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ABSTRACT 

 

 Fuel cells provide a clean and highly efficient energy source for power generation; 

however, in order to efficiently utilize the energy from fuel cells, a power conditioning 

system is required.  Typical fuel cell systems for stand-alone and utility grid-tied 

stationary power applications are found mostly with low nominal output voltages around 

24 V and 48 V, and power levels are found to be 3 to 10 kW [1][2].  A power 

conditioning system for such applications generally consists of a dc-dc converter and a 

dc-ac inverter, and the dc-dc converter for low-voltage, high-power fuel cells must deal 

with a high voltage step-up conversion ratio and high input currents.  Although many dc-

dc converters have been proposed, most deal with high input voltage systems that focus 

on step-down applications, and such dc-dc converters are not suitable for low-voltage, 

high-power fuel cell applications. 

 Multiphase isolated dc-dc converters offer several advantages that are very desirable 

in low-voltage, high-power fuel cell applications.  First, a multiphase is constructed with 

paralleled phases, which increase power rating and current handling capability for high 

input current.  Second, an interleaving control scheme produces a high operating 

frequency with a low switching frequency, and the high operating frequency reduces size 

of passive components.  Thirdly, use of a transformer provides electrical isolation and a 

high conversion ratio.  Lastly, several multiphase converters are capable of soft-switching 

operation, which increases converter efficiency. 

 This thesis examines two highly efficient, soft-switching dc-dc converters that are 

targeted for fuel cell applications.  The thesis also describes the converters’ basic 

operating principles and analyzes performance for low-voltage, high-power fuel cell 

applications.  5-kW prototypes for each converter are built and tested with a fuel cell 

simulator.  Experimental switching waveforms and efficiency profiles are shown to 



support the described basic principles and the analysis.  Major features and differences 

between these two converters are also discussed. 
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1 INTRODUCTION 
 Fuel cells, which utilize reaction between hydrogen and oxygen to produce 

electricity, provide a clean and highly efficient energy source for power generation.  As 

fuel cell technology matures, it will become a viable option for power generation and 

distribution.  As an effort to develop a reliable fuel cell technology, the U.S. Department 

of Energy (DOE) National Energy Technology Laboratory (NETL) started the Solid-

State Energy Alliance (SECA) program to develop a 5 kW solid-oxide fuel cell (SOFC) 

for distributed power generation. 

 In order to efficiently deliver electrical power from fuel cells to end-use applications, 

a power conditioning system (PCS) is necessary.  A PCS for distributed power generation 

generally consists of a dc-dc converter and a dc-ac inverter, and through power 

conditioning, unregulated dc electrical power from fuel cells is converted into usable 

power, such as ac power for standalone load and electric utility grid-tie.  The Virginia 

Tech’s Future Energy Electronics Center (FEEC), as a core technology team member, is 

developing a low-cost dc-dc converter as the standard interface between the SOFC source 

and a load-side dc-ac inverter. 

 The SECA’s SOFC produces low-voltage dc, which ranges from 20 V to 60 V.  The 

output voltage level depends on load condition, and a lower voltage is generated with a 

heavier load.  For such a low-voltage source to deliver 5 kW power, the current level may 

exceed 250 A at the full-load condition.  Most existing dc-dc power converters are 

developed for high-voltages, such as 300 V and higher, and are not equipped to handle 

such a high-current condition.  The purpose of this thesis is to evaluate different 

advanced dc-dc converters that are suitable for low-voltage, high-power fuel cells.  

Among different advanced dc-dc converters, multiphase and soft-switching have been the 

major focus to increase the converter efficiency.  Power semiconductor devices and 

converter circuit topology need to be optimally selected to achieve a high efficiency 

power conversion, and the high efficiency is considered to be the most important 

performance index in all the energy related applications.   

 Multiphase converters offer several advantages, and the major advantages are that 

currents are shared among phases to reduce current stress on devices, and that an 

 1



interleaving control scheme reduces size of passive components with an increased 

effective frequency and a lower ripple current amplitude.  On the other hand, soft-

switching allows higher efficiency with reduced switching losses, which is a key to high 

efficiency power conversion.  A range of dc-dc converters are examined for fuel cell 

applications, and two types of multiphase isolated soft-switching dc-dc converters are 

selected for detailed analysis and performance evaluation.  Major content in this thesis 

includes topological studies, computer simulations, and hardware implementation.  

Experimental results of two multiphase dc-dc converters are compared.   

 

1.1 Fuel Cell Power Conditioning System for Distributed Power 

Generation Application 

 Fuel cells can be applied to diverse applications in a very wide range of power levels.  

Among those applications, this thesis particularly considers dc-dc converters for 

distributed power generation applications, i.e. stand-alone and utility grid-tied stationary 

power applications.  For these applications, fuel cells are found mostly with low nominal 

output voltages around 24 and 48 V, and power levels are found to be 3 to 10 kW [1][2]. 

 Stationary power applications and utility lines operate at 50/60 Hz, 120/240 VAC 

RMS.  However, a fuel cell is a non-ideal dc source, and for fuel cells to be practically 

utilized, a power conditioning system (PCS) must be utilized to generate the desired ac 

output.  In such applications where a PCS is utilized to supply power to consumer 

electronics, household appliances, and/or utility lines, regulatory agencies usually require 

electrical isolation for safety reasons.  Generally, electrical isolation is obtained using a 

transformer, and there are two typical ways to achieve electrical isolation via a 

transformer: a) a line frequency (50/60 Hz) transformer utilized between a power 

conditioning system and appliances/utility lines, or b) a high-frequency transformer 

utilized within a dc-dc converter of a power conditioning system. 

 The block diagram in Figure 1.1 illustrates how electrical isolation is achieved with a 

line frequency transformer.  An unregulated fuel cell output is converted to a regulated dc 

output by a non-isolated dc-dc converter, i.e. a boost converter, and a dc-ac inverter 

generates a low-voltage sinusoidal 35 VAC RMS output.  Then a line frequency 
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transformer provides electrical isolation, and a turns ratio of 1:3.5:3.5 generates a 

120/240 VAC RMS output. 

 

DC

MAX

20 ~ 50 V
250 A DC50 V  Regulated AC-RMS35 V AC-RMS120/240 V±

(Isolation)  
Figure 1.1 – Electrical isolation via line frequency transformer 

 

 On the other hand, Figure 1.2 illustrates how electrical isolation is achieved with a 

high-frequency transformer within a dc-dc converter of a power conditioning system.  

The dc-dc converter takes a low-voltage fuel cell output and boosts it to 200/400 VDC 

while providing electrical isolation, and a dc-ac inverter generates 120/240 VAC RMS 

output.   

 

DC

MAX

20 ~ 50 V
250 A DC200/400 V  Regulated± AC-RMS120/240 V±

(Isolation)  
Figure 1.2 – Electrical isolation via isolated dc-dc converter within power conditioning system 

 

1.2 Line Frequency Transformer versus High Frequency 

Transformer 

 In addition to the electrical isolation, transformers offer other advantages, such as 

noise decoupling and multiple outputs with multiple secondary windings.  Typical 

disadvantages are that a) design and costs of transformers are non-trivial, b) unbalanced 

input can cause transformer saturation, c) difficulty in cross regulation between multiple 

outputs and d) a transformer introduces additional losses.  Nevertheless, transformers are 
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required to provide the electrical isolation, and the high-frequency transformers offers 

several additional advantages over the line frequency transformers. 

 Advantages of the high-frequency transformers can be evaluated from a systematic 

point of view.  First, a transformer’s size and weight vary inversely with frequency, thus 

the line frequency transformers, which operate at 50/60 Hz, are large in size and weight.  

However, dc-dc converters operate in frequency range of tens or hundreds of kilohertz, 

therefore a significant improvement in size, weight, and cost can be made by 

incorporating a high-frequency transformer into a dc-dc converter stage.  Secondly, 

incorporating a line frequency transformer at the end of power conversion system tends 

to cause lower efficiency.  Transformers are utilized to boost low-voltage to high-voltage, 

thus all the stages before transformer must operate in a low-voltage condition.  When a 

line frequency transformer is used, the entire power conditioning system operates in low-

voltage.  Assuming the same power rating, a lower voltage translates to a higher current, 

and the high current results a higher conduction losses and a lower overall efficiency.   

 Advantages of the high-frequency transformer can be also evaluated from a dc-dc 

converter point of view.  First, a transformer in the dc-dc converter stage enables a better 

device optimization and lowers voltage and/or current stresses on switching devices.  

Second, lower voltage and/or current rated devices cost less.  Third, the better device 

utilization and optimization enable use of better devices with a lower on-resistance, 

which leads to less conduction losses and a higher efficiency. 

 Overall, when the advantages and the disadvantages of the line frequency 

transformers and the high-frequency transformers are weighted against each other, it 

becomes obvious that use of the high-frequency transformers is a better choice than use 

of the line frequency transformers.  Therefore, this thesis focuses on isolated dc-dc 

converters, and non-isolated dc-dc converters are excluded from further consideration 

due to its many disadvantages. 
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1.3 Transformer Isolated Dc-Dc Converters 

 This section discusses challenges that the isolated dc-dc converters face in low-

voltage, high-power fuel cell applications, and sets loose specifications for the dc-dc 

converter in such a environment. 

 

1.3.1 High conversion ratio and current handling capability 

 In a fuel cell power system, a dc-dc converter is an interface between the fuel cell 

power system and a load side dc-ac inverter.  Its main responsibility is to convert a low-

voltage input from the fuel cells, which ranges from 20 to 60 VDC, to a regulated high-

voltage 200/400 VDC output.  The dc-dc converter output is then connected to the dc-ac 

inverter to obtain a 120/240 VAC RMS output. 

 Within such a power conditioning system, the dc-dc converter must be concerned 

with two points, a) a high conversion ratio from a nominal 25 V input to a 400 V output, 

and b) a high-current condition, due to the low input voltage.  For an instance, when a 5 

kW solid-oxide fuel cell (SOFC) is heavily loaded, the fuel cell output can be decreased 

as low as to 22 V [4], which translates to a conversion ratio greater than 18 and over 200 

A input currents for the dc-dc converter.  Therefore, the converter must be capable of 

handling a very high current, along with a high conversion ratio. 

 

1.3.2 High efficiency 

 The dc-dc converter should also be able to convert power efficiently.  In all the 

energy related applications, the efficiency is considered to be the most important 

performance index.  Increased efficiency can reduce fuel consumption and save operating 

cost.  Quoted by Mr. Don Collins from National Energy Technology Laboratory (NETL), 

each 1 % increase in converter system efficiency is worth $75 / kWe, which is equivalent 

to $6.50 / mbtu gas cost for a SOFC power plant of the size about 150 kW [5].  Increased 

efficiency can not only save the operating cost, but also save manufacturing cost.  For an 

example, thermal management components are big contributors in cost, size, and weight.  
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With increased efficiency, less heat is generated, and size and cost for thermal 

management can be significantly reduced.   

 In order to increase efficiency, power loss components must be identified and 

improved.  Generally, converter power losses can be attributed to conduction losses, 

switching losses, and magnetic losses.  Properly designed transformers and inductors can 

minimize the magnetic losses, and the properly designed magnetic components can be 

utilized for several different circuit topologies, assuming specification remains similar.  

However, a choice of converter topology can significantly affect amount of switching 

losses and conduction losses.  For an example, switching losses can be significantly 

reduced by choosing a soft-switching converter over a hard-switching converter.   

 Among the three major loss attributions, conduction losses are the dominant loss 

factor in high-current applications, as with low-voltage, high-power fuel cells, thus a 

topology with low conduction loss should be chosen.  In order to increase efficiency, 

power semiconductor devices and the converter topology need to be optimally selected to 

minimize switching and conduction losses. 

 

1.3.3 System interaction 

 When a power conditioning system is designed for a fuel cell system, a special design 

consideration should be given for an interaction between the fuel cells and a dc-dc 

converter, particularly for negative currents and low frequency ripple currents.  First, fuel 

cells can only source currents, and are incapable of sinking any currents back.  In other 

word, fuel cells should not experience any negative currents, since fuel cells can not 

reproduce hydrogen from electricity, and the negative currents may damage the fuel cells 

[6][7].  For an instant, certain converter topologies can generate instantaneous negative 

currents back to source, thus a diode and filters are typically used to prevent any negative 

currents.  However, such topologies should be avoided, and appropriate topologies 

without possibility of negative currents should be selected for fuel cells. 

 Secondly, fuel cells are very sensitive to low-frequency ripple currents, and the ripple 

current should be limited within the specification.  When a fuel cell power system is tied 

to a single-phase 50/60 Hz application, the system experiences low-frequency current 
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ripples that are twice of the line frequency.  Reference [7] suggests that such ripple 

currents should be limited to less than 10 % of load current for proton exchange 

membrane (PEM) fuel cells.  For solid-oxide fuel cells (SOFC), the control system of 

balance of plant (BOP) is more sensitive to ripple currents, and 2 % RMS ripple current 

is specified to avoid BOP controller instability [8].  The dc-dc converter should be able to 

limit and control the amount of low-frequency ripple current propagate through the 

converter to the fuel cells, and this can be achieved using an advanced control technique 

specially designed for a single-phase fuel cell application.  However, the advanced 

control design is out of scope for this thesis, and reference [8] should be referred for more 

information. 

 

1.3.4 Isolated dc-dc converter capability summary 

 To summarize, the dc-dc converter for low-voltage, high-power fuel cells should be 

capable of: 

• High conversion ratio – from 20~60 V to 400 V 

• High current handling capability – up to 250 A @ 20 V, 5 kW operation 

• High efficiency – optimal selection of power semiconductor devices and a 

converter topology to lower switching and conduction losses.  High efficiency 

also lowers operating cost. 

• High power density – lower manufacturing cost 

• Electrical isolation – via transformer 

• Stable interaction with fuel cell – minimize low-frequency current ripple and no 

negative current into fuel cell 

 

1.4 Thesis Outline and Major Results 

 This chapter briefly discusses fuel cell distributed power generation, and its need for a 

power conditioning system with an advanced dc-dc converter.  The chapter also 

addresses the requirements of the dc-dc converter in low-voltage, high-power fuel cell 

applications.   

 7



 In chapter 2, a range of isolated dc-dc converters are surveyed for fuel cell 

applications.  Advantages and disadvantages of popular single-phase converters are 

discussed in relation to the fuel cell applications.  Then, several multiphase dc-dc 

converters are surveyed.  Multiphase converters offer several advantages over single-

phase converters.  First, a multiphase is constructed with paralleled phases, instead of 

paralleled multiple devices.  Multiple phases share overall currents to increase power 

rating and current handling capability, which is required in low-voltage, high current fuel 

cell applications.  Consequently, the multiphase configuration reduces RMS current per 

phase, which lowers devices stresses and utilizes devices better.  Second, an interleaving 

control scheme produces a high operating frequency with a low switching frequency, and 

the high operating frequency reduces size of passive components.  Third, multiphase 

transformers can be configured various ways to meet a high conversion ratio with a lower 

turn ratio.  Lastly, several multiphase converters are capable of soft-switching operation, 

which increases converter efficiency. 

