is from 

DC to line-frequency-AC (LFAC), and the LFAC output is within positive half interval. 

Based on the proposed modulation technique, S1a and S3b are always on during the positive 

half interval of the LFAC. Subsequently, S1b and S3a are on during the LFAC negative half 

interval. Following is an in-depth analysis to demonstrate how the commutation strategy is 

carried out. ILk represents the leakage inductor current; IL represents the output filter inductor 

current; UAC is the LFAC output voltage.   

Mode 1: During this time interval, switches Q1, Q4, S1a and S4a are on. S3b is on but not 

conducting current. All the rest switches are in off state. The current in the cycloconverter 

commutates through S1a, S4a and the body diode of S1b and S4b. The instantaneous power flow 

is from the DC side to the AC side. L1 is being charged. ILk = IL. VL = UTr - UAC. 

Mode 2: Q1 and Q4 is turned off and dead-time interval starts. Snubber capacitors for Q1 and 

Q4 are being charged and the snubber capacitors for Q2 and Q3 are being discharged. UTr falls 

from positive to zero. Both Lleak and L1 are being discharged. ITr and ILk starts to fall. 

Mode 3: Snubber capacitors for Q2 and Q3 are still being discharged by snubber capacitors 

for Q1 and Q4. UTr is negatively increasing from zero. The body diode of S3a is on. Even 

though the devices in one bridge leg are all conducting, the currents flow in opposite 

directions. Thus shoot through does not happen here. Lleak is being discharged through S1a, 
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S4a and the body diode of S1b and S4b. L1 is being discharged in two different current return 

paths: one is the same with the discharging loop for Lleak; while the other one is through S1a, 

S3b and the body diode of S1b and S3a. 

Mode 4: After snubber capacitors for Q2 and Q3 are fully discharged, body diode of Q2 and 

Q3 are on. The free-wheeling status continues. This creates conditions for Q2 and Q3 to be 

turned on under ZVS in the next interval. Both ITr and ILk continue to fall. Lleak and L1 are 

being discharged through the current paths that are the same with what in Mode 3. 

Mode 5: Since body diode of Q2 and Q3 were already on in Mode 4, Q2 and Q3 are turned 

on under ZVS at the beginning of this interval. Lleak continues to be discharged and ITr (ILk) 

falls to zero by the end of this interval.    

Mode 6: When ITr (ILk) reaches zero, body diode of S4b is reversely biased. The current 

through Lleak is naturally cut off. In addition, this create the condition for S4a to be turned off 

under ZCS in the next interval. L1 maintains the discharging state and the current free-wheels 

through S1a, S3b and the body diode S1b and S3a. 

Mode 7: S4a is turned off under ZCS. L1 maintains the discharging state and the current 

continues free-wheeling through S1a, S3b and the body diode S1b and S3a. 

Mode 8: S2b is turned on. Lleak starts being charged negatively through S2b, S3b and the body 

diode of S2a and S3a. ITr (ILk) starts to increase from 0 negatively. There are two loops for 

current of L1: one is the same charging path as Lleak, the other one is the discharging path 

through S1a, S3a, S3b, and body diode of S1b. Even though Ilk is negatively increasing, IL is still 

decreasing because Ilk < IL.    
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Mode 9: This time interval starts when Lleak is charged to the point when Ilk = IL, body diode 

of S1b naturally block the discharging current of L1. There is no switching action but the 

current still initiates naturally commutation. This interval goes back to Mode 1, except that 

ITr and UTr is negative. 
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Figure 3-16 Schematics of different operating modes under the proposed unipolar-SPWM-

oriented ZVZCS modulation technique 
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Figure 3-17 Principal operating waveforms of the proposed unipolar-SPWM-oriented 

ZVZCS modulation technique 
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Figure 3-18 SPWM generation for the proposed unipolar-SPWM-oriented ZVZCS 

modulation technique 

3.5.2 Simulation Verification 

The simulation has been conducted in PSIM. The specifications for the simulation model are 

listed in Table 3-4.  
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Table 3-4 Simulation model parameters 

Rated power P 1.2 kW 

DC input voltage VDC 400 V 

AC line voltage (RMS) VAC_rms 240 V 

HFAC link frequency fs 54 kHz 

Leakage inductance Llk 7 µH 

Output filter inductor L1 300 µH 

Output filter inductor L2 10 µH 

Output filter capacitor Co 1 µF 

Load resistance RL 40 Ω 

The load for this converter is considered a resistor for the current study. The open loop 

simulation has been developed to verify the proposed Unipolar-SPWM-oriented ZCS 

commutation strategy. The simulation results are shown in Figure 3-19 (a) to (d).  

Figure 3-19 (a) is the gating waveform for the FB stage and cycloconverter. As can be 

observed from the plot, for the cycloconverter, only 2 MOSFETs are SPWM switches 

operating under 54 kHz at any time. S2b and S4a are switching alternatively at 54 kHz during 

the positive cyclo of the 60 Hz output voltage. S1a and S3b are always on, while S1b, S3a, S2a 

and S4b are always off during this period of time. Similarly, S2a and S4b are switching 

alternatively at 54 kHz during the positive cyclo of the 60 Hz output voltage. S1b and S3a are 
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always on, while S1a, S3b, S2b and S4a are always off during this period of time. A 500 ns 

delay is added to the SPWM switches in order to realize ZCS turning off.  

Figure 3-19 (b) demonstrates the transformer voltage and current, cycloconverter input 

voltage and output inductor current respectively, from top to bottom. The cycloconverter 

input voltage is clamped at around 500 V, which is well lower than the voltage rating of the 

SiC MOSFETs used in this study. The output filter inductor current is a sinusoidal waveform, 

which verifies the functionality of the proposed modulation.  

Figure 3-19 (c) is a zoomed-in of Figure 3-19 (b). As presented in this plot, the 

cycloconverter input voltage is clamped at zero at a certain time interval. This is when the 

switches and/or body diodes in one bridge leg conduct currents at the same time, but in 

different direction. Thus even though the cycloconverter input voltage is clamped at zero, it 

is not short-circuit. During this overlapping period, the leakage inductor current decreases 2 

times as of the current through the S2(a/b) or S4(a/b). When this current decreases to zero, 

the diode blocks the current, then the SPWM switches can be switched off under zero current 

condition. From another perspective, the reverse voltage will be added to the leakage 

inductor, and its current would decrease to its negative value to match the output inductor 

current.  

Figure 3-19 (d) is the simulation result of the gating and Vds waveform for FB stage, and the 

gating and transformer current waveform for the cycloconverter. As can be observed from 

the plot, switch Q1 in FB is switched on under zero voltage condition, and switch S2b is 

switched off under zero current condition. The effectiveness of the proposed ZVZCS 

commutation strategy is well validated. 
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(a)                                                                         (b) 

        

(c)                                                                      (d) 

Figure 3-19 Simulation waveforms under the proposed ZVZCS modulation. (a) Gating for 

FB and cycloconverter; (b) transformer voltage and current, cycloconverter input voltage and 

output filter inductor current; (c) zoomed-in waveform of (b); (d) Zoomed-in waveform to 

demonstrate FB ZVS turning on and cycloconverter ZCS turning off. 
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3.5.3 Experimental Verification 

This section illustrates the hardware implementation and experimental results under the 

proposed hybrid-switch structure and Unipolar-SPWM-oriented ZVZCS modulation strategy. 

The specifications for the experiment are listed in Table 3-5. The main components used in 

this experiment are summarized in Table 3-6. The driver circuits for all the switches are 

equipped with isolated power supply individually. The purpose is to minimize the possible 

interference for driver signal from the power stage.  

Table 3-5 Specifications for the hardware setup 

Rated power 1.2 kw 

DC input voltage 400 V 

AC output voltage (RMS) 240 V 

HFAC link frequency 54 kHz 

AC line frequency 60 Hz 

Transformer leakage inductance 7.1 µH 

 

  

81 



 

Table 3-6 Component listing 

SiC MOSFET C2M0080120D 

DSP controller F28335 

Isolated power supply for Driver RP2424S 

Digital isolator AduM1100 

Gate driver IC UCC27531 

The prototype of the DC-AC converter utilizing hybrid-switch is shown in Figure 3-20. FB 

stage and cycloconverter stage are built in separate PCBs in order to realize flexibility for 

future experiments. The cycloconverter SPWM switch gating, HFAC input voltage for 

cycloconverter, LFAC output voltage, and output filter inductor current waveforms in Figure 

3-21 validate the functionality of the hardware setup. 

Figure 3-22 (a) to (c) are zoomed-in waveforms of the FB and cycloconverter gating, HFAC 

input voltage for the cycloconverter and transformer current. As can be observed from Figure 

3-22 (b), FB switch Q1 is turned on under zero voltage condition. Figure 3-22 (c) illustrates 

the zero current turning-off transition of the cycloconverter switch S2a. 
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Figure 3-20 Prototype of the isolated DC-AC converter 

 

Figure 3-21 Experimental waveform of cycloconverter gating, HFAC input voltage, LFAC 

output voltage, and output filter inductor current 
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(a)                                                                        (b) 

 

(c) 

Figure 3-22 Zoomed-in experimental waveforms. (a) FB gating and drain-source voltage for 

switch Q1, cycloconverter gating for switch S4a, and transformer current in one switching 

cycle; (b) FB stage switch Q1 zero-voltage turning-on transition; (c) cycloconverter switch 

S4a zero-current turning-off transition. 
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3.6 Proposed Carrier-based Unipolar-SPWM-

oriented ZVZCS Modulation Technique with 

Synchronous Rectification 

The carrier-based unipolar-SPWM-oriented ZVZCS modulation strategy for the HFAC link 

DC-AC converter proposed in section 3.5 enables the usage of SiC-IGBT hybrid switches. 

