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(a) Proposed converter in [42] 

 

(b) Proposed converter in [43] 

Figure 1.11. Single stage AC-DC converters 
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1.3 Hybrid AC-DC Microgrids  

The use of distributed generation (DG) units in power systems is becoming more popular 

as they are green, flexible and economical. DGs are connected to the power grid through 

a power electronic converter, but they are intermittent sources of energy, which creates 

issues related to system stability, reliability, and power quality. Microgrids (MGs) have 

been developed to address some of these issues. They are independently operated clusters 

of small DGs, storage units and loads that can be run either as a stand-alone system 

(islanded MG) or be connected to a bulk power grid (grid-connected MG), which is more 

common as this results in higher reliability. MGs increase the resource utilization of small 

DGs, the resilience of power systems, and the flexibility of system design [1]-[2].  

Grid-connected MGs are typically AC MGs (as opposed to DC MGs) since the bulk power 

system that they are connected to is an AC system. AC MGs, however, have several issues 

that are related to reactive power, synchronization, and power quality so that the 

popularity of DC MGs has been increasing as they do not have these issues [49]. 

Moreover, DC MGs are more efficient than AC MGs as most DG units, energy storage 

elements, and load work with DC voltage, thus most power conversion losses from AC to 

DC and vice versa are eliminated [50]. Nonetheless, DC MGs still need to be implemented 

with AC-DC and DC-AC power converters because they need to be connected to a bulk 

power AC system to be reliable and some of their DG units and loads require AC voltage 

to operate and need to be interfaced to DC MGs with power converters. 

Hybrid AC-DC MGs (HMGs), which were introduced in  [51], combine the advantages 

of both AC and DC MGs. HMGs consists of two separate sub-grids: an AC sub-grid that 

is connected to the bulk power system, AC DGs, and loads, and a. DC sub-grid that is 

connected to DC DGs, energy storage elements, and DC loads. HMGs are more efficient 

than pure AC or DC MGs because both the AC and DC loads and the DG units are 

connected to AC and DC sub-grids directly. 

In an HMG, both the AC and DC sub-grids can be operated as two separate MGs, with a 

a unified control strategy that allows power to be transferred between AC and DC sub-

grids, which allows AC and DC resources to be managed in a way that makes the operation 
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of the HMG  more efficient and reliable [52]–[57]. This power transfer can be achieved 

by a bidirectional AC-DC converter that allows power to flow from AC to DC sub-grid 

and vice versa. This converter is commonly referred to as an interlinking converter (IC) 

in the literature and is a required element in any HMG, regardless of the complexity of 

HMG structure. HMG control and operation strategies are designed to optimize the overall 

system operation and use of AC and DC sub-grid resources, and the output command of 

the control system is often executed by the IC [51], [58]–[61].  

A typical HMG with an AC and a DC sub-grid is shown in Fig. 1. The AC sub-grid 

consists of an AC bus that is connected to an AC power grid, a typical AC-DG unit, and 

a lumped AC load that models all AC loads. The DC sub-grid consists of three smaller, 

generic DC sub-grids that are connected to a common DC main bus. LV BUS-1 models a 

composite DC sub-grid that consists of a DC DG unit, an energy storage system (ESS), 

and a lumped load. LV BUS-1 is connected to the main DC bus through a bidirectional 

DC-DC converter and it injects surplus power or absorbs needed power from the main DC 

bus. LV BUS-2 models a cluster of DC small DC loads (< 2 kW) that are sensitive to 

voltage variations such as LEDs. LV BUS-3 models a group of large DC loads (> 2 kW) 

and has a two level distribution system architecture, which is referred to as an  

Intermediate Bus Architecture (IBA) in the literature; the IBA is shown in more detail in 

shown in Fig. 2. The IBA decreases the overall system cost and increases the overall 

system efficiency for large DC distribution systems (> 2 kW) [62]. 

In a DC distribution system with an IBA, a front-end converter steps down the main DC 

bus voltage to the first-level bus voltage and provides galvanic isolation. The first-level 

bus voltage can be either a semi-regulated DC voltage (i.e. 48V±10%) or a wide range 

variation voltage (i.e. 36V-75V). Power is distributed among the loads attached to the 

first-level bus, and a bus converter is used to convert the first-level bus voltage to a 

regulated secondary bus voltage that is used to supply point-of-load (POL) converters for 

each load [62]–[65]. 

In a typical HMG such as the one shown in Fig. 1, a significant number of power electronic 

converters is needed to supply the DC loads at different voltage levels. This neutralizes 
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one of the advantages of using HMG, which is that they require fewer power electronic 

converters than AC MGs or DC MGs. This issue can be addressed by using multi-port 

converters in an HMG to simplify its HMG architecture and reduce its overall size and 

cost. Few such converters have been proposed, however, and the ones that have been 

proposed have at least one of the following disadvantages: 

 They need a considerable number of switches as they are interfacing more than 

one DC bus to three phase systems [66]–[68]. 