 In chapter 3, two advanced multiphase isolated dc-dc converters are selected from the 

surveyed multiphase converters in chapter 2 and are analyzed in detail.  First converter is 

a three-phase, three-leg, Y-Y transformer isolated, asymmetrical duty cycle pulse width 

modulation converter, which is named “V3”.  Second converter is a three-phase, six-leg, 

Δ-Y transformer isolated, phase-shift modulation converter, which is named “V6”.  This 

chapter examines operation modes and operating principles of each converter in detail. 

 In chapter 4, 5-kW prototypes for each converter are built and tested with a fuel cell 

simulator.  Experimental switching waveforms and efficiency profiles are shown to 

support the described basic principles and analysis.  Major features and differences 

between these two converters are also discussed.  Both V3 and V6 converters achieved 

high efficiency, such that V3 reached peak 96.8 % efficiency at 1.8 kW while 

maintaining over 95 % efficiency over wide load range, and V6 reached peak 97.2 % 

efficiency at 2.5 kW while maintaining over 96 % efficiency over wide load range. 

 Chapter 5 gives conclusions of this thesis and suggests future work for the further 

developments on high power converters for low-voltage, high-power fuel cell 

applications. 
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 The purpose of this thesis is to evaluate different advanced dc-dc converters that can 

efficiently deliver power to the load.  Two previously proposed dc-dc converters, V3 and 

V6, are analyzed in great detail and tested for fuel cell applications.  Both converters 

exhibit excellent attributes, and are highly recommended for fuel cell application. 
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2 TOPOLOGY SURVEY OF HIGH POWER DC-DC CONVERTERS 
 A number of high-frequency transformer isolated dc-dc converters are analyzed in 

literatures.  However, most past researches deal with high-voltage input, such as 300 V 

and higher, and focus on high to low voltage, step-down conversion.  Only a limited 

number of literatures are devoted to low to high voltage, step-up conversion, and even 

less number of literatures talk about high-current applications, such as fuel cells.  This 

chapter surveys past literatures and searches for suitable topologies for low-voltage, high-

power fuel cell applications.   

 

2.1 Single-phase Isolated Dc-Dc Converters 

 Single-phase transformer isolated converters are employed in a range of applications.  

Popular topologies are flyback, forward, push-pull, half-bridge, and full-bridge. 

 A flyback converter is a simple buck-boost based converter.  The topology is popular 

and is advantageous when multiple outputs are required at a relatively low power, in the 

range of 50 to 100 W.  On the disadvantageous side, the topology suffers from high 

voltage stresses on switching devices, and the flyback transformer core is poorly utilized 

and it needs to be oversized. 

 Similarly, a forward converter is a simple buck based converter.  The power handling 

capability is higher than flyback, and it ranges from 500 to 1000 W.  The forward 

converter exhibits a better transformer utilization when compared to the flyback 

converter, but the transformer magnetizing current must operate in discontinuous 

conduction mode to prevent the transformer from saturation.    

 Overall, the flyback and the forward converters are popular in relative low-power 

applications because these are simple and easy to build.  However, their transformer 

cores are not effectively utilized, and both suffer from high voltage and/or current 

stresses on switching devices, such that the stresses become excessive during high power.  

Thus, these can not handle high power, and are ruled out from high power applications.  

On the other hand, push-pull, half-bridge, and full-bridge converters are able to handle 

higher power, and these deserve closer consideration for high-power fuel cell application. 
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2.1.1 Push-pull converter 

 Figure 2.1 shows a typical push-pull converter with a full-bridge diode rectifier.  One 

main advantage of this topology is that only one device is connected in series with a input 

source at any given instant, and only one switching device is responsible for conduction 

loss.  Due to its low conduction loss, the push-pull topology can be very attractive for 

high-current applications.  However, it is prone to transformer saturation, and exhibits a 

poor transformer utilization due to transformer primary-side center tap configuration.  

Additionally, the center tap configuration causes a higher voltage stress on switching 

devices, and the higher voltage stress requires devices with higher breakdown voltage.  

Typically, MOSFETs are preferred over IGBTs in low-voltage applications, and if 

MOSFETs are used in the application, devices with a higher drain-to-source breakdown 

voltage (VDSS) and a higher on-resistance are required.  As a consequence, the advantage 

gained from single device conduction loss is offset by higher on-resistance of the single 

device. 
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Figure 2.1 – Push-pull converter 
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2.1.2 Half-bridge converter 

 Figure 2.2 shows a typical half-bridge dc-dc converter with a single-phase 

transformer and a full-bridge diode rectifier.  The half-bridge tolopogy is one of the 

simplest topology, and is popular in low to medium power system due to its simplicity. 

 The half-bridge topology is usually employed in voltage step-down application, since 

it utilizes only a half of input voltage.  In the primary side of the transformer, one end is 

connected to the midpoint of the half-bridge, and the other end is connected to the 

midpoint of split dc capacitors.  The average voltage of the split dc capacitors at the 

midpoint is one half of the input voltage; therefore, the transformer can only utilize one 

half of the input voltage.  As a consequence of utilizing only one half of the input voltage, 

all the primary side components, such as the split dc capacitors, switching devices, and 

the transformer, experience double amount of input current.  For an instance, if an 

average current of 100 A is being supplied from fuel cell, then the capacitors and the 

switching devices must be able to handle approximately 200 A current ripples.  In 

addition to the high current stress, the transformer turns ratio has to be doubled to 

compensate for utilizing only one half of the input voltage.  As a consequence of the 

higher turns ratio, the transformer suffers from higher leakage inductance, and a higher 

leakage inductance causes more energy losses and more duty cycle losses than a lower 

leakage inductance.  Considering all these factors, the half-bridge topology is more 

suitable for low-current, step-down application than for high-current, and step-up 

application, such as fuel cell application. 
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Figure 2.2 – Half-bridge converter 

 

2.1.3 Full-bridge converter 

 Figure 2.3 illustrates a conventional full-bridge converter with a single-phase 

transformer and a full-bridge diode rectifier, and the full-bridge topology could be the 

most popular and preferred single-phase isolated dc-dc converter topology for many 

high-power applications.  Unlike the half-bridge topology, the full-bridge topology 

utilizes the entire input voltage.  Also in the full-bridge topology, the current stresses in 

the primary side components do not double, while voltage stresses remains the same as 

the half-bridge topology. 

 One of advantages of the full-bridge topology is the ability to apply different control 

schemes with little to no modification and achieve desired results.  The fundamental 

control scheme of the full-bridge topology is a constant frequency pulse-width-

modulation (PWM).  This control strategy is highlighted by minimal circulating current 

and current stress.  However, it operates under a hard-switching condition, and this 

causes large switching losses.  Also, parasitic parameters, such as transformer leakage 

inductance and output rectifier reverse recovery spikes, cause parasitic ringings, which 

increase voltage and current stresses.  Typically, snubbers and voltage clamps are used to 

limit the voltage stress, but they cause additional energy losses.  Large switching losses 

restrict switching frequency from increasing, and the low switching frequency puts a 

limit on power density in this constant frequency PWM control strategy. 
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 Many resonant-type converters are proposed in literature to deal with one or more of 

the hard-switching PWM control limitation.  Conventional resonant converters improve 

switching losses by incorporating a soft-switching technique and increases power density 

by reducing the size of transformers and passive filter elements with higher frequency 

operation.  However, resonant-type soft-switching and high frequency operation are 

typically achieved at the expense of substantially higher component stresses [10].  When 

the resonant-type converter is implemented for high current application, i.e. the fuel cell 

system, the current stress may become unacceptably high to be practically implemented.  

These also require a variable frequency control.  The variable frequency control scheme 

makes control implementation challenging and filter component optimization becomes 

difficult. 

 An alternative method to the PWM or the resonant-type control scheme is the full-

bridge converter using a phase-shift modulation (PSM) control.  The PSM control 

scheme takes strong points from both the PWM control technique and the resonant-type 

converters.  First, switching losses are reduced with a soft-switching technique.  Resonant 

elements needed for soft-switching is provided by the parasitic elements of switch output 

capacitance and transformer leakage inductance.  Secondly, unlike the resonant-type 

converters, the soft-switching can be achieved while maintaining constant frequency 

operation [12][13].  Although this control scheme offers several advantages, there are 

several undesirable traits: 

 

• Limited soft-switching range in leading leg 

• High circulating energy in the transformer primary side during free-wheeling 

period 

• Loss of duty cycle due to large leakage inductance 

• Load dependent dc characteristics 
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Figure 2.3 – Full-bridge converter 

 

 Many full-bridge topology variations are proposed in literature to improve one or 

more shortcomings.  A quick survey of the full-bridge topology variations is presented 

here: 

 

• Zero-voltage transition (ZVT) PWM converter [14] 

- ZVT is provided by the addition of an auxiliary network, which consists of 

two small switches and one small inductor, to a full-bridge topology.  The 

ZVT enables zero-voltage switching (ZVS) for the entire line and load range 

without increasing device voltage and current stresses.  Also, duty cycle loss 

is minimized. 

- However, large circulating current still remains to be a problem, and the 

circulating current should be minimized in high-current fuel cell application. 

- Experimental circuit: 380 V input voltage, 48 V output voltage, 1.8 kW 

output, and 83 kHz switching frequency. 

- This variation is advantageous with high voltage, high power application.  90 

% efficiency at full load is reported, but the efficiency rapidly drops to 60 % 

at light load, due to constant energy consumption of auxiliary circuit. 
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• Zero-voltage zero-current switching (ZVZCS) PWM converter using transformer 

auxiliary windings [15] 

- In a ZVZCS circuit, the zero-voltage switching (ZVS) of lagging leg switches 

is achieved by the same manner as the ZVS in the phase-shift full-bridge 

topology.  Leading leg switches achieve zero-current switching (ZCS) by 

resetting the current in the transformer primary during the freewheeling 

period. 

- In this circuit, the current in the transformer primary is reset by using the 

transformer auxiliary windings.  No lossy components are involved and no 

additional active switch is added.  All active and passive devices are operated 

under a minimum voltage and current stresses.  Also, no large circulating 

current is generated.    

- Experimental circuit: 480 V input, 50 V output, 2.5 kW, 100 kHz, IGBT  

- A maximum efficiency at full load is 94.5 % is reported.  One disadvantage of 

this variation is that the realization of the auxiliary circuit, which consists of 

transformer auxiliary windings, rectifier diodes, a holding capacitor and a 

discharging diode, is a bit complex. 

 

• Zero-voltage zero-current switching (ZVZCS) PWM converter with a dc blocking 

capacitor and a saturable core [16] 

- The ZVZCS is achieved by resetting the current in transformer primary with a 

dc blocking capacitor and a saturable reactor. 

- Soft-switching is achieved in a wide range, and circulating current is reduced 

to lower conduction losses.   

- Experimental circuit: 400 V input, 48 V output, 2 kW output power, 100 kHz 

switching frequency. 

- 94 % efficiency at full load is reported.   

- In low-voltage, high-power fuel cell applications, a high-current condition 

takes a place.  The dc blocking capacitor, which is in series with the primary 

transformer windings, is in the path of main power delivery; therefore the 

capacitor must be able to handle high current.  Such capacitors would be hard 
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to manufacture, and its cost would be very high, which makes this topology 

variation impractical for high-current applications.  Also the saturable reactor 

loss limits the maximum power level. 

 

• Zero-voltage zero-current switching (ZVZCS) PWM converter with secondary 

clamps [17][18] 

- ZVZCS is achieved by resetting the current in primary transformer windings 

with a clamp in the transformer secondary side.  Additional auxiliary circuits, 

however, adds additional cost, control complexity, and switching losses due to 

its hard-switching characteristic,  

- Experimental circuit: 480 V input, 48 V output, 3 kW output power, 100 kHz 

switching frequency, and 94 % maximum efficiency. 

 

 Many full-bridge variant topologies are proposed; however, most literature focus on 

voltage step-down applications, where a high-current condition does not pose a major 

concern.  Although many topologies report excess of 94 % efficiency in step-down 

applications with high input voltage, if the same topologies are to be implemented with 

fuel cell applications, where a low fuel cell output voltage causes a high current stress, 

then efficiency would drop significantly due to higher conduction losses. 

 Above topologies focus on the reduction of switching losses, and not on conduction 

losses.  In high voltage applications, device switching losses are usually higher than 

conduction losses.  However, when input voltage is low, i.e. fuel cell applications, input 

current becomes very high, and the conduction losses may overcome the switching losses 

and become the dominant factor in overall losses.  In order to reduce the conduction 

losses, either the resistance in current path or the current through resistive path must be 

lowered.  Paralleled devices lower the resistance in the path, and paralleled converters 

lower the current of the path.  Two methods are discussed in more detail in next section. 
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2.1.4 Paralleling devices and converters 

 As power level increases and components face more stresses, the components within 

converters or the converters themselves can be paralleled to reduce component stress and 

achieve a higher power rating. 

 For low-voltage, high-power fuel cell applications, large current causes significant 

conduction losses along the path it flows, and the conduction loss is the main cause of 

lower efficiency.  A simple power loss calculation, I2·R, indicates that conduction loss 

can be reduced by decreasing the amount of current through each lossy components 

and/or by reduce the component resistance.  When components are paralleled, the 

resistance in current path is reduced, and average current flow through each component is 

also reduced, thus it lowers conduction losses and achieves higher power rating.  

However, paralleled components increase the complexity of circuit layout, and 

unbalanced dynamic and static current sharing among the components may cause a 

problem.  Especially, if the current does not equally shared by each component, one 

component faces more stress and may fail faster than others. 

 Converters are often paralleled when higher power rating is desired.  Paralleled 

converters reduce average current in individual converter and increase overall power 

rating; however, the paralleled converters cause redundancy in power components, 

control circuits, and gate drivers; therefore, cost and size of the system increase linearly 

with the power rating.  Also converter current sharing and interaction must be considered 

as well. 

. While paralleled devices and converters can achieve better efficiency and higher 

power rating, it is not necessarily the best solution, and better solutions and topologies 

should be sought after. 

 

2.1.5 Single-phase isolated dc-dc converters summary 

 Single-phase isolated dc-dc converters are very popular and often used in many 

applications.  Most of previously reported topologies focus on step-down applications 

where the reduction of switching losses with soft-switching techniques is the main topic.  

However, fuel cell applications face a very high current condition, where the current may 
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go up to 250 A and even higher in the future.  Most of previously reported single-phase 

isolated dc-dc converters seem inadequate and insufficient, as these can not deal with the 

high current condition, and also sufficiently rated components are not readily available.  

These converters can be the baseline technology for realizing many other converters, 

such as multi-phase dc-dc converters, which is discussed in next section. 
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2.2 Multiphase Isolated Dc-Dc Converters 

 As the power rating of dc-dc converters increase, single-phase converters face severe 

component stresses.  Especially in fuel cell applications, high current stress limits the 

power rating from further increase.  Thus, the use of multiphase converter circuits is 

proposed to reduce the high current stress on devices and components.  This section 

surveys the literature of multiphase dc-dc topology for fuel cell applications. 