However, there are always 4 switch body diodes conducting in the cycloconverter. The body 

diode of SiC MOSFET has a forward voltage drop of 3.3 V, which will introduce large 

conduction loss. Therefore, a unipolar-SPWM-oriented ZVZCS commutation strategy with 

synchronous rectification is proposed in this section. Different from the hybrid-switch 

topology in section 3.5, all switches are SiC MOSFETs in the structure studied in this section, 

as shown in Figure 3-23. The reason for the structure change is that all the AC switches are 

working under switching frequency (54 kHz) in order to fully realize synchronous 

rectification. 
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Figure 3-23 Schematic of the DC-AC inverter utilizing ZVZCS modulation with SR 

3.6.1 Steady-state Analysis 

Figure 3-24 demonstrates the 9 different operating modes under the proposed modulation 

strategy when the LF output voltage is in the positive cycle, which can also be adopted for 

the negative cycle analysis. Thus, for this work, only commutation sequence on the LF 

positive cycle is provided.  

Figure 3-17 illustrates the corresponding operation waveforms. The SPWM generation 

scheme is represented in Figure 3-18. UTr represents the transformer voltage and ITr is the 

transformer current. In the following transition analysis, we assume the power flow is from 

DC to line-frequency-AC (LFAC), and the LFAC output is within positive half interval. 

Based on the proposed modulation technique, S1a and S3b are always on during the positive 

half interval of the LFAC. Subsequently, S1b and S3a are on during the LFAC negative half 

interval. Following is an in-depth analysis to demonstrate how the commutation strategy is 
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carried out. ILk represents the leakage inductor current; IL represents the output filter inductor 

current; UAC is the LFAC output voltage.   

Mode 1: During this time interval, switch Q1, Q4, S1a, S1b, S4a and S4b are on. S3b is on as well 

but not conducting current. All the rest switches are in off state. Different from the non-SR 

modulation in Section 3.5, the current in cycloconverter does not conduct through the body 

diode of S1b and S4b. The instantaneous power flow is from the DC side to the AC side. L1 is 

being charged. ILk = IL. VL = UTr - UAC. 

Mode 2: Q1 and Q4 is turned off and dead-time interval for FB starts. S4b is turned off as well. 

Snubber capacitors for Q1 and Q4 are being charged and the snubber capacitors for Q2 and Q3 

are being discharged. Body diode of S4b starts conducting current. UTr falls from positive to 

zero. Both Lleak and L1 are being discharged. ITr and ILk starts to fall. 

Mode 3: Snubber capacitors for Q2 and Q3 are still being discharged by snubber capacitors 

for Q1 and Q4. UTr is negatively increasing from zero. The body diode of S3a is on. Even 

though the devices in one bridge leg are all conducting, the currents flow in opposite 

directions. Thus shoot through does not happen here. Lleak is being discharged through S1a, 

S1b, S4a and the body diode of S4b. L1 is being discharged in two different current return paths: 

one is the same with the discharging loop for Lleak; while the other one is through S1a, S1b, S3b 

and the body diode of S3a. 

Mode 4: After snubber capacitors for Q2 and Q3 are fully discharged, body diode of Q2 and 

Q3 are on. The freewheeling status continues. This creates conditions for Q2 and Q3 to be 

turned on under ZVS in the next interval. Both ITr and ILk continue to fall. Lleak and L1 are 

being discharged through the current paths that are the same with what in Mode 3. 
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Mode 5: Since body diode of Q2 and Q3 were already on in Mode 4, Q2 and Q3 are turned 

on under ZVS at the beginning of this interval. S2a is turned on as well, but does not conduct 

current during this interval, thus there is no turn on switching loss for S2a. Lleak continues to 

be discharged and ITr (ILk) falls to zero by the end of this interval.    

Mode 6: The time ITr (ILk) reaches zero, the body diode of S4b is reversely biased. The current 

through Lleak is naturally cut off. In addition, this creates the condition for S4a to be turned off 

under ZCS in the next interval. L1 maintains the discharging state and the current free-wheels 

through S1a, S1b, S3b and the body diode S3a. 

Mode 7: S4a is turned off under ZCS. L1 maintains the discharging state and the current 

continues freewheeling through S1a, S1b, S3b and the body diode S3a. This interval also serves 

as the dead time interval for S3a and S4a, which are in the same bridge leg. If S4a fails to be 

turned off before S3a turning on, shoot through will happen. 

Mode 8: S3a is turned on under ZVS. L1 continues to be discharged through S1a, S1b, S3a and 

S3b. This is the main interval for L1 to be discharged. 

Mode 9: S1b is turned off. The discharging current path for L1 becomes S1a, S3b, S3a and the 

body diode of S1b. This interval also serves as the dead time interval for S1b and S2b, which 

are in the same bridge leg. If S1b fails to be turned off before S2b turning on, shoot through 

will happen. 

Mode 10: S2b is turned on. Lleak starts being charged through S2a, S2b, S3a and S3b. ITr (ILk) 

starts increase from 0 negatively. There are two loops for current of L1: one is the same 

charging path with Lleak, the other one is the discharging path through S1a, S3a S3b, and body 

diode of S1b. Even though Ilk is negatively increasing, IL is still decreasing because Ilk < IL.   
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Mode 11: This time interval starts when Lleak is charged to the point when Ilk = IL, body diode 

of S1b naturally blocks the discharging current of L1. There is no switching action but the 

current still realizes natural commutation. This interval goes back to Mode 1, except that ITr 

and UTr is negative. 
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Figure 3-24 Schematic view of different operating modes under the proposed unipolar-

SPWM-oriented ZVZCS modulation technique with synchronous rectification 
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Figure 3-25 Principal operating waveforms of the proposed unipolar-SPWM-oriented 

ZVZCS modulation technique with synchronous rectification 
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Figure 3-26 SPWM generation for the proposed unipolar-SPWM-oriented ZVZCS 

modulation technique with synchronous rectification 

3.6.2 Simulation Verification 

The simulation model built in PSIM shares the same specifications as listed in Table 3-4. An 

open loop simulation has been conducted to verify the proposed Unipolar-SPWM-oriented 

ZVZCS modulation with synchronous rectification. The simulation results are presented in 

Figure 3-27 (a) through (d). 
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Figure 3-27 (a) is the gating waveform for the FB stage and cycloconverter. Different from 

the non-SR ZVZCS modulation proposed in section 3.5, all the 8 switches in cycloconverter 

are operating under 54 kHz in either the positive or negative cycle. However, there are 6 

switches which are HF switches at a same time. A 500 ns delay is added to the SPWM 

switches in order to realize ZCS turning off.  

Figure 3-27 (b) demonstrates the transformer voltage and current, cycloconverter input 

voltage and output inductor current respectively, from top to bottom. The cycloconverter 

input voltage is clamped at around 600 V, which is safe range considering the VDS of the SiC 

MOSFETs used in this study. The output filter inductor current is in sinusoidal waveform, 

which verifies the functionality of the proposed modulation.  

Figure 3-27 (c) is zoomed-in waveforms of the transformer voltage and current, 

cycloconverter input voltage and output inductor current. Similar with the waveforms of the 

non-SR ZVZCS modulation, there are also time intervals when the input voltage is clamped 

at zero. During this overlapping period, the leakage inductor current decreases 2 times as of 

the current through the S2(a/b) or S4(a/b). When this current decreases to zero, the diode 

blocks the current, then the SPWM switches can be switched off under zero current condition. 

From another perspective, the reverse voltage will be added to the leakage inductor, and its 

current would decrease to its negative value to match the output inductor current.  

Figure 3-27 (d) is the simulation result of the gating and the corresponding drain-source 

voltage waveform for FB stage, and the gating and transformer current waveform for the 

cycloconverter. As can be seen from the plot, switch Q1 in FB is turned on under zero 

voltage condition, and switch S2b is switched off under zero current condition.  
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(a)                                                                         (b) 

      

(c)                                                                        (d) 

Figure 3-27 Simulation waveforms under the proposed SR ZVZCS modulation. (a) Gating 

for FB and cycloconverter; (b) transformer voltage and current, cycloconverter input voltage 

and output filter inductor current; (c) zoomed-in waveform of (b); (d) Zoomed-in waveform 

to demonstrate FB ZVS turning on and cycloconverter ZCS turning off. 
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3.6.3 Experimental Verification 

The experiment setup is the same with the one presented in Section 3.5, so as the converter 

specifications. However, instead of using IGBT for switch S1a, S1b, S3a and S3b, all the 

switches in this experiment are SiC MOSFETs. Figure 3-28 shows the cycloconverter 

SPWM switch gating, HFAC input voltage for cycloconverter, LFAC output voltage, and 

output filter inductor current waveforms, which validate the functionality of the converter 

with the proposed SR ZVZCS modulation. 

 

Figure 3-28 Experimental waveform under SR. From top to bottom: cycloconverter gating, 

HFAC input voltage, LFAC output voltage, and output filter inductor current 

Figure 3-29 (a) to (c) are zoomed-in waveforms. From the top to bottoms, they are gating for 

Q1, VDS for Q1, gating for S2b and the transformer current. Figure 3-29 (a) is the experimental 
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waveform in 2 switching cycles. Figure 3-29 (b) verifies that the switch Q1 is turned on after 

VDS for Q1 reaches 0. Figure 3-29 (c) demonstrates that switch S2b is turned off after the 

transformer current, which also represents the drain-source current, has reached 0. 
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   (a)                                                                       (b) 

 

(c) 

Figure 3-29 Zoomed-in experimental waveforms under SR. (a) FB and cycloconverter gating, 

drain-source voltage and transformer current in one switching cycle; (b) FB stage switch 

zero-voltage turning-on transition; (c) cycloconverter switch zero-current turning-off 

transition. 
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The DC-AC converter prototype has been tested up to 1500 w. YOKOGAWA WT3000 

Precision Power Analyzer was utilized to measure the converter efficiency. The efficiency 

curve of the converter utilizing SiC MOSFETs under the proposed Unipolar-SPWM-oriented 

ZVZCS with synchronous rectification modulation technique is shown in Figure 3-30. The 

converter can reach the efficiency of 96% at 1200 w. 