 They need to be operated with very sophisticated control methods so that they can 

perform AC-DC and DC-DC conversion simultaneously [69]–[71]. 

1.4 Thesis Objectives 

Split DC bus converters are proposed in this thesis to reduce the size and cost of power 

electronic converters and to improve efficiency. The number of active switches in these 

converters can be fewer than that of conventional topologies, and/or these switches may 

be subjected to less voltage stress. The converters presented in this thesis are either 

completely original or are modified versions of existing topologies. 

 

Figure 1.12. DC system with Intermediate Bus Architecture (IBA) [62] 



24 

 

The main objectives of this thesis are as follows: 

 To evaluate the application of split DC bus DC-DC converters as a way of 

improving light-load efficiency in four-switch PWM full-bridge type converters. 

 To evaluate the application of split DC bus DC-DC converters as a way of reducing 

conduction losses created by freewheeling mode circulating current in four-switch 

PWM full-bridge type converters. 

 To propose a new single-stage AC-DC bridgeless converter with a split DC bus 

configuration that has galvanic isolation, continuous input current for lower peak 

stress, and a minimal number of switches. 

 To propose a new split DC bus converter that can be used to simplify HMG 

structures.  

 To determine the steady-state characteristics of the new converters proposed in the 

thesis to derive appropriate design procedures. 

 To confirm the feasibility of the proposed converters and the validity of theoretical 

concept in this thesis with experimental results obtained from proof-of-concept 

prototypes and simulation results obtained for HMGs. 

1.5 Thesis Outline 

The thesis consists of the following six chapters. Following is a brief explanation of each 

chapter. 

The focus of chapter 2 is to investigate the properties of a type split DC bus DC-DC 

converter. This chapter investigates two features of the split DC bus DC-DC converter, 

including less stress of the switches and reducing circulating current and how these 

features can be used to improve the DC-DC converter performance. 

In Chapter 2, the use of three-level (TL), zero-voltage-zero-current switching (ZVZCS) 

converters is investigated as a way of improving light-load efficiency in full-bridge 
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converters with MOSFETS. TL-ZVZCS full-bridge converters are split DC bus converters 

that are used in high-voltage, high-power applications with IGBT devices, but their use in 

lower voltage, lower power applications where MOSFETs are generally used has not been 

investigated. In this chapter, the general operation of an example TL-ZVZCS full-bridge 

converter is briefly explained and the basic principles as to how it can how improve light-

load efficiency are discussed. Experimental results that compare the efficiency of a 

prototype of the example TL-ZVZCS converter to that of the conventional ZVS-PWM 

full-bridge and a two-level ZVZCS-PWM converter are presented as well.  

In Chapter 3, the operation of the ZVS T-type DC-DC converter, a converter with a split 

DC bus that has been proposed as an alternative to the conventional ZVS-PWM full-

bridge (FB) converter, is reviewed. Although it has a number of advantageous features, 

the ZVS T-type DC-DC converter is not well known among power electronic engineers 

working with switch-mode power supplies, and the topology has thus been neglected.  In 

this chapter, the operation of the DC-DC ZVS T-type converter is contrasted to that of the 

conventional ZVS-PWM-FB DC-DC converter for lower power applications. Results 

obtained from prototypes of each converter topology are then presented, compared, and 

discussed, and conclusions which converter is superior for particular applications are 

made. 

In Chapter 4, a new single-stage three-phase AC-DC converter with four switches and 

galvanic isolation is proposed. The new converter is simple and uses fewer switches than 

previously proposed AC-DC converters of the same type. It is a bridgeless converter that 

can operate with continuous input current and with any PWM method suitable for a 

standard three-phase six-switch voltage source rectifier. In this chapter, the operation, 

control, analysis and design of the proposed converter are explained and its features are 

discussed. Experimental results obtained from a prototype that confirm the feasibility of 

the converter are presented as well. 

In Chapter 5, a new split DC bus converter that can be used as an interlinking converter 

for HMGs is proposed. The new converter, which can be implemented with only 6 active 

switches and any control method that can be used for conventional six-switch three-phase 
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AC-DC converters, can replace two converters in HMGs, thus simplifying their structure 

and reducing their cost. The converter can interface an AC system to a high voltage DC 

system as a bidirectional converter and to a low voltage isolated DC system as a 

unidirectional converter. The operation of the novel converter is discussed in detail, and 

the steady-state converter model is determined. The converter’s design procedure is 

explained and demonstrated with a design example, and feasibility of the proposed 

converter is confirmed with experimental results from a proof-of-concept prototype, and 

its operation in a HMG is confirmed with simulation results.  