 

2.2.1 Three-phase PWM dc-dc converter with a ∆-∆ transformer 

 Shown in Figure 2.4, a three-phase isolated dc-dc converter is introduced in 1988 by 

A. R. Prasad, et al., in reference [19]. 

 This topology is considered to be the first multiphase converter to demonstrate all the 

key attributes of multiphase converters.  First, control signals are interleaved with 120° 

shift among phases.  As a result, converter effective frequency appears to be three times 

greater than actual switching frequency.  In other words, the voltage and the current of 

input port and output port have three times greater chopping frequency than switching 

frequency.  Secondly, as a consequence of higher effective frequency, the size of passive 

filter components, i.e. capacitors and inductors, are significantly reduced.  Furthermore, if 

a three-phase transformer is used instead of three single-phase transformers, transformer 

size reduction is possible, since flux can couple among phases inside the transformer 

magnetic core.  However, the design and the implementation of three-phase transformer 

can be challenging.  Thirdly, lower RMS currents go through individual power switches, 

since each phase shares overall currents.  Therefore, higher power level can be achieved 

with lower device stresses.   

 In the reference, a 2 kVA prototype experimental converter is reported using power 

MOSFETs with the following circuit parameters: 20 kHz operating frequency, 185.5~260 

V input source voltage, and 2100 W output power.  It reports high 96 % efficiency; 

however, the experiment is conducted with high input voltage under very ideal condition, 

where nearly zero line inductance or nearly zero transformer leakage inductance is 

included.  In a setting where inductance can not be minimized, the converter suffers from 
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high circulating current and high conduction loss.  Also this topology employs 

symmetrical PWM control signal, which causes high commutating loss due to hard-

switching.  If this topology is implemented for fuel cell applications, it is very likely that 

efficiency will be reduced significantly. 
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Figure 2.4 – Three-phase PWM dc-dc converter with a  ∆-∆ transformer 

 

2.2.2 Three-phase dc resonant PWM dc-dc converter with a Y-Y 
transformer 

 Figure 2.5 illustrates a three-phase dc resonant PWM dc-dc converter with Y-Y 

transformer.  The same authors of the dc-dc converter in section 2.2.1, Prasad, et al., 

introduced a soft-switching version of the same converter in 1991 in reference [20].  

Main differences are change of three-phase transformer configuration from ∆-∆ to Y-Y 

and the addition of resonant network.  The resonant inductor, LRES, is added to the 

primary side of transformer and the resonant capacitor, CRES, is added immediately after 

the output of three-phase diode rectifier. 

 The control method remains the same as the previous work, symmetrical PWM 

control with 120° interleave among phases.  The combination of resonant network and 

PWM control methods are used to regulate output voltage from no load to full load with 

low switching losses.  It should be noted that constant switching frequency control is 

employed instead of usual variable frequency control associated with resonant converters.   

  A 1.5 kVA experimental three-phase dc resonant PWM dc-dc converter is reported 

with the following circuit parameter: 110 V and 12.5 A input, 100 V and 12.5 A output, 
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and 90.9% efficiency.  This topology not only shows low efficiency, but the resonant 

network also makes power devices suffer from high voltage and current stress, and the 

converter requires higher rated devices to be used.  Also, the large size of resonant 

network components, LRES and CRES, offset the benefit of transformer and filter size 

reduction. 
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Figure 2.5 – Three-phase dc resonant PWM dc-dc converter with a Y-Y transformer 

 

2.2.3 Three-phase resonant-type dc-dc converter 

 Figure 2.6 and Figure 2.7 illustrate a three-phase series-parallel resonant converter 

and a three-phase series resonant converter reported in reference [21] and [22], 

respectively.  Both resonant-type converters are similar and are discussed together. 

 Resonant tank are created with three-phase transformer leakage inductance and 

resonant capacitors.  The resonance creates a soft-switching condition, which helps to 

improve system efficiency and to increase switching frequency; however, high voltage 

and current stresses are imposed on power devices.  Also control scheme utilizes a 

variable frequency operation, thus filter optimization can present some difficulty.   

 A 5 kW experimental three-phase series resonant converter circuit is reported with 

following circuit parameters: 400 V input, 400 V output, 100 kHz resonant frequency 

with variable switching frequency.  It reports a very high conversion efficiency of 98.2 % 

in high voltage applications; however, in low-voltage high-power applications, efficiency 

could drop significantly. 
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 The main drawback of the resonant-type dc-dc converter with low-voltage high-

power applications is the presence of the resonant capacitor in the path of main power 

delivery.  In both resonant-type converters, the resonant capacitor is in series with the 

three-phase transformer in primary side.  Since high-current condition in the primary is 

associated with low-voltage fuel cell applications, the resonant capacitor must be able to 

process very high current.  Not only high current resonant capacitors are very expensive, 

but also their availability is very limited.  Additionally, the primary side already 

experiences very high current stress in low-voltage high-power application, and the 

resonant network would add more stress to already high current stress. 
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Figure 2.6 – Three-phase series-parallel resonant converter with a Y-Y transformer 
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Figure 2.7 – Three-phase series resonant converter with a Y-Y transformer 
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2.2.4 Hybridge rectifier converter and current-tripler converter 

 Figure 2.8 shows a three-phase dc-dc converter with a hybridge rectifier with a Y-Y 

transformer.  This topology is introduced by Oliveira, et al., in 2003 [23].  Figure 2.9 

shows a three-phase current-tripler dc-dc converter with a ∆-∆ transformer.  This 

topology is introduced by Zhou, et al., in 2003 for low-voltage high-current 

microprocessor voltage regulation module (VRM) [24].   

 Both topologies are for step-down applications where improvements are focused on 

secondary side to increase efficiency.  Secondary-side power losses have a major impact 

on efficiency in step-down applications, thus when a less number of components, such as 

diodes or MOSFETs, are responsible for conduction losses, efficiency can be improved 

significantly. 

 Main changes are that rectifier is formed with three inductors and three 

diodes/MOSFETs, instead of six diodes of a full-bridge rectifier.  The three inductors are 

positioned in the place of three diodes, and a usual filter inductor is removed, since the 

three inductors take the responsibility of current filter.  As a result, overall output 

inductor volume is increased, but output capacitor volume is decreased, if the same 

output current ripple is to be maintained. It should be also noted that both topologies are 

capable of soft-switching. 

 An experimental hybridge rectifier circuit is reported with following specification: 

420 V input, 60 V output, 6 kW output, and 46 kHz switching frequency.  It reports 95 % 

efficiency at 2 kW and 93 % at 6 kW.  Also an experimental current-tripler circuit is 

reported with following specification: 48 V input, 1.0 V output, 100 A output, and 300 

kHz switching frequency.  It reports 87 % efficiency at full load. 

 Both topologies report approximately 2~4 % efficiency increase compared to three-

phase full-bridge rectifier counterpart.  However, in step-up application, such as fuel cells, 

the conduction loss in transformer secondary side is comparatively small, thus efficiency 

improvement in the secondary side is minimum with these topologies.   
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Figure 2.8  – Three-phase dc-dc converter with a hybridge rectifier with a Y-Y transformer 
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Figure 2.9 – Three-phase current-tripler dc-dc converter with a ∆-∆ transformer 

 

2.2.5 Three-phase asymmetrical PWM dc-dc converter with a Y-Y 
transformer 

 Figure 2.10 shows a three-phase asymmetrical PWM dc-dc converter with a Y-Y 

transformer.  This topology is introduced by Oliveira, et al., in 2003 [25].  Asymmetrical 

duty cycle control scheme is proposed to achieve zero-voltage switching (ZVS).  The 

asymmetrical duty cycle allows the resonant network of three-phase transformer leakage 

inductance and switching devices’ output capacitance to resonate, and the resonance 

discharges a switching device output voltage to zero before turning on the corresponding 

switch.  The utilization of the intrinsic resonant elements within the converter eliminates 

the need for adding extra resonant components.  In high-power applications, adding 

resonant component can impose size and cost constraints.   
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 The zero-voltage switching mechanism is very similar to the single-phase full-bridge 

phase shift modulation topology of section 2.1.3, because the converter inherits the same 

traits.  For the same reason, this topology also suffers from limited zero-voltage 

switching range, high circulating energy in the primary during free-wheeling period, and 

loss of duty cycle due to large leakage inductance.   

 An experimental circuit is reported with following parameters: 420 V input, 60 V 

output, 6 kW output power, and 46 kHz operating frequency.  It reported 93.5 % in 3kW 

and 91.4 % in 6 kW output power.   

 

INV

−

+

OUTV

−

+

OUTC

Ans

Aps

Cns

Cps

Bns

Bps
OL

INC

Y-Y

 
Figure 2.10 – Three-phase asymmetrical PWM dc-dc converter with a Y-Y transformer 

 

2.2.6 Three-phase phase-shift modulation PWM dc-dc converter with 
a ∆-Y transformer 

 Figure 2.11 shows a three-phase phase-shift modulation PWM dc-dc converter with a 

∆-Y transformer.  This topology is proposed by Liu, et al., in 2004 [26].   

 The topology consists of three full-bridge converters, and each phase is controlled 

with a phase-shift modulation control scheme.  Three-phase transformers are configured 

in ∆-Y setting, and it boosts the output voltage without increasing transformer turns ratio.  

The converter is also capable of zero-voltage zero-current switching (ZVZCS) over a 

wide load range without an auxiliary circuitry.  One drawback of this topology is that it is 

the most complex topology among the surveyed topologies. 

 All the previous topologies are targeted for step-down applications, but this topology 

is intended for step-up applications, such as fuel cell applications.  An experimental 
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circuit is reported with following parameters: 25 V input, 300 V output, 3 kW output, and 

50 kHz operating frequency.  It reported 96% efficiency at 3 kW. 
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Figure 2.11 – Three-phase phase-shift modulation PWM dc-dc converter with a ∆-Y transformer 

 

2.2.7 Three-phase step-up dc-dc converter 

 Figure 2.12 shows a three-phase step-up dc-dc converter, which is proposed by 

Oliveira, et al., in 2005 [27].  Like the circuit in section 2.2.6, the topology is also 

intended for step-up applications, such as photovoltaic or fuel cell systems.   

 The topology is a boost-type topology that consists of three boost converters in 

parallel.  The outputs of the boost converters are connected to a three-phase Y-Y 

transformer, and the outputs of the Y-Y transformer are connected to a three-phase full 

bridge rectifier.  Compared to other multi-phase topologies which utilizes minimum of 

six switches in the transformer primary, this topology only utilizes three switches and 

replace other three switches with inductors.  This configuration is very similar to the 

hybridge rectifier converter of section 2.2.4, where the three-phase full bridge rectifier is 

replaced with network of three MOSFETs/diodes and three inductors.  As a matter of a 

fact, the step-up converter is the same as the hybridge converter with input terminal 

swapped with output terminal. 

 One main advantage of the boost-type converters is that these are current source 

inverters.  As mentioned in the section 1.3.1, the fuel cells are very sensitive to negative 

currents, and the boost derived topologies are current source inverters which provide 

integrated input filter and prevent input current from pulsating.  On the other hand, 
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voltage source inverters, such as buck converters, typically require input filters to 

eliminate a significant amount of high frequency input current ripples. 

 In contrast, the circuit exhibits several disadvantages.  First, the circuit must not 

operate under 1/3 of duty cycle.  Since inductor current can not change instantaneously, 

the duty cycle must be kept above 1/3 to maintain continuous flow of current.  Secondly, 

it operates under hard-switching commutation, and high switching loss occurs.  Thirdly,  

a snubber circuit is required, due to the hard-commutation causing high noise and rinings. 

 An experimental circuit is reported with following parameters: 47 V input, 450 V 

output, 6.8 kW output power, and 20 kHz operating frequency.  88% efficiency is 

reported under full load. 
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Figure 2.12 – Three-phase step-up dc-dc converter 

 

2.2.8 Multiphase isolated converters summary 

 Multiphase converters offer several advantages over single-phase converters.  The 

main differences are that phases are paralleled and control signals are interleaved with 

some designated degree shift among phases.  For an example, amount of phase shift in 

three-phase system is 360°/3 = 120°.  The advantages are following: 

 

• Interleaving control signal enables higher effective frequency while switching 

frequency remains at lower frequency.  For an instance, if switching frequency is 

50 kHz in a three-phase converter, resulting effective frequency on the voltage 
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and the current of input and output is multiplied by a number of phases, which 

results in 150 kHz, i.e.. 

 50 kHz switching frequency  3 phases = 150 kHz effective frequency⋅  

• As a result of the high effective frequency, the size of passive filter components, 

i.e. capacitors and inductors, are significantly reduced. 

• If a multiphase, coupled transformer is utilized instead of individual single-phase 

transformers, overall transformer size reduction is possible, since flux can couple 

among phases inside the transformer magnetic core. 

• Higher power rating and/or density is possible, since each phase shares a portion 

of total current, and a lower RMS current goes through individual power switches. 

 

 All the converters reviewed above are three-phase types.  The three-phase type is 

popular since it can easily utilize three-phase transformer configurations.  It also should 

be noted that three-phase converters allow the transformers to be configured in Δ-Δ, Δ-Y, 

Y-Y, or Y-Δ to match a particular topology setting and to obtain different output voltage 

levels without adjusting the transformer turns ratio. 

 While multiphase converters offer several advantages, one of the obvious drawback is 

its complexity in both topology and its control.  Typically analog control offers simple 

and cost effective design in single-phase converter.  However, multiphase converter 

analog control implementation could be complex and costly [28].  Recent popularity and 

significant cost reduction of digital signal processor (DSP), the digital control can offer 

lower cost and smarter control.   

 Overall, potential cost saving on passive components through ripple cancellation and 

efficiency improvements are very attractive, despite topology complexity.  For low-

voltage, high-power fuel cell applications, potential saving is even more significant, 

because of large input current involved. 

 Most multiphase converters are able to achieve soft-switching with relatively high 

switching frequency and high efficiency.  With promising performance of multiphase dc-

dc converters, it is worth looking into the similarities and difference between suitable 

candidates.  The best candidates are converters of section 2.2.5 and 2.2.6.  In following 
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chapters, two converters are examined for their basic operation, and performances are 

evaluated for fuel cell applications. 
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3 BASIC OPERATION OF MULTIPHASE DC-DC CONVERTERS 
 As the demand for a high power rating and high power density increases, single-phase 

converters face severe component stresses; thus, it has become more difficult to meet the 

demand without paralleling components and/or increasing operating frequency.  

Paralleled components enable converters to have a higher power rating, but this solution 

presents problems of its own, which are pointed out in section 2.1.4.  To increase power 

density, switching frequency is often increased to reduce the size of passive components; 

however, increasing switching frequency is limited by switching losses and its stress on 

the switches.  These problems must be dealt with before converters can be practically 

utilized.   

 Multiphase converters improve on the limitations that are present in the single-phase 

converters.  Main differences from single-phase converters are a) phases are paralleled, 

instead of paralleling components, and b) the control signal for each phase is applied with 

interleaving method.  Interleaved phases increase a power rating by lowering RMS 

current through individual components and increase power density by increasing 

effective operating frequency and reducing size of passive components, i.e. capacitors 

and inductors. 

 Several multiphase topologies are reviewed in chapter 2.  Among those, two of 

multiphase converters appear appropriate for low-voltage, high-power fuel cell 

applications.  The first converter is the three-phase, three-leg, Y-Y transformer isolated, 

asymmetrical duty cycle, pulse-width–modulation (PWM) converter of section 2.2.5, and 

it is referred as “V3” from this point on.  The second converter is the three-phase, six-leg, 

Δ-Y transformer isolated, phase-shift modulation (PSM) converter of section 2.2.6, and it 

is referred as “V6” from this point on. 