 

Figure 3-30 Efficiency curve of the converter prototype 

A loss breakdown has been conducted as shown in Figure 3-31. The transformer loss and 

cycloconverter conduction loss are two major aspects that take up around 30% respectively. 
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number of switches conducting at the same time in cycloconverter is 4 while the number is 2 

for FB stage. In addition, the current in cycloconverter is higher since it is the lower voltage 

side. Thus the conduction loss in cycloconverter is much higher than that in FB stage. The 

calculated efficiency at 1200 w is 97.7%, which is a fairly good match with the experiment 

results. 

 

Figure 3-31 Converter loss breakdown at 1200 w 

However, one thing worth mentioning is that the actually power electronics interface in the 

proposed UHFAC Microgrids is just the cycloconverter stage. The experiment carried out 

contains the FB converter just because the UHFAC bus needs to be built up first. There are 

no ready 50 kHz HFAC source available according to the author’s knowledge, thus the FB 

stage is necessary. So in order to perform a fair comparison between the power electronics 
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interface in the proposed UHFAC Microgrids and the LFAC Microgrids, the efficiency 

measurement should only include the transformer plus the cycloconverter.  

YOKOGAWA WT3000 Precision Power Analyzer was used as well to measure the 

efficiency of the cycloconverter. The input power is measured at the primary side of the HF 

transformer. The output power is obtained at the load side. The converter has been tested to 

1500 w. The highest efficiency is 96.72% at 1500 w. The efficiency curve and loss 

breakdown are shown in Figure 3-32 and Figure 3-33 respectively. 

The top view and bottom view of the cycloconverter are illustrated in Figure 3-34 and Figure 

3-35. The side of the prototype is 7.92 inch by 3.73 inch by 1.2 inch. Thus the power density 

of the cycloconverter is 42.31 w/inch3. 

 

Figure 3-32 Efficiency curve of the cycloconverter with transformer 
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Figure 3-33 Loss breakdown of the cycloconverter with transformer at 1500 w 

 

Figure 3-34 Top view of the cycloconverter prototype 
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Figure 3-35 Side view of the cycloconverter prototype 

3.7 Comparison of the Proposed Modulation 

Techniques 

The two proposed ZVZCS modulation technique in Section 3.5 and 3.6 have their own 

advantages and disadvantages. For the non-SR ZVZCS modulation, switching loss is lower 

since half of the 8 switches in cycloconverter are operating under 60 Hz, thus the more 

economical device – IGBT ($ 4.88) can be utilized. However, the conduction loss is high 

since the forward voltage drop of the device will introduce high power dissipation especially 

when the power rating is high. While for the SR ZVZCS modulation, the conduction loss is 

relatively low since the body diodes of the SiC MOSFETs only conducts at a very short 

period of time. However, the switching loss is higher since more MOSFETs become HF 

switches. Also, the cost is higher since all devices are SiC MOSFETs ($ 16.67). Therefore it 

is worthwhile to compare the two modulation strategies. From the efficiency perspective, a 
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comparison of the loss breakdown at 1200 w has been carried out as illustrated in Figure 3-36. 

As can be seen from graph, the conduction loss for the non-SR ZVZCS modulation is 

tremendously higher than that of the SR ZVZCS modulation. The switching loss does not 

have too much difference since SiC MOSFETs have very good switching performances. 

To summarize, in the situation where cost restriction is limited while the efficiency 

requirement is relatively low, hybrid-switch structure with non-SR ZVZCS modulation 

technique is recommended. On the contrary, when system efficiency has the highest priority, 

all-SiC-MOSFETs structure with SR ZVZCS modulation technique is necessary.   

 

Figure 3-36 Comparison of loss breakdown under the two proposed modulation strategies 
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3.8  Summary of Chapter 3 

An UHFAC Bus Interface Bi-directional AC/AC Silicon Carbide (SiC) Cyclo Converter with 

HF Transformer Link is proposed in this chapter. It is able to interface between UHFAC bus 

and line frequency grid or load. Besides, it would achieve bi-directional power flow. The 

conclusions have been listed as below. 

1) The benefits of using SiC power MOSFET in this converter have been 

discussed in detail. Synchronous rectification is achieved since the middle 

point can be disconnected. In addition, a low volume SiC Schottky diode can 

be used to achieve higher efficiency; 

2) Compared to the traditional SPWM techniques, this chapter proposed a 

SPWM theory for cyclo converter. Either the bipolar or the unipolar SPWM 

can achieve double frequency current ripple so as to reduce the size of the 

filter inductor; 

3) In a transformer isolated AC/AC cyclo converter, the energy stored in the 

leakage inductance would cause high voltage spikes, which may damage the 

power device and result in more power loss. Several conventional methods 

reviewed in this chapter are able to partially suppress the spikes, however 

these solutions need additional circuits and increase power loss.  

4) A carrier-based Unipolar-SPWM-oriented ZVZCS modulation strategy for 

HFAC link DC-AC converter using hybrid switches is proposed. The 

modulation strategy helps to suppress the voltage spikes caused by the 
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resonance between the leakage inductor and device parasitic capacitors. Also 

ZVS turning-on for FB stage and ZCS turning-off for cycloconverter are 

realized. According to the proposed modulation strategy, half of the 8 

switches in cycloconverter operate at 60 Hz frequency, which enables the 

IGBT-SiC hybrid switch structure to be utilized. Steady-state analysis is 

provided to illustrate the converter operation. Simulation and experimental 

results are presented to validate the functionality of the converter and the 

effectiveness of the proposed ZVZCS modulation technique. 

5) A carrier-based Unipolar-SPWM-oriented ZVZCS modulation strategy with 

synchronous rectification for HFAC link DC-AC converter using hybrid 

switches is proposed in order to reduce the cycloconverter conduction loss. 

Steady-state analysis, simulation and experimental results are presented to 

validate the proposed approach. Loss breakdown is carried out as well which 

matches the efficiency measured from the experiment at 1200 w. 

6)  Compared to the non-SR ZVZCS modulation technique, SR ZVZCS 

modulation help reduce the conduction loss to a large extent. Even though the 

switching loss is higher because of more switches working at HF, the overall 

efficiency is still higher. However, the cost of this all-SiC-MOSFETs structure 

is much higher than the hybrid-switch structure. Thus, the two approaches 

may be chosen depending on different situations.  
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4 System Demonstration for the 

Proposed UHFAC Microgrids 

In order to demonstrate the functionality of the proposed UHFAC Microgrids, system 

simulation and experiment are conducted and analyzed. In the proposed architecture, 

converter gating signal synchronization is necessary. It is much more challenging to 

synchronize the 54 kHz HF signal than the 60 Hz signal. Two ultra-fast UHFAC bus voltage 

zero-crossing detection techniques are proposed and compared in this chapter.    

4.1 System Simulation for the Proposed UHFAC 

Microgrids 

The system simulation model is developed in PSIM as shown in Figure 4-1. 4 major 

components are included to demonstrate the UHFAC Microgrids simulation model: Utility 

AC grid, DC source, LF AC load and DC load. The interface converter topologies all follow 

the design proposed in Chapter 2 as shown in Figure 4-2 (a) to (d): for the LFAC source/load 

interface, cycloconverter is utilized and for the DC source/load interface, cyclo-oriented 

single-stage DC/AC converter is used. Close-loop controllers for all the source/load 

interfaces are developed to form a functional system. Dual-loop-compensators have been 
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developed for the AC utility grid-interface with the bus compensator. As the output of the 

bus compensator voltage controller serves as the current reference of the AC utility grid-

interface. The controller for the DC source interface, AC or DC load interface are all single 

voltage/current loop depends on the application. Figure 4-3 shows the steady-state 

waveforms of the simulation model. From the top to bottom, the waveforms in the graph are: 

1) UHFAC bus voltage and the capacitor voltage in the bus compensator; 2) AC current 

reference and actual AC current output from the Utility AC grid; 3) DC current reference and 

actual DC current output from the DC source; 4) AC load voltage reference and actual AC 

load voltage; 5) DC load voltage reference and actual DC output voltage. 

As can be observed from the simulation result, the controlled current or voltage can follow 

the reference very well. The UHFAC bus voltage is also regulated for the desirable shape, 

frequency and amplitude. The functionality and effectiveness of the proposed UHFAC 

Microgrids is well validated. 

The Start-up sequence and transient response simulation results are illustrated in Figure 4-4. 

From the top to bottom, the waveforms in the graph are: 1) UHFAC bus voltage and the 

capacitor voltage in the bus compensator; 2) AC current reference and actual AC current 

output from the Utility AC grid; 3) DC current reference and actual DC current output from 

the DC source; 4) AC load current; 5) AC load voltage reference and actual AC load voltage; 

6) DC load current; 7) DC load voltage reference and actual DC output voltage. 
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 For the system operation, the interface converter between the utility grid and UHFAC bus 

starts first. At 0.003 s, the rest source/load interface converters start. The source/load changes 

in the simulation are made as follows: 

• At 0.01 s, AC load is increased from half load to full load; 

• At 0.012 s, DC load is increased from half load to full load; 

• At 0.018 s, reference for DC source current is changed from 10 A to -5 A, which 

means the power flow is changed from the feeding the UHFAC bus to being supplied 

from the UHFAC bus; 

• At 0.025 s, DC load is changed from full to half load; 

• At 0.027 s, reference for DC source current is changed from -5 A to 5 A, which 

means the power flow is changed from being supplied from the UHFAC bus to 

feeding the UHFAC bus; 

• At 0.03 s, AC load is changed from full to half load. 