In Chapter 6, the contents of this thesis are summarized, the contributions of this thesis 

are stated as are suggestions for future work. 
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Chapter 2  

2 Using Multilevel ZVZCS Converters to Improve Light-
Load Efficiency in Low Power Applications 

2.1 Introduction 

The standard ZVS-PWM DC-DC full-bridge converter implemented with MOSFETS as 

shown in Figure 2.1 is widely used in applications with loads ≥ 500W. Its MOSFET 

switches can operate with ZVS if inductive energy stored in the transformer leakage 

inductance (Llk) is used to discharge their output capacitances before they are turned on 

[72]. When the converter is operating with light loads, however, this energy is not enough 

and so the switches turn on with switching losses, which results in poor efficiency for light 

loads. Such efficiency is becoming less acceptable as ever-increasing demands for power 

are placed on the utility grid to satisfy consumer demands. 

In this chapter, the use of three-level (TL), zero-voltage-zero-current switching (ZVZCS) 

converter topologies that are implemented with IGBTs and that are typically operated at 

higher power levels ( > 1 kW) with high DC input bus voltages (> 800 V) is investigated 

as a way of improving light-load efficiency in lower power full-bridge PWM converters 

(< 1 kW) that are implemented with MOSFETs and operated with lower, more standard 

DC bus input voltages (400 V). The general operation of an example TL-ZVZCS full-

 

Figure 2.1. FB-ZVS-PWM DC-DC converter 
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bridge converter is briefly explained in this chapter and the basic principles as to how it 

can how improve light-load efficiency are discussed. Experimental results that compare 

the efficiency of a prototype of the example TL-ZVZCS converter to that of the 

conventional ZVS-PWM full-bridge are presented to confirm the superior light-load 

efficiency of TL-ZVZCS converters.  

2.2 Example TL-ZVZCS DC-DC converter operation 

A number of TL-ZVZCS DC-DC converters have been proposed in the literature [7], [73], 

[74]. The example TL-ZVZCS converter that was used for this study is shown in Figure 

2.2; it was selected because it is among the simplest of its type. It is a standard three-level 

DC-DC converter with a secondary auxiliary circuit that consists of Caux, D1, D2 and Df. 

Since the operation of the standard three-level DC-DC converter is well-known and can 

be found in the literature (i.e. [75], [76]), it is only briefly summarized in this section. 

Only the operation of the secondary auxiliary circuit is discussed in detail.  

The example TL-ZVZCS converter Modes of operation for the TL-ZVZCS converter is 

shown in Figure 2.2. The converter consists of four switches (S1-S4), a split-capacitor DC 

bus (C1 – C2), two diodes (Da – Db), a transformer, two secondary rectifying diodes (Dr1-

Dr2) and output inductor (Lo), an output capacitor (Co), and a secondary auxiliary circuit 

that consists of Caux, D1, D2 and Df. 

The converter shown in Figure 2.2 is in an energy-transfer mode that allows energy from 

the primary to be transferred to the secondary when either S1 and S2 or S3 and S4 are on. 

It is in a freewheeling mode when either S2 or S3 are on and current just circulates in the 

primary with no primary/secondary energy transfer taking place. If the input voltage of a 

TL converter is the same as that of a ZVS-PWM converter, its switches are exposed to 

less voltage, so that CV2 turn-on losses are automatically reduced, but exposed to more 

current and thus more conduction losses as it is essentially a half-bridge converter.   

The modes of operation of the example TL converter for a switching cycle are explained 

below with an equivalent circuit diagram for each The modes of operation of the TL 
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converter for a switching cycle are explained below with an equivalent circuit diagram for 

each mode shown in Figure 2.3.  

Mode 1 (t0 < t < t1):  

During this mode, switches S1 and S2 are turned on with ZCS as there is no primary current 

at t=t0. Half the input voltage is applied to the transformer primary and the primary current 

increases linearly. The secondary rectifier output voltage Vrec is zero during this mode and 

secondary current circulates through diode Df; power is not transferred from the input to 

the output.  The primary current reaches Io/n, the reflected output inductor current, by the 

end of this mode. 

Mode 2 (t1 < t < t2):  

During this mode, the primary current goes beyond Io/n and secondary diode Dr1 conducts. 

Current flows through a resonant circuit made up of Llk and Caux so that switches S1 and 

S2 conduct a resonant current in addition to the reflected load current. Auxiliary capacitor 

Figure 2.2. TLDC-DC converter with secondary clamp circuit 