 This chapter outlines the architecture of multiphase dc-dc converters.  Then, the 

circuit topology and the control of V3 and V6 are analyzed in detail.  Lastly, steady-state 

operating modes and operating principles are discussed. 
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3.1 Multiphase Dc-Dc Converter Architecture 

 Figure 3.1 illustrates how a general three-phase dc-dc converter is constructed, which 

is used as an example to explain multiphase converter architectures.   

 Input can be either a voltage or a current source.  In the case of fuel cell power 

systems, a fuel cell stack is a dc voltage source, and converters deal with dc voltage to dc 

voltage conversion.  A input filter is often required to reduce to noise and disturbance 

from converters.  Many renewable energy sources, such as batteries, photovoltaics, and 

especially fuel cells, are sensitive and vulnerable to disturbances, such as negative 

currents and current ripples, and the input filter lessens such disturbances.   

 After the input filter, a power stage chops and inverts the dc input into high-frequency 

three-phase interleaved ac signals.  Interleaving phase control schemes allow higher 

effective frequency operations and offer several benefits, which are mentioned in section 

2.2.8.  The ac signals then excite a high-frequency multiphase transformer, and the 

transformer either steps-up or steps-down the ac signals to an appropriate level.  One 

advantage of three-phase transformers is its flexibility of transformer configuration.  

Three-phase transformers can be configured in one of Δ-Δ, Δ-Y, Y-Y, and Y-Δ to obtain 

different output voltage levels along with turns-ratio adjustment.  Different three-phase 

transformer configurations and their advantages are considered in detail in section 4.1. 

 Once the transformer outputs attain an appropriate output level, the output is rectified 

with a suitable three-phase rectifier, such as a three-phase full-bridge rectifier, a current 

tripler, or a hybridge rectifier.  The rectified signal is filtered and supplied to output sinks. 

 

 
Figure 3.1 – Three-phase dc-dc converter architecture 
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3.2 Circuit Topology and Control 

3.2.1 V3 

 V3 is a three-phase, three-leg, Y-Y transformer isolated, asymmetrical duty cycle, 

pulse width modulation (PWM) converter, and the V3 converter circuit topology and its 

control signals are shown in Figure 3.2 and Figure 3.3, respectively. 
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Figure 3.2 – V3 converter: three half-bridge, Y-Y transformer isolated converter 
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Figure 3.3 – Interleaving asymmetrical duty cycle control signal for V3 

 

 The V3 converter consists of six switches, three single-phase transformers, six diodes, 

and a LC filter.  Six switches form three phase-legs, and the midpoints of each phase-leg 

are connected to one end of each primay transformer windings.  The other ends of the 
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primary transformer windings are gathered and connected to a single node to form a Y-

connection.  The transformer secondary side is also configured in a Y-connection.  Since 

both primary and secondary is in the Y-connection, the three single-phase transformers 

can be said to be in a Y-Y configuration.  Once the transformers convert voltage to a 

desired level, the transformer outputs are rectified with a three-phase full-bridge rectifier, 

which is formed with six diodes.  Then, the rectified output is filtered with the LC filters, 

and DC output voltage is generated. 

 Each phase-leg, a.k.a. half-bridge, represents a phase, and three phase-legs form three 

phases.  The phases are denoted as A, B, and C.  For each phase-leg, a upper device is 

indicated with p, while a lower device is indicated with n.  Therefore, the upper device of 

phase A is denoted as QAp.  Other devices follow the same naming convention.  

 Figure 3.3 illustrates the interleaved asymmetrical duty cycle control signal for V3.  

Each phase is controlled with asymmetrical pulse width modulation (PWM).  In the 

asymmetrical PWM, complementary signals controls a upper switch and a lower switch.  

The upper switch is in on-state for the duration of duty cycle, D, and the lower switch is 

in on-state for remaining time in a period.  Other phases are governed with the identical 

asymmetrical PWM signals with 120º and 240º phase shift with respect to the first phase.  

In other words, phase control signals are interleaved with 120º phase shift among them.   

 If a conventional PWM using symmetrical duty cycle is employed, then the V3 

converter would operate in hard-switching conditions.  However, the three-phase 

asymmetrical PWM control signal is adopted in order to achieve soft-switching and to 

reduce switching loss.  Detailed soft-switching mechanism is described in section 3.5.1.  

Additionally, difference features between the symmetrical and the asymmetrical duty 

cycle are explained in detail in section 3.3.1.   
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3.2.2 V6 

 V6 is a three-phase, six-legs, Δ-Y transformer isolated, phase-shift modulated (PSM) 

converter, and the V6 converter and its control signals are shown in Figure 3.4 and Figure 

3.5, respectively. 
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Figure 3.4 – V6 converter: three full-bridge, ∆-Y transformer isolated converter 
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Figure 3.5 – Interleaving phase-shift modulation control signal for V6 

 

 The V6 converter consists of twelve switches, three single-phase transformers, six 

diodes, and a LC filter.  Twelve power switches form six phase-legs.  A pair of these 

phase-legs and a single-phase transformer form a full-bridge; therefore, three phases of 

full-bridges are constructed with the six phase-legs and the three transformers.  Also, the 
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three single-phase transformers are configured to form an open ∆-connection.  Each 

transformer is separated from other transformers in open ∆-connection, and a total of six 

terminals are accessible.  In a conventional closed ∆-connection, three transformers form 

an enclosure and only three terminals are accessible.  The secondary side is configured in 

a Y-connection, thus the three single-phase transformers can be said to be in an open ∆-Y 

configuration.  Once the transformers convert voltage to a desired level, the transformer 

outputs are rectified with a three-phase full-bridge rectifier, which is formed with six 

diodes.  Then, the rectified output is filtered with the LC filters, and DC output voltage is 

generated. 

 Three full-bridges represent three phases, and phases are denoted as A, B and C.  

Leading leg is referred as leg 1, and lagging leg is referred as leg 2.  For each leg, the 

upper device is indicated with p, while the lower device is indicated with n.  Therefore, 

the upper device in leading leg of phase A is denoted as QA1p.  Other devices follow the 

same naming convention.  

 Figure 3.5 illustrates the interleaving phase-shift modulation control signal for V6.  A 

phase-shift modulation (PSM) is used to control each phase.  In PSM, the switches of 

each leg turn on and off alternately with 50 % duty ratio, and the phase-shift, α, is 

introduced between a leading leg and a lagging leg to control the operating duty cycle of 

the converter.  A definition of the leading and the lagging leg is given in section 3.3.2.  

Other phases are governed with the identical PSM signals with 120º and 240º phase shift 

with respect to the first phase.  It is also said that control signals are interleaved with 120º 

phase shift among them.   

 A conventional single-phase full-bridge PSM is capable of zero-voltage switching 

(ZVS) operation.  V6 inherits ZVS operation and additionally achieves zero-current 

switching (ZCS) operation.  Detailed soft-switching mechanism is covered in 

section.3.5.2 
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3.2.3 Multiphase coupled transformer VS. single-phase non-coupled 
transformers 

 In both V3 and V6, three single-phase transformers are used to configure a three-

phase transformer, instead of using one coupled three-phase transformer.  Coupled 

transformers certainly offer several advantages: 

 

• Flux is coupled among phases inside a magnetic core.  Since the flux is coupled, 

the flux from different phases can cancel each other out.  This means that the 

coppers and cores of a transformer are used more effectively, and the transformer 

can be made smaller and light for the same power handling capability. 

• A smaller transformer structure reduces the core loss, because the total volume of 

the core is reduced. 

• If there is any circulating current, the flux coupling can be utilized to minimize 

the circulating current. 

 

 However, the construction of a three-phase transformer from several single-phase 

transformers offers different types of advantages: 

 

• Single-phase transformers can be versatile and configured to one’s need on the 

spot.  For an instance, three single-phase transformers can be configured to any of 

three-phase setting, Δ-Δ, Δ-Y, Y-Y, or Y-Δ.  Meanwhile, coupled transformers 

must be constructed to the desired configuration. 

• The design and the construction of a single-phase transformer is much simpler 

than a multiphase transformer. 

• Analysis of steady-state operating mode is also easier with non-coupled 

transformers. 

 

 Although coupled three-phase transformers offer advantages listed above, a lack of 

appropriate three-phase transformers and design difficulty restrained from its usage.  

Also, the flexibility of single-phase transformer was attractive.  Such reasons influenced 
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to construct three-phase transformers from separate individual transformers, rather than 

using coupled multiphase transformer. 

 

3.3 Converter Operating Modes 

 Single-phase converters, such as buck converters, generally only have one mode of 

operation regardless of duty cycle, assuming these only operate under a continuous 

conduction mode (CCM).  However, when multiphase dc-dc converters are implemented 

using an interleaving control scheme, more than one mode of operation can occur.  As 

duty cycle or phase shift angle crosses operating mode boundaries, the converter’s 

operating principles change and different phenomenon may result. 

 In this section, the operating mode boundaries are identified, and the steady-state 

operating principal of each mode is examined and evaluated in section 3.5. 

 

3.3.1 V3 operating modes 

 A three-phase interleaved asymmetrical PWM duty cycle controls the V3.  The 

individual phase of V3 can be viewed as a half-bridge, and typically a symmetrical duty 

cycle is utilized in a single-phase half-bridge topology.  In the single-phase half-bridge 

topology, such as shown in section 2.1.2, an asymmetrical duty cycle causes volt-second 

to unbalance, which causes transformer magnetizing current to saturate.  Additionally, the 

saturating current causes unbalanced voltage in split dc capacitors as well.  However, the 

asymmetrical duty cycle does not cause the volt-second to unbalance in the transformers 

in V3.  Figure 3.19 in section 3.5.1.2 and Figure 3.27 in section 3.5.1.4 illustrate voltage 

across transformers, and it can be easily seen that the volt-second across transformer is 

balanced. 

 The symmetrical duty cycle and the asymmetrical duty cycle are briefly compared in 

Figure 3.6.  In symmetrical duty cycle, one of two switches in a phase-leg is in on-state 

for the duration of duty cycle.  At the end of duty cycle, the switch turns off, and both 

switches in the phase-leg is in off-state.  At the half of the period, the opposite side 

device turns on and operate the same manner as previously.  In the asymmetrical duty 
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cycle, when the upper switch in a phase-leg is in on-state, the lower switch is in off-state, 

and vice versa.  Therefore, one and only one switch is in on-state at any time. 

 The asymmetrical PWM control allows duty cycle control from 0 to 1, unlike the 

symmetrical PWM control, which only allows duty cycle control from 0 to 1/2.  When 

duty cycle exceeds 1/2 with the symmetrical PWM control, a shoot-through condition, 

where both upper and lower switching devices in a phase-leg turn on at the same time, 

occurs.  However, the asymmetrical duty cycle does not shoot-through regardless of duty 

cycle, since opposite side device in a phase-leg always complements the other. 

 

 
Figure 3.6 – Comparison between symmetrical and asymmetrical duty cycle 

 

 As the asymmetrical duty cycle of V3 changes from 0 to 1, three operating regions 

can be identified based on the duty cycle: 0<D<1/3, 1/3<D<2/3, and 2/3<D<1.  In the 

first operating region, 0<D<1/3, output voltage increases linearly from 0 V to n·VIN as the 

duty cycle increases from 0 to 1/3, where n is transformer turns ratio and VIN is input 

voltage.  In the second operating region, 1/3<D<2/3, the output voltage remains at n·VIN 

regardless of the duty cycle.  In the third operating region, 2/3<D<1, the output voltage 

decreases linearly from n·VIN to 0 as the duty cycle increases from 2/3 to 1.  The first 

region and the third region, where the output voltage can be regulated with the duty cycle 

control can be called “regulated converter mode.”  The second region, where the output 
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2s

 
(a) Symmetrical duty cycle 

1s
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(b) Asymmetrical duty cycle 
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voltage remains the same regardless of the duty cycle can be called “dc transformer 

mode.”   

 The operating principal of the regulated converter mode is the same in both first 

region and third region.  Operating in the third region, where the output voltage decreases 

as the duty cycle increases, makes control design different from convention.  Therefore, 

the duty cycle is typically limited to 0.5, and the converter is prevented from entering the 

third region.  Figure 3.7 illustrates conversion ratio and operating modes of V3. 
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Figure 3.7 – V3 conversion ratio and operating modes 

 

3.3.2 V6 operating mode 

 A three-phase interleaved phase-shift modulation (PSM) controls V6.  In the PSM 

control, the definition of a leading leg and a lagging leg is often differ in different 

literatures.  Therefore, Figure 3.8 defines the convention of the leading leg and the 

lagging leg for this thesis. 

 As time travels from left to right in Figure 3.8, the leading leg starts or “leads” 

switching actions at the beginning of the period.  Then the lagging leg follows or “lags” 

the switching actions of the leading leg.  Some literatures, such as [12], uses opposite 

definition.   
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Figure 3.8 – Phase-shift modulation leading and lagging leg definition 

 

 PSM is capable of phase-shift modulation angle from 0° to 360°; however, for the 

same reason as V3, modulation angle is limited to 180°.  Figure 3.9 illustrates conversion 

ratio and operating modes of V6, and the conversion ratio mirror at the 180° modulation 

angle, and the control of the modulation angle is typically limited to below 180°. 

 Operating mode of V6 can be analyzed for three cases based on the phase shift 

modulation angle, α: 0°<α<60°, 60°<α<120°, and 120°<α<180°.  In the 0°<α<60° case, 

output voltage increases linearly from 0 V to n·VIN as the modulation angle increases 

from 0° to 60°, where n is transformer turns ratio and VIN is input voltage.  In the 

60°<α<120° case, the output voltage increases linearly from n·VIN to 2·n·VIN as the 

modulation angle increases from 60° to 120°.  In the 120°<α<180° case, the output 

voltage remains at 2·n·VIN regardless of the modulation angle.  The first and the second 

regions are referred as “regulated converter mode 1” and “regulated converter mode 2”, 

respectively.  The third region is referred as “dc transformer mode”.   
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Figure 3.9 – V6 conversion ratio and operating modes 
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3.4 Ideal switch and transformer model 

 To analyze steady-state operation, several assumptions are made: 

• All components are ideal; 

• A MOSFET is modeled with an ideal switch, an anti-parallel body-diode, and a 

device output capacitor; 

• A transformer is modeled with an ideal transformer and a leakage inductor; and 

• The inductor in output stage is large enough to be treated as a constant current 

source during a switching period. 