As can be seen from the simulation waveform, all the interface converters can follow the 

references and the dynamic response is fairly well. Further optimizing the controller 

parameters will improve the dynamic response in terms of lowering the voltage/current 

overshoot and reaching steady-state faster.  
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Figure 4-1 UHFAC Microgrids System simulation model in PSIM 
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Figure 4-2 Interface topology and controller design in the system simulation. (a) Utility grid 
interface with feed-back and feed-forward control; (b) DC source interface with feed-back 
and feed-forward control; (c) AC load interface with output voltage feed-back control; (d) 

DC load interface with output voltage feed-back control 
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Figure 4-3 Simulation result of the UHFAC Microgrids in steady state 
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Figure 4-4 Simulation result of the UHFAC Microgrids in start-up and transient state 
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4.2 Hardware Demonstration for the Proposed 

UHFAC Microgrids 

For the current stage research, a hardware platform shown as Figure 4-5 has been developed 

to demonstrate the scenario of DC source powering one LFAC load and one DC load. The 

synchronization of the gating signals for all the source/load interfaces is realized by the 

master-slave architecture of the DSP controller. The rising edge of the master gating signal 

serves as the trigger for the gating of the rest source/load interfaces. The experiment result is 

shown in Figure 4-6. The DC load voltage is stabilized at 100 V and the AC load current is in 

sinusoidal waveform with the peak amplitude of 2 A. 

 

Figure 4-5 Hardware platform for the proposed UHFAC Microgrids 
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Figure 4-6 Experiment waveforms of the DC load and AC load output 

4.3 Ultra-High-Frequency-AC Bus Zero-Crossing 

Detection Techniques 

Two approaches for zero-crossing detection techniques are reviewed and compared in this 

section. The first approach is to use discrete components to build the zero-crossing detector. 

The circuit model built in LTspice is shown in Figure 4-7. Vin is the AC voltage that needs to 

be detected. Transistor (BJT) Q1 is the core component for zero detection; D1 and D2 are both 

zener diodes used to clamp the input voltage; R1 is the current limiting resistor; and R2 is the 

pull-up resistor for Q1. A 3.3 V supply is needed to power the circuit. When the detected 
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voltage rises from negative to positive, current flows from the base to the ejector of Q1, 

turning it on. The output of Q1 turns to 3.3 V from 0 V, the voltage zero-crossing point at the 

rising edge is then detected. Similarly, when the detected voltage falls from positive to 

negative, the zener diodes clamp the voltage between base and ejector of Q1. The output of 

Q1 changes to 0 from 3.3 V, thus detecting the voltage zero-crossing point at the falling edge. 

Simulation results are shown in Figure 4-8. With the parameters shown in the model, the 

delay for detecting the rising edge is 130 ns and the delay for detecting the falling edge is 70 

ns.  

 

Figure 4-7 Discrete zero-crossing detection circuit model in LTspice 
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(a) 

 

(b) 

 

(c) 

Figure 4-8 Simulation result for model in Figure 4-7. (a) input voltage and zero-crossing 

detector output voltage waveforms; (b) rising edge detection zoom-in; (c) falling edge 

detection zoom-in 
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An ultrafast comparator is also suitable for detecting the voltage zero-crossing point. The 

simulation model using an ultrafast comparator LT1711 for zero-crossing detection is shown 

in Figure 4-9. With the parameter setting as shown in the model, the delay for detecting the 

rising edge is 6 ns and the delay for detecting the falling edge is 6.5 ns, as shown in the 

simulation result in Figure 4-10. Untill this point, the performance of ultrafast comparator is 

much better than that of discrete components, even though two power supplies: positive and 

negative 3.3 V, are needed for the comparator. 

 

Figure 4-9 Simulation model for ultrafast comparator zero-crossing detection 
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(a) 

 

(b) 

 

(c) 

Figure 4-10 Simulation result for model in Figure 4-9. (a) input voltage and zero-crossing 

detector output voltage waveforms; (b) rising edge detection zoom-in; (c) falling edge 

detection zoom-in 
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Although the comparator zero-crossing detection is superior to the discrete component zero-

crossing detection based on the above simulation result, we still want to explore the 

possibility of improving the performance of discrete component zero-crossing detector. The 

two anti-series connected zener diodes are replaced with one fast Schottky diode 1N914. A 

parallel RC network, R1 and C1, is added to the input loop. This simulation model is shown 

in Figure 4-11. C1 serves as a bypass capacitor, or “speed capacitor”. The turning-on process 

of Q1 is the input source charging the junction capacitor between base and emitter of Q1. 

Adding C1 greatly helps increasing the speed of the charging and discharging speed. 

Theoretical analysis for choosing values for R1 and C1 has not been performed yet, but trial 

and error approach was conducted to find a satisfactory improvement. With R1 chosen for 

560 kΩ and C1 chosen for 5 pF, the detection delay for the rising edge becomes 3 ns and the 

detection delay for the falling edge becomes 6 ns as shown in Figure 4-7. The optimized 

design for the discrete zero-crossing detector is even better than using an ultrafast comparator, 

and with other advantages of lower cost, and only one 3.3 V power supply. 
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Figure 4-11 Simulation model for improved discrete components zero-crossing detection 
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(a) 

 

(b) 

 

(c) 

Figure 4-12 Simulation result for model in Figure 4-11. (a) input voltage and zero-crossing 

detector output voltage waveforms; (b) rising edge detection zoom-in; (c) falling edge 

detection zoom-in 
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4.4 Summary of Chapter 4  

System simulation for the proposed UHFAC Microgrids is presented in this chapter. Utility 

AC grid, DC source, LFAC load and DC load are included for the case study. Close-loop 

control is adopted for all the source/load interfaces to regulate the voltage and/or current of 

the source and/or load.  

A hardware platform is developed to mimic the scenario of DC source powering LFAC load 

and DC load. The synchronization of the gating signals for all the source/load interfaces is 

realized by the master-slave architecture of the DSP controller. The experimental waveform 

verifies the functionality of the demonstration setup. 

Two ultra-fast UHFAC bus voltage zero-crossing detection techniques are proposed and 

compared in this chapter. The performance of the optimized discrete zero-crossing detector is 

superior to that of the approach of using an ultrafast comparator. Moreover, the cost is lower 

and the auxiliary power supply is simpler. 
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5 A Conventional High-Frequency-

AC Link Application in Dual-

Active-Bridge Converter and Its 

Modeling Technique 

5.1 Introduction to Dual-Active-Bridge (DAB) 

Converter Utilizing High-Frequency-AC Link 

The DAHB/DAFB (Dual Active Full Bridge) is a popular topology for the high power 

density, bi-directional power flow, and soft switching applications. It was originally 

presented by Kheraluwala, etc., in [56], [57] and [58]. Figure 5-1 shows the schematic circuit 

of a typical DAHB converter. A high-frequency transformer connects two switch-mode 

active bridges in order to enables bi-directional power flow.  
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Figure 5-1 Schematic circuit of DAHB converter 

An accurate feedback controller/compensator design is needed for a stable and high-

performance operation. However, due to the nonlinear nature of the switches and diodes, the 

system transfer function is much more difficult to derive than some of the linear systems. 

Several methods for extracting the small-signal model of converter circuit were summarized 

in [59]. Generally, we can classify the various methods into three main categories: 

experimental measurement, numerical simulation and analytical solutions. In this paper, all 

the three classes of methods were implemented in order to verify and demonstrate the 

effectiveness. 

To the best of authors’ knowledge, there is little published literature on the small-signal 

modeling of the DAHB converter. However, the existing methods for deriving the small-

signal model of the DAFB can provide some inspiration. Two typical approaches are state-

space [60] averaging and discrete-time modeling [61]. State-space averaging method is 
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popular for its computational efficiency and a wide range of applications. Based on each 

mode of operation, we can extract the state-, input- and output-matrix. With the help of 

mathematical software tool (e.g. Mathematica, Maple), one can derive the system transfer 

functions based on these matrices. 

 However, it is important to mention some disadvantages of the state-space averaging method. 

For instance, the model is not accurate at high frequencies, especially at around switching 

frequency. Discrete-time modeling can be used to achieve a very accurate result, but the 

complicated analysis process is a major disadvantage. 

Averaged-switch modeling method was thoroughly studied in [62]. Study on a lot of non-

isolated converters modeling can benefit directly from this method for the relatively fixed 

models for the switch network. Since the non-linear switches and diodes are represented by 

the equivalent circuit (usually contains controlled current or voltage source), the small-signal 

model can be derived easily. However, there are not many literatures on the application of 

this method for the transformer-isolated converters. 

One of the biggest challenges for deriving small-signal model of DAHB is that the switch 

network (as shown in Fig. 1) of the DAHB has three terminals instead of the two seen in 

traditional full-bridge converter. Thus the averaged-switch modeling method in [62] cannot 

be used for the DAHB application directly. 
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5.2 Steady-State and Power Flow Analysis of the 

DAB Converter 

Figure 5-2 illustrates the key waveforms of the DAHB converter under the assumption that 

all devices are ideal and lossless. S1 and S2 are the gate signals for the two half-bridge 

switches in the primary side, while S3 and S4 are the gate signals for the switches in the 

secondary side. The two gate signals on each side (i.e. S1 and S2, S3 and S4) employ 

complementary 50% duty cycle. With the switching operation, the square waveform Vp is 

generated on the primary side of the transformer. The secondary side half bridge operates in 

the same way with the primary side except for a certain phase shift Φ between the 

corresponding switches (i.e. S1 and S3, S2 and S4). This results in the same phase shift 

between primary side and the secondary side square waveforms (Vp and Vs) of the 

transformer. The difference between these two voltage waveforms induces a voltage drop on 

the leakage inductor Lleak. The waveform of the current flow through the inductor is shown 

in Fig. 2. The shape of the inductor current is determined by the phase shift angle between 

the primary side bridge and secondary side bridge.  
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Figure 5-2 Key waveforms of the DAHB converter 

 

As mentioned in section 4.1, the switch network of the DAHB converter, as shown in Figure 

5-1, has 3 terminals for both the input port and output port respectively. This nature increases 

the complexity for deriving the large-signal/average model for the DAHB topology. Instead 

of modeling the characteristic of each terminal, it is proposed in this paper that the switch 

network be divided into two sub-networks and studied respectively.   