 

 V3 switch model of Figure 3.2 is modeled as Figure 3.10, with ideal switch and 

transformer models. 
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Figure 3.10 – V3 ideal switch and transformer model 

 

 MOSFET QAp is replaced with an ideal switch sAp, a body diode DAp, and a device 

output capacitor CAp, and remaining switches follow the case.  The midpoints of phase-

legs are labeled A, B and C, and the currents iA, iB and iB C flow out from the midpoints 

into the transformers.  Phase A transformer consists of an ideal transformer, TA, and a 

leakage inductor, LLK-A, and remaining transformer also follow the case.  Transformer 

outputs are labeled X, Y, and Z, and are rectified with a full bridge diodes, which consists 

of diodes D1 through D6.  VRECT is the voltage after the rectifier, and IOUT is load current. 
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 V6 switch model of Figure 3.4 is modeled as Figure 3.11 with ideal switch and 

transformer models. 
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Figure 3.11 – V6 ideal switch and transformer model 

 

 

 MOSFET QA1p is replaced with an ideal switch sA1p, a body diode DA1p, and a device 

output capacitor CA1p, and remaining switches follow the case.  The midpoints of the 

leading and the lagging legs in phase A are labeled A1 and A2, respectively, and current 

iA flows from A1 to A2.  Remaining phases follow the case.  Phase A transformer consists 

of an ideal transformer, TA, and a leakage inductor, LLK-A, and remaining transformers 

follow the case.  Transformer outputs are labeled X, Y, and Z, and are rectified with a full 

bridge diodes, which consists of D1 through D6.  VRECT is the voltage after the rectifier, 

and IOUT is load current. 
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3.5 Operating principles 

 When transformer windings are connected together in multiphase converters, current 

and/or voltage coupling between the windings causes interactions among phases.  The 

interactions are determined by the duty cycle or the phase-shift angle of V3 or V6, 

respectively. 

 In order to easily identify how the duty cycle or the phase-shift angle determines the 

converter status and the phase interaction, a switching vector is assigned.  Both V3 and 

V6 utilize complementary gate signals for each phase-leg.  When a upper switch is in on-

state, the leg switching status is defined as 1, and when a lower switch is in on-state, the 

leg switching status is defined as 0.  The leg switching status when both upper and lower 

switches are in on-state is prohibited, since a shoot-through condition occurs.  The status 

of both switches are in off-state is defined as deadtime, and the leg switching status is 

defined as X.   

 

3.5.1 V3 operating principles 

 V3 can operate in two different operating modes, dc transformer mode and regulated 

converter mode.  The operating principles in each mode is different and is explained in 

following sections. 

 

3.5.1.1 V3 dc transformer mode: (1/3 ≤ D ≤ 2/3) 

 Figure 3.12 illustrates V3 gate signals and switching vectors for the dc transformer 

mode.  Along with nominal switching states, deadtime switching states are included to 

reflect transitions between nominal states.  A period can be divided into a total of 12 

stages, which consist of 3 cycles of 4 stages, and each stage starts and ends with a switch 

either turns on or turns off.  Figure 3.13 partitions the switching vectors into cycles and 

stages for the dc transformer mode.  The operating principles of each cycle are identical.  

The difference between cycles is that phase current and voltage status is shifted to next 

phase during following cycles. 
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Figure 3.12 – V3 gate signals and switching vectors for dc transformer mode 

 

 

 
Figure 3.13 – V3 switching vector cycle: dc transformer mode 
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1) V3 dc transformer mode – Cycle 1, Stage 1: switch vector (101) 
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Figure 3.14 – V3 equivalent circuit: dc transformer mode - cycle 1, stage 1 

 

- As shown in the equivalent circuit of Figure 3.14, two phases (phase A and C) are 

connected to the positive dc input rail, and current (iA) and (iC) flow in the 

positive direction.  The remaining phase (phase B) is connected to the negative dc 

input rail and current (iB) flows in the negative direction. 

- The phase that is connected to dc rail by itself (phase B) must let the entire 

reflected load current (IOUT/n) through the switch connected to the dc rail (sBn).  

The other two phases (phase A and C) are connected to the other side of dc rail in 

parallel, and the parallel conduction paths are provided through two switches (sAp 

and sCp). 

- The paralleled paths suggest that the reflected output current could be equally 

shared between two paths; however, it is usually not the case.  In the previous 

stage, the switch vector was (001), and the phase C was connected to the positive 

dc rail by itself, and the phase C was conducting the entire reflected output 

current.  Also, phase A was conducting in the negative direction through a lower 

switch (sAn).  When vector changes from (001) to (101) of the present stage, the 

transformer leakage inductance maintains full reflected phase currents from the 

previous stage in the phase C.  Meanwhile, the negative current in the phase A is 

reset to zero. 

- Therefore, in the beginning of the present stage, the currents are unbalanced 

between two phases (phase A and C), where the phase A conducts a negligible 
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amount of currents and the phase C conducts majority of currents.  However, if 

the value of the leakage inductance is sufficiently small, the current between 

phase A and C can balance out by the end of the stage. 

- During this stage, one phase is connected to one side of the dc input rail, and other 

two phases are connected to the opposite side dc input rail.  This state causes 

uneven voltage distributions between phases, and Figure 3.15 illustrates the 

voltage distributions among phases during this condition.  The phases that share 

the dc rail see one-third of input voltage, while the remaining one phase sees two-

third of the input voltage. 
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Figure 3.15 – Voltage distribution among phases 

 

 

- As a result of the uneven distribution of voltage and current, the phase that is 

connected to the dc rail by itself (phase B) transmits two-third of input power, and 

the remaining two phases (phase A and C) transmit the remaining third.  If the 

phase A only conducts a negligible amount of currents, then the phase C transmits 

majority of one third. 

- Input voltage (VIN) is applied across the primary side of Y-connection 

transformer, and the induced voltage on the secondary side of the Y-connection 

transformer causes D1, D4 and D5 to be forward biased, and produces n·VIN at the 

rectified output, VRECT. 
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2) V3 dc transformer mode – Cycle 1, Stage 2: switch vector (10X) 
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Figure 3.16 – V3 equivalent circuit: dc transformer mode - cycle 1, stage 2 

 

- At the beginning of the stage, the upper switch (sCp) turns off.  The phase current 

(iC) continues to flow while the switch turns off, and the switching condition is 

considered to be hard turn-off. 

- When the upper switch (sCp) is turned off, equivalent transformer leakage 

inductances (Leq) start to resonate with equivalent switch output capacitances 

(Ceq), and the resonance discharges the opposite side device output capacitance 

(CCn).  This causes the phase midpoint voltage (VC) to fall from VIN to 0 V. 

- Resonant elements are the equivalent switch output capacitances, which are the 

sum of the upper and the lower device output capacitance of the phase (Ceq = CCp 

+ CCn), and the equivalent transformer leakage inductance, which are the sum of 

the transformer leakage inductance in the phase A and the phase C (Leq = LLK-A + 

LLK-C ≈ 2·LLK). 

- When the phase midpoint voltage (VC) reaches the ground potential, the 

remaining current flows through the body diode (DCn), as shown in the 

intermediate equivalent circuit in Figure 3.17.   
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Figure 3.17 – V3 equivalent circuit: dc transformer mode - cycle 1, stage 2, intermediate stage 

 

- During this intermediate transition stage, the rectified output, VRECT, momentarily 

falls as low as one-half of n·VIN.  This is considered as loss of duty cycle.  

Because of this occurrence, continual constant output at VRECT is momentarily 

broken.  Duration of this low voltage period is determined by the value of leakage 

inductance.  Typically, relative small value of the leakage inductance keeps this 

period very short, and this condition has negligible impact to the output voltage. 
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3) V3 dc transformer mode – Cycle 1, Stage 3: switch vector (100) 
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Figure 3.18 – V3 equivalent circuit: dc transformer mode - cycle, stage 3 

 

- At the beginning of the stage, the lower switch (sCn) turns on.  At this time, the 

voltage across the switch is zero, thus zero-voltage switching (ZVS) turn-on is 

achieved.   

- At this time, the phase A is connected to the positive dc rail, and the other two 

phases (phase B and C) are connected to the negative dc input rail.  The phase C 

current (iC) is reset to zero and the phase A conducts full reflected output currents. 

- The condition in this stage is very similar to the stage 1.  Difference is that 

voltage and current is shifted from one phase to next phase.  The switching 

transition of cycle 1, stage 3 and cycle 1, stage 4 follow the identical principles of 

cycle 1, stage 1 and cycle 1, stage 2, respectively.   

- Also cycle 2 follows the identical principle of cycle 1.  In other words, each cycle 

is identical in the operating principle. 
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3.5.1.2 V3 dc transformer mode summary 

- Dc transformer mode is present when duty cycle is between 1/3 and 2/3.  During 

this mode, at least one pair of transformer transmits input voltage to output 

voltage throughout a period, and rectified output is constant voltage, n·VIN, 

regardless of the duty cycle.  Therefore, V3 behaves like a dc-dc transformer.  

Figure 3.19 shows waveforms during the dc transformer mode. 

- ZVS turn-on is achieved on both upper and lower switches. 

- The ZVS turn-on is achieved by using the energy stored in the leakage inductance 

of the transformer to discharge the output capacitance of the switches before 

turning on.  It should be noted that the energy stored in output filter inductor is 

not used.  Therefore, the ZVS condition can be lost during a light load condition. 

- Resonant elements are sum of upper and lower device output capacitance of phase 

(i.e. Ceq = CCp + CCn) and equivalent transformer leakage inductance, which 

includes leakage inductance of two phases (i.e. Leq = LLK-A + LLK- C ≈ 2·LLK). 

- The switches turn off under hard-switching, and achieve no soft-switching. 
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Figure 3.19 – V3 waveforms of three-phase output voltages and rectifier output voltage, VRECT, in dc 

transformer mode 
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3.5.1.3 V3 regulated converter mode (0 ≤ D ≤ 1/3) 

 Figure 3.20 illustrates V3 gate signals and switching vectors for the regulated 

converter mode.  Along with nominal switching states, deadtime switching states are 

included to reflect transitions between nominal states.  A period can be divided into a 

total of 12 stages, which consist of 3 cycles of 4 stages, and each stage starts and ends 

with a switch either turns on or turns off.  Figure 3.21 partitions the switching vectors 

into cycles and stages for the regulated converter mode.  The operating principles in each 

cycle is.  The difference between cycles is that phase current and voltage status is shifted 

to next phase during following cycles. 
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Figure 3.20 – V3 gate signals and switching vectors for regulated converter mode 

 

 

 
Figure 3.21 – V3 switching vector cycle: regulated converter mode 
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1) V3 regulated converter mode – Cycle 1, Stage 1: switch vector (100) 
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Figure 3.22 – V3 equivalent circuit: regulated converter mode - cycle 1, stage 1 

 

- The equivalent circuit of Figure 3.22 indicates that one phase (phase A) is 

connected to the positive dc rail, and the other two phases (phase B and C) are 

connected to the negative dc input rail.  (The present status is identical as in dc 

transformer mode during stage 1 and stage 3.) 

- Depends on the amount of transformer leakage inductance, the paralleled paths 

(phase B and C) may or may not share the reflected current.  In the case of small 

leakage inductance, the phase current is shared.  On the other case of large 

leakage inductance, the phase current is unbalanced such that phase B conducts 

most of the current. 

- The stage sees uneven voltage distribution between phases (see Figure 3.15).  As 

a result of uneven distribution of voltage and current, individual phase delivers 

different amount power. 

- D1, D4 and D6 are forward biased and conducting, and rectified output, VRECT, is 

n·VIN.   
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2) V3 regulated converter mode – Cycle 1, Stage 2: switch vector (X00) 
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Figure 3.23 – V3 equivalent circuit: regulated converter mode - cycle 1, stage 2 

 

 

- At the beginning of the stage, an upper switch (sAp) turns off.  The phase current 

continues to flow while the switch turns off, and soft-switching can not be 

achieved.   

- When the upper switch (sAp) is turned off, the current through the transformer 

primary is the output current reflected to the primary.  Therefore, the energy of 

the large filter inductor in the secondary is used to discharge the opposite side 

device output capacitance (CAn).  The midpoint voltage (VA) drops from VIN to 0 

V.   

- When the switch output capacitances are fully discharged, circulating current 

continues to flow through body diode (DAn).  At this time, voltage across all the 

primary side transformers becomes zero, and power does not transfer to output. 
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3) V3 regulated converter mode – Cycle 1, Stage 3: switch vector (000) 
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Figure 3.24 – V3 equivalent circuit: regulated converter mode - cycle 1, stage 3 

 

 

- At the beginning of the stage, a lower switch (sAn) turns on.  Voltage across the 

switch is zero, and zero-voltage switching (ZVS) turn-on is achieved. 

- The transformer leakage inductance holds the reflected output current during 

freewheeling period.  Conduction loss dissipates energy without delivering power 

to the load.  

- All the rectifier diodes are forward biased.  Circulating current in the primary 

reflects to secondary through transformers, and it forces more current through 

some of rectifier diodes than others.  The difference between the reflected 

circulating current and output current, IOUT, freewheels through D5 and D6.  

Rectified output voltage, VRECT, is 0 V. 
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4) V3 regulated converter mode – Cycle 1, Stage 4: switch vector (0X0) 
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Figure 3.25 – V3 equivalent circuit: regulated converter mode - cycle 1, stage 4 

 

 

- At the beginning of the stage, a lower switch (sBn) turns off.  The phase current 

continues to flow while the switch turns off, and soft-switching can not be 

achieved.   

- When the switch (sBn) is turned off, the transformer equivalent leakage 

inductances (Leq) start to resonate with switch output capacitances (Ceq), and the 

resonance discharges the opposite side device output capacitance (CBp).  This 

causes the phase midpoint voltage (VB) to rise from 0 V to VIN. 

- Resonant elements are capacitance sum of upper and lower device output 

capacitor (Ceq = CBp + CBn) and equivalent transformer leakage inductance (Leq = 

LLK-B + (LLK-C ║ LLK-C) ≈ 1.5·LLK). 

 

 56



 

5) V3 regulated converter mode – Cycle 2, Stage 1: switch vector (010) 
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Figure 3.26 – V3 equivalent circuit: regulated converter mode - cycle 2, stage 1 

 

 

- At the beginning of the stage, an upper switch (sBp) turns on.  Voltage across the 

switch is zero, and zero-voltage switching (ZVS) turn-on is achieved. 

- The switch (sBp) must be turned on before the phase current (iB) reverses 

direction.  Otherwise, the reverse current charges the device output capacitance 

(CBp) and ZVS is lost. 

- When switch is turned on, the phase currents continue to increase until its current 

equals the reflected output current (n·iL). 

- D2, D3 and D6 are forward biased and conducting, and rectified output, VRECT, is 

n·VIN.   

- When the phase current (iB) reaches n·iL, current sum of the other two phase 

(phase A and C) also reach −n·iL.  This stage is equivalent to the stage 1 of cycle 1.  

The only difference is that the current flow has shifted from one phase to next 

phase.  Each cycle is identical in operating principle. 

 

3.5.1.4 V3 regulated converter mode summary 

- Regulated converter mode is present when duty cycle is either between 0 and 1/3 

or between 2/3 and 1.  Only the operating principal during 0 ≤ D ≤ 1/3 is 

examined, since the duty cycle beyond 50% is avoided.  However, the operating 

principal is identical in both 0 ≤ D ≤ 1/3 and 2/3 ≤ D ≤ 1. 
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- Asymmetrical duty cycle produces rectangular waveforms at the VRECT.  At some 

portions of period, a combination of switches imposes voltage across a pair of 

transformers, and causes VRECT= n·VIN, where n is transformer turn ratio and VIN 

is input voltage.  During other times of the period, either all upper or all lower 

switches are on, which impose zero voltage across all the transformers, and cause 

VRECT = 0 V.  Figure 3.27 shows waveforms during the regulated converter mode. 

- ZVS turn-on is achieved on both upper and lower switches. 

- When duty cycle is below 1/3, the upper switch ZVS is achieved using only the 

energy stored in the transformer leakage inductance.  Thus, ZVS condition can be 

lost during light load conditions.  The lower switch ZVS is achieved using the 

energy in both the leakage and output filter inductance.  Therefore, ZVS can be 

easily achieved even during light load conditions. 

- Resonant elements are capacitance sum of upper and lower device output 

capacitor (i.e. Ceq = CBp + CBn) and equivalent transformer leakage inductance 

(i.e. Leq = LLK-B + (LLK-C ║ LLK-C) ≈ 1.5·LLK). 

- Switch turn-off takes place under hard-switching. 
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Figure 3.27 – V3 waveforms of three-phase output voltages and rectifier output voltage, VRECT, in regulated 

converter mode 
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3.5.2 V6 operating principles 

 V6 can operate in three different modes: dc transformer mode, and regulated 

converter mode 2 and mode 1.  The operating principle in each mode is different and is 

explained in following sections. 

 

3.5.2.1 V6 dc transformer mode (120° ≤ α ≤ 180°) 

 Figure 3.28 illustrates V6 gate signals and switching vectors for dc transformer mode.  

Along with nominal switching states, deadtime switching states are included to reflect 

transition between nominal states.  A period can be divided into total of 24 stages, which 

consist of 6 cycles of 4 stages, and each stage starts and ends with a switch either turns on 

or turns off.  Figure 3.29 partitions the switching vectors into cycles and stages for dc 

transformer mode.  Each cycle is identical in operating principle.  The difference between 

cycles is that phase current and voltage status is shifted to next phase during the 

following cycle. 
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Figure 3.28 – V6 gate signals and switching vectors for dc transformer mode 
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Figure 3.29 – V6 switching vector cycle: dc transformer mode 

 

 

1) V6 dc transformer mode – Cycle 1, Stage 1: switch vector (100110) 
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Figure 3.30 – V6 equivalent circuit: dc transformer mode - cycle 1 stage 1 

 

 

- As shown in the equivalent circuit of Figure 3.30, the input currents (iIN) flow 

through all three phases.  Currents in phase A and C (iA and iC) flow in positive 

current direction, while the currents of remaining phase (iB) flow in negative 

direction.   

- Although phase A and C provide paralleled paths for positive directional current 

flow, phase A current (iA) is at near zero, while phase C current (iC) is at near full 

reflected output current.  In previous stages, phase A current (iA) was reset to zero 
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and the phase C current (iC) was conducting fully reflected load current.  Even 

though phases A and C in present stage provide paralleled current paths, the 

transformer leakage inductance (LLK) tends to maintain the initial phase current in 

the beginning of the stage.  Due to lack of any significant voltage to balance out 

current between two phases, phase A maintains near-zero current, and phase C 

continues to conduct nearly fully reflected load current.  However, if the value of 

the leakage inductance is sufficiently small, the current between phase A and C 

can balance out and share the positive directional current. 

- All three phases contribute in power transmission to the load.  Phase B transmits 

one-half of power to the load, and phase A and C transmit the other half; 

however, since phase A current (iA) is near zero, this phase transmits very small 

amount of power to the load.  Phase C transmits remaining power to the load.  

- Positive input voltage (VIN) is applied across transformer TA and TC, and negative 

input voltage (–VIN) is applied across transformer TB.  The induced voltages on 

Y-connection of secondary side transformer cause D1, D4 and D5 to be forward 

biased and produce 2·n·VIN at the rectified output, VRECT.   
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2) V6 dc transformer mode – Cycle 1, Stage 2: switch vector (10011X) 
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Figure 3.31 – V6 equivalent circuit: dc transformer mode - cycle 1 stage 2 

 

 

- At the beginning of the stage, a lagging leg switch (sC2n) turns off.  The phase 

current (iC) continues to flow while switch turns off, so the switch turns off at 

hard-switching condition. 

- When the lagging leg switch is turned off, the transformer leakage inductance 

(Leq) start to resonate with device output capacitance (Ceq), and the resonance 

discharges the opposite side device output capacitance (CC2p).  This causes the 

lagging leg midpoint voltage (VC2) to rise from 0 V to VIN. 

- The resonant elements are capacitance sum of upper and lower device output 

capacitor (Ceq = CC2p + CC2p) and equivalent transformer leakage inductance (Leq 

= LLK-A + LLK-C ≈ 2·LLK). 
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3) V6 dc transformer mode – Cycle 1, Stage 3: switch vector (100111) 
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Figure 3.32 – V6 equivalent circuit: dc transformer mode - cycle 1 stage 3 

 

 

- At the beginning of the stage, a lagging leg switch (sC2p) turns on.  Voltage across 

the switch is zero, thus zero-voltage switching (ZVS) turn-on is achieved. 

- When the lagging leg switch (sC2p) is turned on, the phase current (iC) is reset to 

zero, and phase A current rises from near zero to fully reflected output current 

(IOUT/n).  Meanwhile, the phase B current maintains the full reflected output 

current. 

- Since phase C transformer (TC) voltage and current is reduced to zero, and power 

is discontinued from transmitting to load through this phase.  However, phase A 

takes over the power transmission task from phase C.  Phase B continues to 

transmit power.  Two phases conduct equal halves of input current, and each 

phase transmits one-half power to the load. 

- D1 and D4 are forward biased and conducting, and rectified output, VRECT, is 

2·n·VIN. 
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4) V6 dc transformer mode – Cycle 1, Stage 4: switch vector (1001X1) 
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Figure 3.33 – V6 equivalent circuit: dc transformer mode - cycle 1 stage 4 

 

 

- At the beginning of the stage, a leading leg switch (sC1p) turns off.  The phase 

current (iC) is zero, and zero-current switching (ZCS) turn-off is achieved. 

- The stage condition remains the same as previous stage. 
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5) V6 dc transformer mode – Cycle 2, Stage 1: switch vector (100101) 
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Figure 3.34 – V6 equivalent circuit: dc transformer mode - cycle 2 stage 1 

 

 

- At the beginning of the stage, a leading leg switch (sC1n) turns on.  The phase 

current (iC) remains zero throughout the turn-on period, and zero-current 

switching (ZCS) turn-on is achieved. 

- This stage is equivalent to the stage 1 of cycle 1.  The only difference is that the 

current flow has shifted from phase to next phase.  Each cycle is identical in 

operating principle.   
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3.5.2.2 V6 dc transformer mode summary 

- Dc transformer mode is present when phase-shift modulation angle is between 

120° and 180°.  During this mode, at least two phases and at most three phases 

transfer input voltage to output side throughout a period, and the rectified output 

is constant voltage, 2·n·VIN, regardless of duty cycle.  Therefore, the converter 

behaves like a dc transformer. 

- ZVS turn-on is achieved on lagging leg switches.  The ZVS turn-on is achieved 

with the energy stored in the leakage inductance of the transformer, and the 

energy discharge the device output capacitance voltage to zero before turning on.  

It should be noted that energy stored in the output filter inductor is not used.  

Therefore, ZVS condition can be lost during light load condition. 

- Resonant elements are capacitance sum of upper and lower device output 

capacitor (i.e. Ceq = CCp + CCn) and equivalent transformer leakage inductance, 

which includes leakage inductance of two phases (i.e. Leq = LLK-A + LLK-C ≈ 

2·LLK). 

- Lagging leg switch turn-off takes place under hard-switching. 

- ZCS turn-on and turn-off is achieved on leading leg switches.  ZCS is achieved 

through resetting the phase current to zero with other phase. 

 

A1A2V

B1B2V

C1C2V

RECTV

 
Figure 3.35 – V6 waveforms of three-phase output voltages and rectifier output voltage, VRECT, in dc 

transformer mode 
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3.5.2.3 V6 regulated converter mode 2 (60° ≤ α ≤ 120°) 

 Figure 3.36 illustrates V6 gate signals and switching vectors for regulated converter 

mode 2.  Along with nominal switching states, deadtime switching states are included to 

reflect transition between nominal states.  A period can be divided into a total of 24 

stages, which consist of 6 cycles of 4 stages, and each stage starts and ends with a switch 

either turn-on or turn-off.  Figure 3.37 partitions the switching vectors into cycles and 

stages for regulated converter mode 2.  Each cycle is identical in operating principle.  The 

difference between cycles is that phase current and voltage status is shifted to next phase 

during following cycle. 
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Figure 3.36 – V6 gate signals and switching vectors for regulated converter mode 2 

 

 

 
Figure 3.37 – V6 switching vector cycle: regulated converter mode 2 
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1) V6 regulated converter mode 2 – Cycle 1, Stage 1: switch vector (100111) 
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Figure 3.38 – V6 equivalent circuit: regulated converter mode 2 - cycle 1 stage 1 

 

- As shown in the equivalent circuit of Figure 3.38, the input current (iIN) is split 

between two phases (iA and iB).  The current of remaining phase (iC) was reset to 

zero and does not have any circulating current. 

- Two phases conduct equal halves of input current, and each phase transmits one-

half power to the load. 

- Positive input voltage (VIN) is applied across transformer TA, and negative input 

voltage (–VIN) is applied across transformer TB.  The induced voltages on 

secondary side transformer are stacked in series, which causes D1 and D4 to be 

forward biased and produces 2·n·VIN at the rectified output, VRECT.   
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2) V6 regulated converter mode 2 – Cycle 1, Stage 2: switch vector (100X11) 
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Figure 3.39 – V6 equivalent circuit: regulated converter mode 2 - cycle 1 stage 2 

 

- At the beginning of the stage, a lagging leg switch (sB2p) turns off.  The phase 

current (iB) continues to flow while switch turns off, and soft-switching can not be 

achieved. 

- When the lagging leg switch (sB2p) is turned off, the energy of the large output 

filter inductor is used to discharge the opposite side device output capacitance 

(CB2n).  The midpoint voltage of the lagging leg (VB2) drops from VIN to 0 V. 

- When the reflected output current fully discharges the switch output capacitance 

(CB2n), it continues to flow through body diode (DB2n) and circulates in phase B.  

At this time, voltage across the phase transformer (TB) becomes zero, and power 

is discontinued from transmitting to load through this phase. 

B
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3) V6 regulated converter mode 2 – Cycle 1, Stage 3: switch vector (100011) 
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Figure 3.40 – V6 equivalent circuit: regulated converter mode 2 - cycle 1 stage 3 

 

- At the beginning of the stage, a lagging leg switch (sB2n) turns on.  Voltage across 

the switch is zero, and zero-voltage switching (ZVS) turn-on is achieved. 

- Typically, circulating current is caused when leakage inductance maintains 

freewheeling current in primary, and V3’s regulated converter mode is an 

example of such case.  However, circulating current of V6 in this mode is resulted 

from different mechanism.  Secondary side of three-phase transformer is 

configured in Y-connection, which stacks phase A in series with phase B and C in 

parallel.  In other words, the load current must conduct through phase A, and it 

forces the current to also conduct through other two phases in series.  Therefore, 

the circulating current is due to the reflected load current, rather than leakage 

inductance.   

- Although phases B and C each has formed a loop, phase C has a negligible 

amount of circulating current.  In the previous stage, the phase C current (iC) was 

reset to zero, and the transformer leakage inductance maintains zero current in 

phase C and continual current conduction in phase B.  However, if the value of 

the leakage inductance is small, the current between phase B and C can balance 

out and share the circulating current. 

- Phase A transmits power to the load, while remaining two phases (phase B and C) 

do not.   
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- D1, D4 and D6 are forward biased and conducting, and rectified output, VRECT, is 

n·VIN 

 

4) V6 regulated converter mode 2 – Cycle 1, Stage 4: switch vector (1000X1) 
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Figure 3.41 – V6 equivalent circuit: regulated converter mode 2 - cycle 1 stage 4 

 

- At the beginning of the stage, a leading leg switch (sC1p) turns off.  The phase 

current (iC) is zero or near zero, and zero-current switching (ZCS) turn-off is 

achieved.   

- The stage condition remains the same as previous stage. 
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5) V6 regulated converter mode 2 – Cycle 2, Stage 1: switch vector (100001) 
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Figure 3.42 – V6 equivalent circuit: regulated converter mode 2 - cycle 2 stage 1 

 

- At the beginning of the stage, a leading leg switch (sC1n) turns on.  Initial voltage 

across the device is VIN, and initial current in phase C (iC) is zero or near-zero.  

Although initial current is zero, as switch turns on, the phase current (iC) starts to 

rapidly rise, and the leading leg switch turn-on takes place under hard-switching.   

- When the leading leg switch (sC1n) is turn on, the input voltage (VIN) is applied to 

the transformer leakage inductance in phase B and C, and it causes the circulating 

current in phase B (iB) is reset to zero, and phase C current (iB C) rises to match the 

reflected load current (IOUT/n). 

- Two phases conduct equal halves of input current, and each phase transmits one-

half power to the load. 

- Positive input voltage (VIN) is applied across transformer TA, and negative input 

voltage (–VIN) is applied across transformer TC.  The induced voltages on 

secondary side transformer are stacked in series, which causes D1 and D6 to be 

forward biased and produces 2·n·VIN at the rectified output, VRECT.   

- This stage is equivalent to the stage 1 of cycle 1.  The only difference is that the 

current flow has shifted from phase to next phase.  Each cycle is identical in 

operating principle.   
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3.5.2.4 V6 regulated converter mode 2 summary 

- Regulated converter mode 2 is present when phase-shift modulation angle is 

between 60° and 120°.  During this mode, at least one phase and at most two 

phases transfer input voltage to output side.   

- When two phases are transferring input voltage to output side, rectified output 

voltage is 2·n·VIN.  When one phase is transferring, rectified output voltage is 

n·VIN.  Rectangular waveform of given two voltage is produced, and phase-shift 

modulation controls the width of rectangle and regulates output voltage. 

- ZVS turn-on is achieved on lagging leg switches.  The ZVS is achieved using 

energy in both the leakage and output filter inductance.  Therefore, ZVS can be 

easily achieved even during light load condition. 

- Lagging leg switch turn-off takes place under hard-switching. 

- Leading leg switch turn-on takes place under hard-switching. 

- ZCS turn-off is achieved on leading leg switches.  ZCS is achieved through 

resetting the phase current to zero with other phase. 

A1A2V

B1B2V

C1C2V

RECTV

 
Figure 3.43 – V6 waveforms of three-phase output voltages and rectifier output voltage, VRECT, in regulated 

converter mode 2 
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3.5.2.5 V6 regulated converter mode 1 (0° ≤ α ≤ 60°) 

 Figure 3.44 illustrates V6 gate signals and switching vectors for regulated converter 

mode 1.  Along with nominal switching states, deadtime switching states are included to 

reflect transition between nominal states.  A period can be divided into total of 24 stages, 

which consist of 6 cycles of 4 stages, and each stage starts and ends with a switch either 

turns on or turns off.  Figure 3.45 partitions the switching vectors into cycles and stages 

for regulated converter mode 1.  Each cycle is identical in operating principle.  The 

difference between cycles is that phase current and voltage status is shifted to next phase 

during following cycle. 
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Figure 3.44 – V6 switching vector cycle: regulated converter mode 1 

 

 
Figure 3.45 – V6 switching vector cycle: regulated converter mode 1 
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1) V6 regulated converter mode 1 – Cycle 1, Stage 1: switch vector (100011) 
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Figure 3.46 – V6 equivalent circuit: regulated converter mode 1 - cycle 1 stage 1 

 

- As shown in the equivalent circuit of Figure 3.46, the input current (iIN) flows 

through phase A, while phase B current (iB) circulates in a loop.  The circulating 

current in phase C (iC) is at near zero.  The current sum of phase B and C (iB + iC) 

is equal to negative of phase A current (iA). 