When both S1 and S3 are turned on and S1 leads S3, the power is transferred from primary side 

to the secondary side. Capacitor C1 is charged by current IC1; while both S2 and S4 are turned 

on and S2 leads S4, capacitor C2 is charged by current IC2. Figure 5-3 gives the details of the 
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current and voltage waveforms of capacitor voltage and current. Under steady state operation, 

the current IC1 and IC2 are different in phase as can be seen from Figure 5-3. However, the 

shapes of the waveforms are the same. Accordingly, the average value of the capacitor 

currents remains the same. Furthermore, the average value of current at the mid-terminal of 

the secondary is zero, which is the same as the inductor current times the transformer turns 

ratio.  

ɸ
T

IC1

IC2

S1

S3

 

Figure 5-3 Capacitor current waveforms corresponding with the gate signal 

Based on the previous analysis, we can simplify the average model, which has 3 terminals 

shown in Figure 5-4 to the equivalent circuit model in Figure 5-5. This average model, which 

is composed of two same PWM switch sub-networks, can be further simplified to the model 
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as shown in Figure 5-6. It is much more straightforward to derive the small-signal model 

based on average switching technique.   
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Figure 5-4 Average switch representation of DAHB converter 
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Figure 5-5 Average model for DAHB represented by sub-switch networks 
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Figure 5-6 Simplified average model for DAHB converter 

5.3 Improved Small-Signal Analysis and Modeling 

5.3.1 Theoretical Analysis 

This section gives a detailed description of the small-signal model extraction process based 

on the simplified average model as shown in Figure 5-6. To derive the small-signal model, 

we need to find the independent variables of the switch network. Since both primary and 

secondary terminals are connected with the input and output capacitors, the input and output 

currents of the switch network are the independent variables needed to be found. Figure 5-7 

shows the waveforms of the input current (ia) and output current (ib), and the inductor current 

as well. 

135 



 

ɸ
T

ia

ib

iL

t1

t2

I1
I2

 

Figure 5-7 Switch network input and output current waveforms compared with inductor 

current waveform 

In order to find the expression for the average value of the current ia and ib, a general 

approach is to calculate the shaded area of the waveforms in Figure 5-7 then divided by time 

(T). The peak values i1, i2, and the time period t1, t2 can be found by solving the Equations 4-

1 and 4-2 based on Faraday’s law. 

( )1 10 , φ
φ
+

< < + = ⋅i
i

i ivt v L
n

                             Equation 5-1  

( )1 1, 
2

2

φ
φ

+
< < − = ⋅

 − 
 

o
i

i ivTt v L
Tn

                                                                                Equation 5-2 

With i1/i2 = t1/t2 and t1+t2 = ϕ, we can solve for the expressions for i1, i2, t1, t2 as follows, 
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1 2 / 2φ
π

 = ⋅ ⋅ ⋅ + − 
 

o i oi T nv v nv L                                                                             Equation 5-3 

2 2 / 2φ
π

 = ⋅ ⋅ ⋅ − + 
 

i i oi T v v nv L                                                                               Equation 5-4 

( )1 2 / 2φ
π

 = ⋅ ⋅ ⋅ + − + 
 

o i o o it T nv v nv nv v                                                                Equation 5-5 

( )2 2 / 2φ
π

 = ⋅ ⋅ ⋅ − + + 
 

i i o o it T v v nv nv v                                                                  Equation 5-6 

The average values for ia and ib then can be expressed as Equation 4-7 and Equation 4-8, 

( )2 1
2 1 1 21 / 2 /

2 2
φ
π

  = ⋅ − ⋅ + − ⋅ + ⋅    
a

t ti i i i i T T                                                         Equation 5-7 

( )1 2
1 2 1 21 / 2 /

2 2
φ
π

  = − + − +  
⋅ ⋅ ⋅ ⋅

 
b

t ti ni ni ni ni T T                                                 Equation 5-8   

The average circuit model can then be represented by Equation 4-7 and 4-8. Perturb ib and ϕ 

as Equation 4-9 and 4-10, and continue with linearization, the expression for 𝚤𝚤𝑏𝑏�  is obtained as 

Equation 4-11. 

= + b b bi i i                                                                                                              Equation 5-9 

φ φ φ= +                  Equation 5-10 

where bi and φ  are the DC values of ib and ϕ. 

The expression for bi  can be found with the mathematical software Maple 13, as shown in 

Equation 4-11. Note that bi  and φ  are replaced by Ib and Φ respectively for simplification.     
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                                                                                                                               Equation 5-11 

With ( )/ 2= ⋅ +o bv i R sRC , we can finally conclude the control-to-output transfer function 

as138  Equation 5-12. 

( ) ( ) ( )/ / / 2φ φ= = ⋅ + o bxd sG v i R sRC                                               Equation 5-12 

The specifications are shown in Table 5-1. 

Table 5-1 DAHB converter specifications 

Vi 400 V 

Vo 12.8 V 

f 200 kHz 

L 20 μH 

C 220 μF 

Φ π/6 

 

As can be seen from the Bode plot shown in Figure 5-8, the DC gain is 5 dB and the corner 

frequency is 40000 rad/s (6.4 kHz). 
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(a) 

 

(b) 

Figure 5-8 Theoretical result for control-to-output transfer function (a) bode plot for 

magnitude (b) bode plot for phase 
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5.3.2 Simulation Verifications 

In order to validate the derivation of the small-signal model presented in Section III, a 

simulation model is carried out by SIMetrix/SIMPLIS and a prototype is built and tested 

accordingly. The specifications set for both the simulation model and prototype are the same 

as mentioned in Section III for an accurate verification.  

Figure 5-9 is the control-to-output bode plot from the simulation result. As can be seen from 

the plot, the DC gain is 5.1 dB with break frequency of around 6 kHz. 

 

Figure 5-9 Simulation result for control-to-output transfer function 
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5.4 Experimental Verifications 

The experimental prototype is shown in Figure 5-10, and the experimental test waveforms 

are shown in Figure 5-11.  

The component selections are as follows [63]: 

1) Primary side switches: SP129N60CFD CoolMOS 

2) Secondary side switches: IRL3034  

3) High frequency transformer core: Ferroxcube 3C90 ferrite.  

4) Output capacitor: Cout = 2*220 μF 

5) Switching frequency: fsw=200 kHz 

6) Leakage inductance: Lleak=20 μH 

 

Figure 5-10 Prototype of DAHB converter 
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Figure 5-11 Experimental test waveforms of the DAHB converter 

AP300 Frequency Response Analyzer was used to measure the control-to-output transfer 

function plot. The result as shown in Figure 5-12 is accurate up to half of the switching 

frequency (100 kHz). The result agrees with both the analytical and simulation result. 

142 



 

 

Figure 5-12 Control-to-output transfer function measured by AP300 Frequency Analyzer 

From the analysis above, we can conclude that the DAHB is a first-order system. Only the 

output capacitor contributes to the single pole and the leakage inductance does not influence 

the system dynamics below the half of the switching frequency. 

5.5 Summary of Chapter 5 

In this chapter, the steady-state operation of a DAHB is analyzed. An averaged-switch based 

small signal modeling is proposed and described in detail. The proposed method is 

particularly applicable for the class of bridge-isolated converters. This method can 

significantly reduce the computational cost of the small-signal analysis. Moreover, the 

simulation and experimental results are given to demonstrate the effectiveness of the 
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proposed approach. The small-signal model can well describe a simple first-order dynamic, 

which allows us to further develop an appropriate control strategy for the converter.  
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6 Cost Effective Distributed PV 

System with Ultra-High-

Frequency-AC Bus for Residential 

Applications  

6.1 Distributed PV System Architectures 

6.1.1 Panel Series Connection Structure 

Renewable energy resources, especially solar power, have drawn tremendous interest in 

recent decades. Distributed and centralized PV systems are two main architectures, while 

distributed system is favorable for both industry and academic research. Because of radiation 

mismatch, centralized PV system can expect a power loss of about 30% for lacking of 

individual MPPT [64]. Power electronic technologies for conditioning PV panel power fall 

into two big categories: panel series solution and parallel solution.  

Panel series solution indicates that a number of PV panels are connected with DC/DC 

converters individually and the outputs of the converters are connected in series [65], [66]. 

Thus the terminal voltage of this PV string is the summation of all DC/DC converter voltages. 
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The DC output is cascaded with a central inverter. MPPT is required in both the DC/DC 

stage and DC/AC stage [66]. A big advantage of this structure is low components count, 

equating to a low cost. Also it can still maintain acceptable conversion efficiency because it 

is a two stage structure. However, MPPT failure may occur since the DC/DC converters are 

connected in series and may interact with each other. In addition, MPPT of DC/AC stage 

may also lose effectiveness due to MPPT of DC/DC stage, which is called “Wander issue” 

[66]. Thus the reliability of this approach is compromised. 

6.1.2 Panel Parallel Connection Structure 

For parallel solution, we can further divide it into two sub-categories: AC parallel and DC 

parallel. Figure 6-1 demonstrate the panel AC parallel structure. PV micro-inverter is a 

typical representation for the AC parallel solution. Each PV panel is equipped with a micro-

inverter. A commercialized topology for micro-inverter is an interleaved-flyback plus an 

unfolding bridge [67], [68]. Also, individual MPPT is realized by each micro-inverter, such 

that the PV system is highly distributed. This module-integrated inverter is independent with 

the rest such that the reliability of the system is greatly improved. However, one serious 

problem for this approach is the high cost because the micro-inverter has a relatively 

complex structure and also more components compared with the series solution mentioned 

above. Furthermore, it is challenging to achieve high conversion efficiency, i.e., 96% because 

of its two-stage structure and high conversion ratio. 
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Figure 6-1 Panel AC parallel structure 

For DC parallel solution, all panel outputs are boosted to a much higher uniform DC value 

respectively and then connected in parallel to form a DC bus, as shown in Figure 6-2. The 

bus voltage is normally 250V to serve as the input for a single-phase inverter [69]. Individual 

MPPT is also realized at the DC/DC stage, and a central inverter interfaces DC bus with 

utility grid. This approach has lower cost compared to the AC parallel approach that has 

much less components, and higher reliability compared to the DC series approach because of 

its parallel structure. But the DC/DC stage has a limited step-up range when using non-

isolated boost converter, or a compromised efficiency and higher cost when using 

transformer-isolated converter which needs DC/AC/DC conversion. Another problem in 

contrast with AC approach is that the bus voltage does not have zero-crossing points, making 

the short-circuit protection more complicated especially when the bus voltage level is high. 
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Figure 6-2 Panel DC parallel structure 

In order to avoid DC arcing fault, which is inherent within the DC parallel structure, and also 

to enhance the short-circuit-protection functionality, a novel PV system structure utilizing 

ultra-high-frequency-AC (UHFAC) bus for residential application has been proposed as 

shown in Figure 6-3 in this chapter. Since the power is transferred in an UHFAC form, the 

DC arcing issue no longer exists. The short-circuit protection is also able to respond much 

faster since the time interval between two zero-crossing points is half of the switching cycle. 

Furthermore, it only needs one central rectifier after the UHFAC bus. This novel structure 

further reduces the complexity of the system. Sizes of passive components are reduced. This 

chapter is organized as follows: Section 5.2 introduces the concept and the system 

configuration. System design enabling soft switching is performed in Section 5.3. Section 5.4 

presents the HFAC cable modeling. Cost analysis is performed in Section 5.5. Section 5.6 

gives simulation and experimental results which validate the proposed solution. 
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Figure 6-3 Proposed residential UHFAC PV system 

6.2 Proposed Cost Effective Residential Ultra-High-

Frequency-AC Bus PV System 

6.2.1 Structure of the Proposed Residential UHFAC PV System  

The proposed system normally contains 5 to 10 PV panels, and each PV panel is interfaced 

with the UHFAC bus through a high efficiency Buck converter cascaded by a DC/UHF Half-

Bridge (HB) inverter. The AC bus is configured as 250V, 100 kHz, square wave with 50% 

duty cycle. The main function of the Buck converter is to realize MPPT while maintaining a 

constant DC output.  Since it works at low voltage range and the step-down ratio is low, it is 

easy to achieve a high efficiency at low cost. The design of the buck converter is 

straightforward and well-established, thus it will not be included in this research. The 
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cascaded isolated DC/UHF HB inverter works at 50% duty cycle at 100 kHz. The high 

frequency transformer boosts the voltage to 250V. All the modules are synchronized and 

connected in parallel to the UHFAC bus. Either master-slave control or HFAC 

synchronization strategy proposed in [27] can be utilized here. The total power will be 

transferred through a 30~40 feet transmission line to the load end. A central inverter, which 

is usually a Full-Bridge (FB) topology, enables the DC input to feed into the AC grid. 

A physical layout example of the proposed residential PV system is demonstrated in Figure 

6-4. A total of 6 panels are included in this example. The panels can be, but not limited to, 

parallel placed on the roof. Two module rails are needed to fix the panels. DC/UHFAC 

inverters are placed on the back of the each panel. Figure 6-5 shows the detailed structure of 

each panel and the inverter.  

The UHFAC bus, which also serves as the UHFAC power transmission line, is placed inside 

the module rail. Each inverter output is connected to the UHFAC bus through a system 

wiring harness. The length of the transmission line usually ranges from 30 to 40 feet based 

on the different house profiles and structures. According to the cable modeling and 

theoretical analysis in the next section, the AC resistance of the UHFAC transmission cable 

within 30 to 40 feet is fairly low and the power loss is still in an acceptable range. 
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Figure 6-4 Residential PV system physical layout example. 

 

Figure 6-5 Panel and converter structure zoomed in.  
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6.2.2 Advantages and Challenges of the Proposed System 

Compared with the existing solutions described in Section 5.1, the proposed approach has the 

following advantages:  

(1) High voltage DC bus is eliminated. The introduced UHFAC bus enables arcing-free 

and ultra-fast short circuit protection. 

(2) Low cost and high efficiency. Since the rectifier stages are moved to the other end, 

the number of rectifiers is reduced from N (number of PV panel) to 1 so as the filters. 

This will also make up for the added Buck stage, which can achieve very high 

conversion efficiency;  

(3) Individual MPPT is more reliable because of this parallel structure.  

However, we also need to take care of the following drawbacks:  

(1) Losses on the UHFAC bus;  

(2) Sharp edge of bus voltage and current waveforms may cause high spikes in the 

system. 

(3) Power loss along the transmission line is another main concern.  
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6.3 DC to Ultra-High-Frequency-AC Conversion 

and UHFAC Power Transmission  

6.3.1 Proposed System Design 

The schematic of the proposed PV system is shown in Figure 6-6. For simplification and 

demonstration purposes, the buck with MPPT stage is not included in this chapter. Thus the 

input for the half bridge is a constant DC source, which is fixed at 40 V. Unlike traditional 

resonant converters, the multi-resonant tank is placed on the secondary side of the 

transformer, which also contributes to the UHFAC power transformer. The details on the 

multi-resonant tank design are presented in next section.  

 

Figure 6-6 Schematic of the proposed system (one panel) 
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6.3.2 Ultra-High-Frequency-AC Power Transfer Utilizing Multi-

Resonant Tank  

Resonant converter enables zero-voltage and zero-current switching, which greatly reduces 

converter losses. In the proposed approach, resonance is also utilized. Since both series and 

parallel resonant converters have circulating power in the resonant tank that lowers the 

efficiency, we chose the LLC (series-parallel) resonant topology as the starting point. The 

resonant tank is placed on the high voltage side where low current results in low conduction 

losses. For traditional LLC topology, transformer magnetizing inductance participates in 

resonance. However, when we place the LLC resonant tank at the high voltage/load side, 

magnetizing inductance will not be able to participate in resonance in the condition that 

traditional LLC gain curve being maintained. Thus a shunt inductor Lsh is introduced in this 

structure. In addition, we included cable inductance Lline, resonant inductor Lr, and a resonant 

capacitor Cr as well to form the multi-resonant tank. Figure 6-6 demonstrates the schematic 

of the proposed configuration for one panel system. 

Unlike traditional LLC converter, this novel resonant tank has certain constrains. Since the 

cable inductance and AC resistance are linear with length under the same frequency, the 

design of the resonant parameters also needs to include the length of the cable, or 

transmission distance. Equation 6-1 and 6-2 describes how both frequency and resonant 

inductance influence the voltage gain under same resonant capacitance.  

( ) ( )2 2 2 / C
/ 1 1 1    

2
    = + − + −      

r r
n n n n n n n

e

LnG f L L f j f f L
R

            Equation 6-1 

154 



 

2

8  
π

=e oR R                    Equation 6-2 

where,   

G is the resonant tank voltage gain; 

Re is the equivalent load resistance;  

n is transformer turns ratio;   

fn is the normalized frequency;  

Ln is the normalized inductance;  

Lr is the sum of resonant inductance and cable inductance; 

Cr is the resonant capacitor; 

 

Figure 6-7 is the corresponding 3D plot when resonant capacitance is 47nF. The horizontal 

planes 1 and 2 define the minimum and maximum gain requirement, which are 8.06 and 

10.42. The vertical planes 1 and 2 are minimum resonant inductance needed and the 

minimum value plus a certain length cable’s inductance respectively, which are 53 µH and 

123.9 µH. As can be predicted from the plot, when the cable inductance is too big, the 

vertical plane 2 will be in a place that cannot meet the gain requirement.  
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Figure 6-7 Multi-resonant tank gain curve 

6.4 High-frequency AC Cable Modeling 

6.4.1 Theoretical Analysis on Cable AC Characteristics 

Another constraint is the power loss associated with the cable AC resistance. The AC 

resistance is linear with the cable length, meaning that when the transmission distance is too 

long, the power transferred will be damped too much. For each panel, the width is 3.3 feet. 

When putting 6 panels together in parallel, the total width will be 3.3*6=19.8 feet. 

Considering the height of a house and some fractional length, the total cable length can be 

safely estimated at 35 feet, and the minimum cable length for the end panel can be estimated 

at 10 feet.         
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Litz-wire should be a better solution in terms of low AC inductance, but considering the cost, 

we took 12 AWG THHN 19-stranded building Wire for analysis. Each strand is 25 AWG and 

not insulated with each other. The equivalent AWG of the cable is 12. Both theoretical 

calculation and simulation based on ANSYS Electromagnetics Q3D Extractor are performed. 

Since it is very complex to theoretically quantify the proximity effect, the AC resistance for 

the cable is calculated based on a single wire and then divided by the number of strands.  

Equation 6-3 and 6-4 are the expressions for the inductance and AC resistance of a single 

round wire [70]. Figure 6-8 shows the calculation results of single wire inductance and AC 

resistance. We can read from the plot that the inductance and AC resistance of AWG 25 

single wire under 100 kHz are 1.20 μH/ft and 28.58 mΩ/ft respectively. Since there are 19 

wires parallel twisted to form the 12 AWG THHN cable, we divided the single wire 

calculation results by 19 to get an estimate on the 19-stranded cable AC characteristics, 

which are 0.063 μH/ft for the inductance and 1.504 mΩ/ft for the AC resistance. 