- Phase A applies input voltage (VIN) to the phase transformer (TA) and transmits 

power to the load.  Meanwhile, other two phases (phase B and C) applies 0 V to 

their phase transformers (TB and TC) and do not transmits power to the load. 

- D1, D4 and D6 are forward biased and conducting, and rectified output, VRECT, is 

n·VIN. 

 

 75



 

2) V6 regulated converter mode 1 – Cycle 1, Stage 2: switch vector (1X0011) 
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Figure 3.47 – V6 equivalent circuit: regulated converter mode 1 - cycle 1 stage 2 

 

- At the beginning of the stage, a lagging leg switch (sA2n) turns off.  The phase 

current (iA) continues to flow while switch turns off, and soft-switching can not be 

achieved. 

- When the lagging leg switch (sA2n) is turned off, the current through the 

transformer primary is the output current reflected to the primary.  Therefore, the 

energy of the large output filter inductor is used to discharge the opposite side 

device output capacitance (CA2p).  The midpoint voltage of the lagging leg (VA2) 

rises from 0 V to VIN. 

- When the reflected output current fully discharges the switch output capacitance 

(CA2p), it continues to flow through body diode (DA2p) and circulates in phase A.  

At this time, voltage across the phase transformer (TA) becomes zero, and power 

is discontinued from transmitting to load through this phase. 
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3) V6 regulated converter mode 1 – Cycle 1, Stage 3: switch vector (110011) 
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Figure 3.48 – V6 equivalent circuit: regulated converter mode 1 - cycle 1 stage 3 

 

- At the beginning of the stage, a lagging leg switch (sA2p) turns on.  Voltage across 

the switch is zero, thus zero-voltage switching (ZVS) turn-on is achieved. 

- Due to leakage inductance in phases, current continues to circulate in the primary.  

In the previous stage, the phase C current (iC) was reset to zero, and the 

transformer leakage inductance maintains zero current in phase C and continual 

current conduction in phase A and B.   

- In mode 2, Y-connection in the secondary is the cause circulating current.  

However, in mode 1, simply leakage inductance is the cause of the circulating 

current.   

- All three phases are under freewheeling condition, which causes all transformer 

voltage to be 0 V.  Therefore, no power is being transmitted to load. 

- All the rectifier diodes are forward biased.  Circulating current in the primary 

reflects to secondary through transformers, and forces more current through some 

of rectifier diodes than others.  The difference between the reflected circulating 

current and output current, IOUT, freewheels through D5 and D6.  Rectified output 

voltage, VRECT, is 0 V. 
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4) V6 regulated converter mode 1 – Cycle 1, Stage 4: switch vector (1100X1) 
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Figure 3.49 – V6 equivalent circuit: regulated converter mode 1 - cycle 1 stage 4 

 

- At the beginning of the stage, a leading leg switch (sC1p) turns off.  The phase 

current (iC) is zero or near-zero, and zero-current switching (ZCS) turn-off is 

achieved. 

- The stage condition remains the same as previous stage. 
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5) V6 regulated converter mode 1 – Cycle 2, Stage 1: switch vector (110001) 
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Figure 3.50 – V6 equivalent circuit: regulated converter mode 1 - cycle 2 stage 1 

 

- At the beginning of the stage, a leading leg switch (sC1n) turns on.  As switch turns 

on, the phase current (iC) rapidly rises to match reflected load current, and phase 

midpoint voltage (vC1) rapidly drops to zero.  The leading leg switch turn-on takes 

place under hard-switching. 

- When the leading leg switch (sC1n) is turn on, the input voltage (VIN) is applied 

across the transformer leakage inductance of all phases.  It causes the circulating 

current in phase B (iB) is reset to zero, and phase A and C current (iA and iC) rise 

and fall to match the reflected load current (IOUT/n) and (–IOUT/n), respectively. 

- Phase C applies negative input voltage (–VIN) to the phase transformer (TC) and 

transfers power to the load.  

- D1, D4 and D6 are forward biased and conducting, and rectified output, VRECT, is 

n·VIN. 

- This stage is equivalent to the stage 1 of cycle 1.  The only difference is that the 

voltage status and current flow has shifted from phase to next phase.  Each cycle 

is identical in operating principle.   
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3.5.2.6 V6 regulated converter mode 1 summary 

- Regulated converter mode 1 is present when phase-shift modulation angle is 

between 0° and 60°.  During this mode, at most one phase transfer input voltage 

to output side.   

- When one phase is transferring input voltage to output side, rectified output 

voltage is n·VIN.  When no phase is transferring, rectified output voltage is 0 V.  

Rectangular waveform of given two voltages is produced, and phase-shift 

modulation controls the width of rectangle and regulates output voltage. 

- ZVS turn-on is achieved on lagging leg switches.  The ZVS is achieved using 

energy in both the leakage and output filter inductance.  Therefore, ZVS can be 

easily achieved even during light load condition. 

- Lagging leg switch turn-off takes place under hard-switching. 

- Leading leg switch turn-on takes place under hard-switching. 

- ZCS turn-off is achieved on leading leg switches.  ZCS is achieved through 

resetting the phase current to zero with other phase. 
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Figure 3.51 – V6 waveforms of three-phase output voltages and rectifier output voltage, VRECT, in regulated 

converter mode 1 
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3.6 Chapter 3 summary 

 In this chapter, the basic operations of multiphase dc-dc converters are examined and 

described in detail.  The multiphase converters’ interleaving control and paralleled phases 

enable higher power handling capabilities, higher power densities, lower components 

stresses, etc.  Strenuous requirements, such as a high voltage conversion ratio and high 

current handling capabilities, severely limit employment of single-phase converters; 

however, the advantages of the multiphase converters become crucially important to meet 

the requirements when it comes to low-voltage, high-current fuel cell application. 

 Among the surveyed multiphase topologies, two of the multi-phase converters, V3 

and V6, appear to be capable of achieving the requirements with soft-switching 

capabilities.  In addition to all the benefit of the multiphase converters, proper selections 

of converter topology enable soft-switching and beneficial utilization of the converter 

parasitic components.  Additionally, both V3 and V6 achieve soft-switching without any 

additional components.  It is attractive for high-power applications because of the 

potential efficiency improvement without size, weight and/or cost penalty. 
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4 PERFORMANCE EVALUATION V3 AND V6 
 In chapter 3, the basic operation of V3 and V6 converters are theoretically analyzed.  

In this chapter, hardware prototypes are built and tested to compare the performance of 

V3 and V6 converters.  Figure 4.1 shows pictures of V3 and V6 converter prototypes.  

An approximate size of each converter is 11 inches by 15.5 inches. 

 

15.5 inch

 
Figure 4.1 – V3 (Left) and V6 (Right) converter prototypes 

 

 Figure 4.2 illustrates the building blocks of the prototype, which include an input 

filter, auxiliary power supplies, a three-phase controller, sensing circuits, gate drivers, a 

three-phase power stage, three high-frequency transformers, a three-phase rectifier and a 

LC filter.  This particular image is based on V3 converter; however, V6 shares similar 

building blocks. 
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Figure 4.2 – Three-phase converter building blocks (V3) 

 

4.1 Transformer Setting Comparison 

 Among the four possible three-phase transformer configurations, Δ-Δ, Δ-Y, Y-Y and 

Y-Δ, V3 utilizes the Y-Y configuration and V6 utilizes the Δ-Y configuration.  The Δ-Δ 

and the Y-Y transformer configurations provide the same conversion ratio as the turns 

ratio, since primary and secondary configuration is the same.  In other words, assuming 

turns ratio is one to one, 1 unit of input voltage results in 1 unit of output voltage.  On the 

other hand, when the primary configuration differs from the secondary, such as the Δ-Y 

or the Y-Δ, the conversion ratio is not the same as the turns ratio.  For an instance, it is 

well known that when three-phase sinusoidal inputs are applied to Δ-Y or Y-Δ 

configuration, outputs are increased or decreased by a factor of square root of 3, 

respectively.   

 However, instead of the sinusoidal inputs, if rectangular waveforms are used with Δ-

Y or Y-Δ configuration, the output voltages are increased or decreased by a factor of 2, 
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rather than square root of 3.  In the case of Δ-Y connection, if positive 1 per unit (pu) 

voltage is applied to one transformer input and negative 1 pu voltage is applied to the 

other, then 2 pu voltage is induced on the secondary output.  For an example, if VA1A2 = 1 

pu and VB1B2 = –1 pu, then the sum of induced secondary transformer output is VXY = 2·n 

pu, which is twice the single-phase or Y-Y transformer output.  Figure 4.3 illustrates the 

Y-Y and the ∆-Y transformer configurations. 
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Figure 4.3 – Y-Y and ∆-Y transformer configurations 

 

 Fuel cell applications require a high conversion ratio, from 20~60 V input to 400 V 

output, and the high conversion ratio calls for a high transformer turns ratio.  For an 

instance with 25 V input and 400 V output, 1:16 conversion ratio and the same 

transformer turns ratio are needed in the Y-Y or the Δ-Δ transformer configuration.  In 

contrast, the ∆-Y transformer configuration shows a voltage doubling effect, and it 

effectively reduces the turns ratio by half, which cuts down on the transformer turns ratio 

from 1:16 to 1:8.  Table 4.1 shows typical transformer turns ratios required with the Y-Y 

or the ∆-Y transformer configuration for a given input voltage and a desired output 

voltage.   

 In order to produce the same output voltage with the same input voltage, the Y-Y 

transformer configuration must have a higher turns ratio than the ∆-Y transformer 

configuration.  One consequence of the high turns ratio is a higher leakage inductance.  

Although the leakage inductance is needed for soft-switching, an excessive leakage 
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inductance is undesirable, since it tends to reduce effective duty cycles and increase 

conduction losses.  Especially, the increase of the conduction losses is objectionable in 

high-current applications, where the conduction loss is responsible for the majority of 

losses.  In three-phase converters, the flexibility to adopt appropriate three-phase 

transformer configurations and the turns ratio gives a freedom to optimize designs and 

produce desired outputs.  Therefore, one of design constraints is to make trade-offs 

between the transformer turn count and the leakage inductance. 
 

Table 4.1 – Transformer turns ratio for V3 and V6 

Output Voltage Input Voltage Transformer 

Configuration 200 V 400 V 

Y-Y (V3) 1:8 1:16 25 V 

∆-Y (V6) 1:4 1:8 

Y-Y (V3) 1:4 1:8 50 V 

∆-Y (V6) 1:2 (2:4) 1:4 (2:8) 

 

 In the case of 50 V input of V6, turn count in hardware implementation are doubled, 

which is shown in brackets.  In V6, input voltage is imposed across one transformer, 

where as in V3, input voltage is imposed across two transformers.  A small turns ratio 

leads to a small magnetizing inductance, and a high input voltage with the small 

magnetizing inductance causes excessive magnetizing current.  Therefore, the turn count 

of the V6 transformers are increased to magnetizing inductance and to reduce 

magnetizing currents.   
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4.2 High-frequency Ripple Operation 

 An interleaving control scheme produces high operating frequencies while keeping 

switching frequencies low.  Figure 4.4 shows an example waveform of the high-

frequency ripple operation with V6 converter.  Channel 1, 2 and 3 represent the gate 

signal of each phases, and channel 4 represent output inductor current.  Control signals 

are interleaved 120° apart and operate at approximately 50 kHz.  As the result of the 

interleaving control, the inductor ripple current is approximately 300 kHz, which is much 

higher than the switching frequency.  The high operating frequency of multiphase 

converters reduces the current and the voltage ripples in input and output, which lead to 

size, weight and cost reduction of passive components. 

 

 
Figure 4.4 – High-frequency ripple operation with the three-phase interleaving control scheme of V6 
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4.2.1 High-frequency operation in the regulated converter mode 

 One of the advantages of the multiphase converters is that the effective operating 

frequency is higher than actual switching frequency.  For an instance, when switching 

frequency is 50 kHz, the effective operating frequency of V3 and V6 converter are 150 

kHz and 300 kHz, respectively.  The low switching frequency keeps switching stresses 

on individual device low, and the high operating frequency reduces size, weight and cost 

of passive components. 

 Figure 4.5 shows V3 high-frequency operation in the regulated converter mode with 

20 % duty cycle.  Figure 4.6 and Figure 4.7 show V6 high-frequency operation in the 

regulated converter mode 1 with 30° modulation angle and the mode 2 with 90° 

modulation angle, respectively.  In each figure, channel 1 and 2 respectively represent 

phase A upper and lower gate signals for V3 and leading and lagging leg gate signals for 

V6.  Channel 3 represents rectified three-phase output at VRECT, and channel 4 represents 

output inductor current.  Channel 4 is ac coupled instead of dc coupling for a closer look 

at the ripple current.   

 

Ch1. Phase A 
Upper gate signal

10V/div

5us/div

Ch2. Phase A
Lower gate signal

10V/div
Ch3. Rectified output

Vrect
100V/div

Ch4. output
Inductor current

2A/div
AC coupling

 
Figure 4.5 – V3 high-frequency operation in regulated converter mode 
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Figure 4.6 – V6 high-frequency operation in regulated converter mode 1 
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Figure 4.7 – V6 high-frequency operation in regulated converter mode 2 

 

 First, high effective operating conditions can be observed in the waveforms.  The 

switching in both V3 and V6 is 50 kHz, and their effective operating frequencies are 150 

kHz and 300 kHz for V3 and V6, respectively. 

 Second, the amplitude of the ripple currents in V6 is significantly lower than V3.  The 

current ripple in V3 is approximately 4 A peak-to-peaks.  For the same load condition 

and the same filter inductance value, the current ripple in V6 is approximately 1 A peak-
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to-peaks.  V6 current ripple amplitude is about one-fourth of V3 due to high operating 

frequencies and lower amplitudes of rectified waveform. 

 In V3’s regulated converter mode, the rectified waveform move up and down 

between 0 V and 200 V.  In V6’s regulated converter mode 1, the rectified waveform 

move up and down between 0 V and 100 V, and in the mode 2, the rectified waveform 

move up and down between 100 V and 200 V.  In other words, V3 exhibits waveform 

amplitude about 200 V peak-to-peaks, while V6 exhibits amplitude about half of V3 at 

100 V peak-to-peaks.   

 Two times faster operating frequency and one-half of VRECT amplitude produce about 

one-fourth of current ripple amplitude, and the lower current ripple reuires smaller 

inductors for filtering. 
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4.2.2 High-frequency operation in the dc transformer mode 

 Both V3 and V6 feature the dc transformer mode, which output voltages remain 

constant multiples of input voltage regardless of duty cycle or phase-shift modulation 

angle.  Figure 4.8 and Figure 4.9 illustrate the high-frequency operating in the dc 

transformer mode in V3 with 50 % duty cycle and in V6 with 150° modulation angle, 

respectively.   