( ) ( )4.00.002 ln 1.00  μH
2.0 4.0

µ  
= − + +  

   

r xs

s

TdlL l
d l

                         Equation 6-3 

where ( ) 2
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1.0 0.278 0.128
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where  
0

503 ,  0.620 /ρ ρδ δ
π µ µ

= ≅ =
r

Z r
f f

       

ρ: Resistivity of the conductor 

l: Length of the conductor in m 

μ0: Permeability constant 

μr: Relative permeability 

δ: Nominal depth of penetration for a conductor 
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(a) 

 

(b) 

Figure 6-8 Calculation results for cable AC characteristics. (a) Single wire inductance vs. 

length; (b) single wire AC resistance vs. length. 
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Figure 6-9 is the single wire simulation model in Q3D. In order to shorten simulation time 

and with the fact that cable AC parameters are linear with cable length, The length of the 

model is set at 20 mm. As can be seen from Figure 6-10, the AC resistance of a 20 mm 12/19 

cable is 0.26248 mΩ, and its inductance is 4.1128 nH.  

Figure 6-11 shows the simulation model of two parallel wires. The simulation results in 

Figure 6-12 indicate that for a 20 m, 12 AWG, 19-stranded cable, the AC resistance is 525 

mΩ, which is larger than the calculated value because the Proximity Effect is considered. 

Though the two results differ, they are still at the same orders of magnitude. We use this 

model to extract the twisted cable inductance, which is 7.58 µH. The experimental result in 

Section 5.6 we got for estimating an 80-feet-long cable inductance matches the simulation 

result. 

 

Figure 6-9 12 AWG 19-stranded cable model in ANSYS Q3D Extractor. 
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Figure 6-10 Extracted parameter of the single 12 AWG 19-stranded cable model in ANSYS 

Q3D Extractor. 

 

Figure 6-11 12 AWG 19-stranded pair cable model in ANSYS Q3D Extractor. 
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Figure 6-12 Extracted parameter of the 12 AWG 19-stranded pair cable model in ANSYS 

Q3D Extractor. 

6.4.2 Experimental Measurements of the Cable AC Parameters 

A signal generator and an oscilloscope are two tools required to measure the cable AC 

resistance/inductances. Two 4-feet 12 AWG 19-stranded cables were twisted together to 

form a 2-port network. The input port of the network is connected to the signal generator and 

the output port is connected to a known-value resistor R. Beforehand, the DC resistance r of 

the cable needs to be measured. By measuring the voltage drop ratio x = V2/V1 on the resistor, 

we can get the voltage drop on the wire, allowing the AC resistance to be calculated. The 

equivalent circuit model of the measurement set up is shown in  
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Figure 6-13. Equation 6-5 shows how the cable inductance is calculated. The measurement 

cable inductance per feet versus frequency is shown in  

Figure 6-14. Based on the measurement result, the pair cable inductance at 100 kHz is 0.15 

μH/ft, which is very close to the simulation result. Hence the system design will be based on 

this result. 

𝐿𝐿 = 1
2𝜋𝜋𝜋𝜋

��𝑅𝑅
𝑥𝑥
�
2
− (𝑟𝑟 + 𝑅𝑅)2                                         Equation 6-5 

Where L is the cable inductance, R is the load resistance and r is the cable resistance. 

 

Figure 6-13 Equivalent circuit model of the measurement set up 

 

Figure 6-14 Measurement result: cable inductance/feet vs. frequency 
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6.5 Cost Advantages Analysis 

Compared to traditional commercial solution, the cost advantages of the proposed residential 

PV system are resulted from the system and circuit innovations. For a six-panel PV system, 

the innovations are summarized as follows: 

• The utilization of system parasitic parameters such as cable inductance and 

transformer leakage inductance, help reduce the component cost; 

• The utilization of the HFAC bus reduces the number of rectifier bridges from 6 to 1. 

Since the magnitude of the HFAC voltage is 250 V, it is safe to choose rectifier 

diodes with a voltage rating at 400 V. For traditional LLC converter, the diode current 

rating should be at least 2 A, and for the proposed structure, the diode current rating 

should be at least 12 A. Table 6-1 is a list of rectifier diodes from 2 A to 12 A current 

rating. The costs as of April 10, 2014 are based on low-volume-price (price quoted 

from Digikey.com). All selected diodes are fast recovery types. After considering the 

major factors, including the current rating, reverse recovery time, forward voltage 

drop, and price, we select diode PDU540DICT-ND (400 V, 5 A, 35 ns and 1.185 Vf 

for $1.30) for the DC PV system, and FES16GT-E3/45-ND (400 V, 20 A, 30 ns and 

1.6 Vf for $1.73) for the proposed HFAC PV system In a DC bus PV system. Since 6 

by 4 of 400 V, 5 A diodes are needed to enable the converters to access the DC bus, 

the price for all of the rectifiers is 6 * 4 * $1.30 = $31.2. While in the proposed 

HFAC PV system, only 4 of 400 V, 20 A rectifier diodes are needed and the price for 
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the 4 diodes is 4 * $1.73 = $6.92. Thus, the cost savings for this part is $31.2 - $6.92 

= $24.28, which is a great improvement.  

Table 6-1 Comparison of different 400 V fast-recovery diodes 

Diode Part Number Current 
Rating  

Reverse 
Recovery 

Time 

Forward 
Voltage 

Drop 
Price ($) 

CMH08A(TE12L,Q,M) 2 A 35 ns 1.8 V 0.80 

PDU340DICT-ND 3 A 50 ns 1.25 V 0.97 

MUR440-E3/54GICT-
ND 4 A 75 ns 1.28 V 0.79 

PDU540DICT-ND 5 A 35 ns 1.185 V 1.30 

STTH8R04DI 8 A 50 ns 1.5 V 1.96 

FMXA-1104S-ND 10 A 25 ns 1.5 V 1.37 

DPG15I400PM-ND 15 A 45 ns 1.39 V 1.54 

FES16GT-E3/45-ND 16 A 50 ns 1.3 V 1.25 

RF2001T4S-ND 20 A 30 ns 1.6 V 1.73 

 

• The utilization of the HFAC bus reduces the number of output filters (Aluminum 

capacitors) from 6 to 1. Since the magnitude of the HFAC voltage is 250 V, it is safe 
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to choose filter capacitors with a voltage rating of 400 V. Since the HFAC voltage is 

100 kHz square or trapezoidal waveform, the filter capacitor is at µF level. The ripple 

current of the proposed system is 6 times that of the DC system, and the charge for 

the capacitor is 36 times. Thus, the difference of the minimum capacitance required is 

at least 36 times and the minimum ripple current rating is at least 6 times difference. 

However, in real world application, people seldom choose the filter capacitors based 

on the minimum rating, but choose with a greater margin. Table 6-2 is a list of 

Aluminum capacitors. The costs as of April 10, 2014 are based on low-volume-price 

(price quoted from Digikey.com). After comparing different models, we choose a 22 

µF capacitor for the DC bus PV system, and a 100 µF capacitor for the HFAC PV 

system. Thus, the price for the 6 of 22 µF filter capacitor is 6 * $1.70 = $10.2 in DC 

bus PV system. While in the proposed HFAC PV system, only 1 of 100 µF filter 

capacitor is needed and the price is $2.39. Thus the cost saving for this part is $10.2 - 

$2.39 = $7.81. 
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Table 6-2 Comparison of 400 V Aluminum capacitors 

Cap. Part Number Capacity  Ripple 
Current Price ($) 

P13540-ND 10 µF 300 mA 0.83 

P13664-ND 22 µF  860 mA 1.70 

P13544-ND 33 µF 730 mA 1.65 

P13545-ND 47 µF 840 mA 1.83 

565-3516-ND 56 µF 440 mA 1.92 

P6137-ND 68 µF 690 mA 2.07 

P10135-ND 82 µF 640 mA 2.36 

P6141-ND 100 µF 920 mA 2.39 

P11759-ND 150 µF 880 mA 2.99 

 

 

• Compared to the DC bus system, the HFAC PV system eliminates large electrolytic 

capacitors, which not only saves the cost, but also increases the system stability and 

life span. 
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6.6 Simulation and Experimental Verifications 

6.6.1 Simulation Verifications 

A simulation model is constructed in MATLAB/PLECS based on Figure 6-6. Table 1 lists 

the system specifications and parameters. For demonstration purposes, Buck stage is not 

included in current experiment.  

Figure 6-15 (a) to (c) are the simulation results under the same input voltage but different 

switching frequencies: lower, near and higher than the resonant frequency. Every plot shows 

the identical objects: the upper two waveforms are the Gate signals, the third waveform is the 

transformer secondary voltage, or the UHFAC bus voltage, and the bottom waveform is the 

resonant current. The simulation result corresponds to the voltage gain curve in Figure 6-7. 

The MPPT functionality is also included in the simulation. As can be seen from Figure 6-16, 

the maximum power point is tracked when a step change occurs. 
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   (a)                                                                 (b) 

 

(c) 

Figure 6-15 Simulation waveforms when Vin=20 V, (a) fs=88 kHz, Vout=179.1 V; (b) fs=98 

kHz, Vout=171.2 V; (c) fs=112 kHz, Vout=162.8 V 
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Figure 6-16 PV panel MPPT curve 

6.6.2 Experimental Results  

The prototype of the panel side inverter is shown in Figure 6-17. The size of the converter is 

about 4*4 inches. The 40-feet-transmission cable as shown in Figure 6-18 was used in the 

experiment. It has the same parameters as the cable model in Q3D, which is12 AWG THHN 

19-stranded building Wire. Each strand is 25 AWG and not insulated with each other. The 

equivalent AWG of the cable is 12. 
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Figure 6-17 Prototype of the panel side inverter. 

 

Figure 6-18 12 AWG 19-stranded pair cable model in ANSYS Q3D Extractor. 
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Two sets of testing have been performed: various frequencies under the same input voltage 

and various input voltages under the same frequency. The prototype specifications are shown 

in Table 6-3. The two sets of experimental results are shown in Figure 6-19 and Figure 6-20 

respectively. The purpose for performing various-frequency/input testing is only to verify the 

functionality of the system. Switching frequency and HB inverter input voltage would be 

fixed in practical applications. The experimental waveforms demonstrate the soft switching 

and power flow and match the simulation results very well. This validates the proposed 

approach. The ringing on the secondary voltage is due to the transformer parasitic parameters. 

Further experiments including Buck stage with MPPT functionality, two-panel-parallel 

operation and short-circuit protection are still in progress and will be presented in the final 

paper. 

Table 6-3 Prototype specifications 

Specifications Value 

Power 250 w 

Input voltage 20-35 V 

Output voltage 250 V 

Bus voltage 250 Vp-p 

Switching frequency 88-112 kHz 

Lr 53.89 µH 

Cable Lr 10.65 µH 

Cr 47 nF 

Lm 400 µH 
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  (a)                                                                     (b) 

 

(c) 

Figure 6-19 Experimental waveforms when Vin=20V, (a) fs=88 kHz, Vout=173.2V; (b) 

fs=98 kHz, Vout=164.8 V; (c) fs=112 kHz, Vout=158.1 V 

G1

G2

Vsec

Isec

G1

G2

Vsec

Isec

G1

G2

Vsec

Isec

173 



 

   

 (a)                                                                     (b) 

 

(c) 

Figure 6-20 Experimental waveforms when fs=112 kHz, (a) Vin=20 V, Vout=158 V; (b) 

Vin=25 V, Vout=200 V; (c) Vin=29 V, Vout=232 V 
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6.7 Summary of Chapter 6 

Three configurations for residential PV system are reviewed and compared thoroughly. The 

DC series solution has a low component count, but MPPT failure may occur; the AC parallel 

solution is the most highly distributed, but also has the highest cost; the DC parallel solution 

seems to be a trade-off between the former two, but still not ideal and has complex short-

circuit protection. A novel approach: UHFAC PV system is proposed in this paper. It is more 

cost-effective but can still maintain a simple system structure. System configuration, physical 

layout and validation analysis are studied in details. Cable modeling in ANSYS Q3D 

Extractor helps to get the cable AC resistance and inductance, which matches with the 

simulation and experiment results. Two major challenges in this research lie in the proposed 

UHFAC bus and UHFAC transmission line because of the synchronization and EMI issue. 

Cable optimization is also necessary since we want the power loss at the UHFAC 

transmission line as low as possible without sacrificing cost effectiveness. Future work will 

be focused on the system level simulation and experiment, and system optimization as well. 
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7 Summary and Future work 

7.1 Summary of the Work 

This dissertation presents a framework for the proposed novel Ultra-High-Frequency-AC 

(UHFAC) Microgrids. The bus frequency and the power transmission frequency of the 

UHFAC Microgrids is pushed to 54 kHz. The bus voltage waveform is quasi-square 

(trapezoidal) and the peak value is 400 V. Compared to traditional Low-Frequency-AC 

(LFAC) Microgrids, the size and weight of the transformer and passive component in 

UHFAC Microgrids are significantly smaller; the distributed source interface and load 

interface converters are greatly simplified; the acoustic noise is eliminated; and wireless 

connection of power electronics interfaces is enabled. Compare to traditional DC Microgrids, 

huge DC capacitors are eliminated since there is no DC bus to stabilize. In addition, the 

proposed UHFAC Microgrids get rid of DC-arcing flash since the bus has current zero-

crossing points. The circuit breaker therefore is much easier to develop than those in DC 

Microgrids. Furthermore, short-circuit protection is possible to respond as fast as 9.26 µs, 

which is the time interval between two nearest zero-crossing point. 

Chapter 1 gives a review on the traditional LFAC Microgrids and DC Microgrids. Existing 

500 Hz HFAC Microgrids is also included for comparison. 

Chapter 2 presents an in-depth analysis on the advantages of the proposed UHFAC 

Microgrids.  
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The system architecture and design guidelines are introduced in this chapter as well. In the 

proposed structure, all the power electronics interfaces are realized by single-stage converters, 

which greatly improve the system performance and power density. The challenges are also 

included for the proposed structure. The HFAC transmission is an important issue that needs 

to be paid special attention. Since the AC resistance of transmission cable will increase with 

the frequency and distance, the voltage drop needs to be calculated, which will result in a 

frequency and transmission distance limit. Patents on HFAC power transmission cables are 

also provided for design guidelines. 

UHFAC bus interfaced bi-directional DC/AC converters composed of full-bridge (FB) and 

cycloconverter with UHF transformer link utilizing Wide-Band-Gap devices are introduced 

in Chapter 3. The Advantages of utilizing SiC power devices are presented in details first. 

The challenge in this topology is the high voltage spikes introduced by the transformer 

leakage inductance. If not dealt with carefully, the high voltage spike may cause device 

failure in the cycloconverter. Three voltage-spike-suppress techniques are reviewed and 

compared but all these approaches need additional components/circuits, which will bring in 

power loss and control complexity. Two modulation strategies are proposed to realize ZVS 

for FB and ZCS for cycloconverter, which in return help suppress the voltage spikes as well, 

all without any additional component or auxiliary circuit. Steady-state analysis is presented 

to illustrate the converter operation. Simulation and experiment results verify the validity of 

the proposed modulation techniques. Power loss breakdown is also conducted to help the 

optimization of the system efficiency. 
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In order to validate the functionality of the proposed UHFAC Microgrids, system simulations 

and hardware demonstrations are presented in Chapter 4. In the system simulation model, 

utility grid, DC source, LFAC load and DC load are included. Close-loop controls are 

applied to all the power electronics interfaces. In the simulation result, the UHFAC bus 

voltage is stabilized at 400 Vpeak, 54 kHz. The controlled parameters, such as the distributed 

source current, load voltage or load current, can follow the reference very well. Hardware 

platform are developed to demonstrate the scenario of DC source supplying DC load and AC 

load. Ultra-fast UHFAC bus voltage zero-crossing detection techniques are provided for 

further distribution control in the future. 

This dissertation also introduces a conventional HFAC link application in Dual-Active-

Bridge (DAB) converter in Chapter 5. An improved small-signal modeling technique for the 

DAB is proposed. The steady-stage and power flow analysis of the DAB converter is 

performed. Both theoretical analysis and simulation verifications are conducted to validate 

the proposed small-signal modeling technique. The experimental results also verify the 

small-signal model derived from theoretical analysis and simulation. 

Chapter 6 presents a special application of the proposed UHFAC Microgrids, which is a cost 

effective distributed PV system with UHFAC bus for residential applications. The distributed 

PV system architectures are categorized and compared first. Then the architecture and 

advantages of the proposed PV system are analyzed in details. High-frequency AC cable 

characteristic extraction is also performed to achieve a better utilization of the system 

parasitic parameters. Theoretical analysis, Q3D modeling and experimental measurement are 

performed to verify the results of each other. The cost advantages analysis is shown to 
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demonstrate the merits of the proposed residential PV system. Finally, simulation and 

experimental verifications are presented.  

7.2 Future Work 

The future work of this research can be focused on the distributed control, optimized design 

and hardware demonstration of the proposed UHFAC Microgrids.  

The current control solution for the system is to let the shunt bus compensator inside the 

utility grid provide the synchronization signal for all the rest power electronics interfaces. If 

the ultra-fast zero-crossing detection technique can be applied to the system, every single 

interface can just sense the UHFAC bus voltage to operate. That would eliminate the 

synchronization signal bus and the system will go fully distributed.  

The UHFAC bus configuration is not fully optimized yet. For example, can the bus 

frequency go higher than 54 kHz? Higher frequency will make the transformer and passive 

component sizes even smaller, but converter switching loss will increase accordingly. Thus a 

trade-off design is necessary. In addition, frequency and transmission distance will have a 

large impact on the cable loss. AC resistance and cable inductance will get larger with the 

increase of the frequency and transmission distance, introducing more power dissipations. 

UHFAC cable design is another interesting topic. Starting with the current HFAC cable 

patent, we can see that there are many aspects in a cable design: how many strands, what the 

size of each single wire, should the wire be insulated, partially insulated, or not insulated, and 
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that is the manufacturing cost. The cable design also relates with power level, frequency and 

transmission distance of the UHFAC bus configuration.    

Ultra-fast short-circuit protection simulation and hardware demonstration are also promising 

future studies. Ultra-fast short-circuit protection should be an outstanding feature of the 

propose UHFAC Microgrids. Given that the bus frequency is 54 kHz, the two nearest bus 

current zero-crossing points are just 9.26 µs apart. A traditional utility frequency grid 

experiences a 8.33 ms-time interval between two zero-crossing points, which is 900 times of 

that in UHFAC Microgrids. It would be very constructive if ultra-fast short-circuit protection 

can be understood and implemented. 

In order to fully illustrate the functionality of the proposed UHFAC Microgrids, multi-source 

and multi-loads demonstrations are recommended. It is desirable that the utility grid, PV 

panel, Battery and/or other distributed sources be included. Different loads, such as DC 

appliances, medium frequency and utility frequency loads are necessary to be included in the 

system hardware demonstration.  

System modeling and stability analysis are more advanced topics. Large-signal and small-

signal modeling for power electronics interfaces are necessary for designing and optimizing 

the controllers. System modeling is fundamental for performing a stability analysis. These 

are all potential research topics and will make great contributions to this framework.  
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