 

 
Figure 4.8 – V3 high-frequency operation in dc transformer converter mode 

 

 
Figure 4.9 – V6 high-frequency operation in dc transformer converter mode 
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 The rectified waveforms show 200 V dc output with parasitic ringing on the top of dc 

output.  V3 shows about 350 V peak-to-peaks ringing, and V6 shows about 170 V peak-

to-peaks ringing.  One obvious reason for the ringing could be due to switching noises; 

however, soft-switching lessens effect of hard commutation on ringing.  A bigger cause 

of the parasitic ringing is loss of duty cycle.  As mentioned in the operating principles of 

V3 and V6 in chapter 3, rectified output momentary drops to lower voltages during 

switching transition, which is called loss of duty cycle.  This short momentary voltage 

drop excites parasitic elements and causes the high frequency ringing.  The amplitudeof 

voltage drop is about one half of VOUT in V3 and is about one fourth of VOUT in V6.   

 The high amplitude of the parasitic ringing may damage rectifying diodes, and the 

diodes may require snubbers for protection.  However, no snubbers are used in 

experiments. 

 Without the parasitic ringing, the rectified output is constant, and the output inductor 

current is flat.  The parasitic ringing is very high frequency and has negligible effects on 

inductor currents.   
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4.3 Soft-switching Condition Comparison 

 Although the conduction losses from high-current condition are responsible for the 

majority of power losses in low-voltage, high-power fuel cell applications, switching 

losses are also responsible for significant power losses in high-frequency converters.  In 

order to achieve high efficiency, soft-switching is required.  In the previous chapter, V3 

and V6 are analyzed and soft-switching conditions are identified.  To verify the finding, 

prototype converters are tested and related waveforms are captured. 

 

4.3.1 V3 soft-switching waveforms 

 V3 is capable of zero-voltage switching (ZVS) by discharging the device output 

capacitance with energy stored in leakage inductance and output filter inductor and let the 

phase current flow in the body diode before turning on the device. 

 V3 converter has two distinctive operating conditions, dc transformer mode and 

regulated converter mode.  Figure 4.10 to Figure 4.12 are waveforms of the converter 

operating under dc transformer mode (1/3<D<2/3) and Figure 4.13 to Figure 4.15 are 

waveforms under regulated mode (0<D<1/3 and 2/3<D<1). 

 Each mode is tested under two different loading conditions, heavy and light load.  

Heavy load refers to 56Ω load, which corresponds to approximately 3 kW in 400 V 

output, and light load refers to approximately 10% of heavy load, 500Ω.  50V dc is used 

as input voltage.  Duty cycle for dc transformer mode and regulated mode are 0.5 and 0.3, 

respectively.  Test conditions are summarized in Table 4.2. 
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Table 4.2 – V3 test condition chart 

Mode 

(Duty cycle) 

VIN

(V) 

IIN

(A) 

VOUT

(V) 

IOUT

(A) 

POUT/PIN

≈ Eff 

Notes 

50.0 60.9 390.5 7.5 2928/3045 

≈ 96.2% 

Heavy load 

Figure 4.10

Dc transformer 

mode 

(50%) 50.2 7.4 403.6 0.83 335/372 

≈ 90.1% 

Light Load 

Figure 4.12

50.1 49.0 347.8 6.7 2330/2455 

≈ 95.0% 

Heavy load 

Figure 4.13

Regulated 

converter mode 

(30%) 50.1 7.1 395.3 0.81 320/355 

≈ 90.0% 

Light load 

Figure 4.15
Notes: values in the table are rounded to the nearest 1/10th of value, and it does not accurately represent 

efficiency.  Rather, it is intended to show test conditions. 

 

 Two types of waveforms are captures for V3.  First type captures upper leg and lower 

leg soft switching states.  Channel 1 and 3 represent upper device gate signal (VGS) and 

device voltage (VDS), respectively.  Likewise, channel 2 and 4 represent lower device 

gate signal (VGS) and device voltage (VDS), respectively.  This type of figure is marked 

with single cross (†). 

 Second type of waveforms captures phase currents along with gate signal and device.  

Phase current helps to explain the manner that is used achieve zero-voltage switching 

(ZVS).  Channel 1 and 2 represent upper device gate signals (VGS) and device voltage 

(VDS), respectively.  Channel 3, channel 4 and function4 (F4) represent current through 

phase A, B and C (iA, iB, and iC), respectively.  Phase currents are measured in 

transformer secondary side.  Transformer turns ratio of 1:8 is used.  Therefore, 5 A/div in 

secondary corresponds to 40 A/div in the primary.  This type is marked with double cross 

(††). 
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4.3.1.1 V3 soft-switching waveforms: dc transformer mode 

 

Ch1. Upper switch Vgs

Ch3. Upper switch Vds

Ch2. Lower switch Vgs

Lower switch
ZVS turn-on

Zoom In

5V/div

5V/div

20V/div
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Upper switch
ZVS turn-on

Device 
voltage

Gate 
voltage

Zoom In

Device 
voltage

Gate 
voltage

Ch4. Lower switch Vds
20V/div

 
Figure 4.10 – V3 soft switching status: 50% duty, heavy load (†) 

 

 

 Figure 4.10 captures V3 soft switching status during 50% duty cycle and heavy load.  

As shown in the zoomed waveform, device voltage drops to zero before gate voltage rises 

and device turns on.  Both upper and lower switches achieve zero voltage switching 

(ZVS).   
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Figure 4.11 – V3 phase currents: 50% duty, heavy load (††) 

 

 

 Figure 4.11 captures V3 phase currents during 50% duty cycle and heavy load.  First 

grid shows upper switch gate signal and device voltage, and second grid shows 

corresponding phase current.  Third and fourth grid shows currents in other phases. 

 Circled parts in Figure 4.11 shows change in current direction during upper device 

turn on and off.  Change in current direction signifies resonance between transformer 

leakage inductance and device output capacitance.  In other words, energy stored in the 

transformer leakage inductance is utilized to achieve ZVS.   
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Figure 4.12 – V3 soft switching status: 50% duty, light load (†) 

 

 

 Figure 4.12 captures V3 soft switching status during 50% duty cycle and light load.  

As shown in the zoomed waveform, device voltage initially drops toward zero, but it 

resonates back to original value.  Once gate voltage rises and device turns on, the device 

rapidly drops to zero, which means it is a hard commutation.  It is due to the fact the 

energy stored in the leakage inductance is not enough to discharge the device output 

capacitance, and it fails to achieve ZVS. 
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4.3.1.2 V3 soft-switching waveforms: regulated converter mode 

Ch1. Upper switch Vgs

Ch3. Upper switch Vds

Ch2. Lower switch Vgs

Lower switch
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Zoom In
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Figure 4.13 – V3 soft switching status: 30% duty, heavy load (†) 

 

 

 Figure 4.13 captures V3 soft switching status during 30% duty cycle and heavy load.  

As shown in the zoomed waveform, device voltage drops to zero before gate voltage rises 

and device turns on.  Both upper and lower switches achieve zero voltage switching 

(ZVS).   
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Figure 4.14 – V3 phase currents: 30% duty, heavy load (††) 

 

 

 Figure 4.14 captures V3 phase currents during 30% duty cycle and heavy load.  First 

grid shows upper switch gate signal and device voltage, and second grid shows 

corresponding phase current.  Third and fourth grid shows currents in other phases. 

 Between two circled parts in Figure 4.14, left circle corresponds to lower device turn 

on.  Unlike previous case in 50% duty cycle, the phase current after device switching 

remains at the same polarity with relatively the same magnitude as before device 

switching.  This signifies that energy stored in the output inductor is utilized to achieve 

ZVS.   

 Right circle in Figure 4.14 corresponds to upper device turn on.  This shows change 

in current direction, which energy stored in the transformer leakage inductance is utilized 

to achieve ZVS.   
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Figure 4.15 – V3 soft switching status: 30% duty, light load (†) 

 

 

 Figure 4.15 captures V3 soft switching status during 30% duty cycle and light load.  

As shown in the zoomed waveform, upper device voltage operated under hard 

commutation due to light load and lack of energy stored in the leakage inductance.  

Lower device achieves partial ZVS using energy in the output inductor.  However, again 

due to very low load current, only partial ZVS could be achieved. 

 

4.3.2 V6 soft-switching waveforms 

 V6 is capable of zero-voltage, zero-current switching (ZVZCS).  Lagging leg 

achieves zero-voltage switching as the same manner as V3.  Leading leg achieves zero-

current switching when adjacent phase resets the phase current to zero before switch 

turns on or off. 

 V6 converter has three distinctive operating conditions, dc transformer mode and 

regulated converter mode 2 and 1.  Figure 4.16 to Figure 4.18 are waveforms of converter 

operating under dc transformer mode (120°<α<180°), Figure 4.19 to Figure 4.21 are 

waveforms of converter operating under regulated converter mode 2 (60°<α<120°), and 

Figure 4.22 to Figure 4.24 are waveforms of converter operating under regulated 

converter mode 1 (0°<α<60°).   
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 Each mode is tested under two different loading conditions, heavy and light load.  

Heavy load refers to 56Ω load, which corresponds to approximately 3 kW in 400 V 

output, and light load refers to approximately 10% of heavy load, 500Ω.  50V dc is used 

as input voltage.  Phase-shift modulation angle for dc transformer mode and regulated 

mode 2 and 1 are 150°, 110° and 50°, respectively.  Test conditions are summarized in 

Table 4.3. 

 Two types of waveforms are captures for V6.  First type captures leading leg soft 

switching states.  Channel 1 and 3 represent leading leg gate signal (VGS) and device 

voltage (VDS), respectively.  Channel 2 represents lagging leg gate signal (VGS), and 

channel 4 represent phase current.  Phase currents are measured in transformer secondary 

side.  Transformer turn ratio of 2:8 is used.  Therefore, 5 A/div in secondary corresponds 

to 20 A/div in the primary. This type of figure is marked with single sharp sign (#). 

 Second type captures lagging leg soft switching states.  Channel 1 represents leading 

leg gate signal (VGS).  Channel 2 and 3 represent lagging leg gate signal (VGS) and device 

voltage (VDS), respectively.  Channel 4 represents phase current.  Phase currents are 

measured in transformer secondary side.  Transformer turn ratio of 2:8 is used.  

Therefore, 5 A/div in secondary corresponds to 20 A/div in the primary. This type of 

figure is marked with double sharp sign (##). 
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Table 4.3 – V6 test condition chart 

Mode 

(Mod. Angle) 

VIN

(V) 

IIN

(A) 

VOUT

(V) 

IOUT

(A) 

POUT/PIN

≈ Eff 

Notes 

50.1 61.2 392.8 7.6 2985/3066 

≈ 97.32% 

Heavy load 

Figure 4.16

Dc transformer 

mode 

(150°) 50.1 7.3 398.9 0.82 327/366 

≈ 89.4% 

Light Load 

Figure 4.18

50.0 50.3 349.7 6.7 2342/2515 

≈ 93.1% 

Heavy load 

Figure 4.19

Regulated 

converter mode 

2 

(110°) 

50.1 6.3 361.0 0.74 267/315 

≈ 84.6% 

Light load 

Figure 4.21

50.0 10.4 153.6 3.0 461/520 

≈88.6% 

Heavy load 

Figure 4.22

Regulated 

converter mode 

1 

(50°) 

50.0 1.7 191.1 0.39 75/85 

≈ 87.7% 

Light load 

Figure 4.24
Notes: values in the table are rounded to the nearest 1/10th of value, and it does not accurately represent 

efficiency.  Rather, it is intended to show test conditions. 
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4.3.2.1 V6 soft-switching waveforms: dc transformer mode 
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Figure 4.16 – V6 soft switching status: dc transformer mode (150°), leading leg, heavy load(#) 

 

 

 Figure 4.16 captures V6 soft-switching status of leading leg during dc transformer 

mode with 150° modulation angle and heavy load.  This waveform illustrates zero-

current switching (ZCS) of leading leg during turn on and off.  During leading leg turn on 

and off sequence, phase current is at zero, as pointed out with two small circles.  

Typically, ZCS is associated with only turn-off sequence; however, this particular mode 

offers ZCS even during turn-on sequence. 

 As far as leading leg zero-voltage switching (ZVS), nature of ZCS condition causes 

lack of energy in leakage inductance to discharge device voltage to zero.  Therefore, ZVS 

can not be achieved. 
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Figure 4.17 – V6 soft switching status: dc transformer mode (150°), lagging leg, heavy load(##) 

 

 

 Figure 4.17 captures V6 soft-switching status of lagging leg during dc transformer 

mode with 150° modulation angle and heavy load.  This waveform illustrates zero-

voltage switching (ZVS) of lagging leg during turn on.  As shown in the zoomed 

waveform, device voltage drops to zero before gate voltage rises and device turns on.  

Due to incorrect timing of the device turn-on, the device voltage swings back to dc rail 

voltage and ZVS is momentary lost; however, correct turn on timing can ensure ZVS and 

zero losses.   

 The waveform also shows phase current.  Phase current rapidly approaches zero when 

a switch in legging leg is turned off, and it inform that resonance between transformer 

leakage inductance and device output capacitance causes ZVS.  Phase current also 

informs that non-zero current value in phase current during switch turn off indicates ZCS 

turn-off can not be achieved. 
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Figure 4.18 – V6 soft switching status: dc transformer mode (150°), lagging leg, light load(##) 

 

 

 Figure 4.18 captures V6 soft-switching status of lagging leg during dc transformer 

mode with 150° modulation angle and light load.  Zoomed waveform shows partial 

lagging leg ZVS turn-on.  During light load, insufficient of energy in the transformer 

leakage inductance only achieves partial ZVS. 
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4.3.2.2  V6 soft-switching waveforms: regulated converter mode 2 
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Figure 4.19 – V6 soft-switching status: regulated converter mode 2 (110°), leading leg, heavy load(#) 

 

 

 Figure 4.19 captures V6 soft-switching status of leading leg during regulated 

converter mode 2 with 110° modulation angle and heavy load.  The waveform illustrates 

zero-current switching (ZCS) of leading leg during turn-off.  Like previous case in 150° 

modulation angle, the phase current is zero during leading leg turn-off.  But unlike 

previous case, the phase current changes during turn-on.  Therefore, ZCS is achieved 

during turn-off, but not with turn-on.   

 

 105



 

Ch1. Leading leg Vgs

Ch3. Lagging leg Vds

Ch2. Lagging leg Vgs

Ch4. Phase Current

Lagging leg 
ZVS turn-on

Zoom In

No lagging leg 
ZCS

5V/div

5V/div

20V/div

5A/div in 
secondary
20A/div in 
primary

5us/div
Zoom: 500ns/div

 
Figure 4.20 – V6 soft-switching status: regulated converter mode 2 (110°),, lagging leg, heavy load(##) 

 

 

 Figure 4.20 captures V6 soft-switching status of lagging leg during regulated 

converter mode 2 with 110° modulation angle and heavy load.  The waveform illustrates 

zero-voltage switching (ZVS) of lagging leg during turn on.  As shown in the zoomed 

waveform, device voltage drops to zero before gate voltage rises and device turns on.  

Unlike previous case in 150° modulation angle, ZVS in this mode is achieved with 

energy in the output filter inductor, instead of transformer leakage inductance.  It is 

indicated when a lagging leg switch is turned off, phase current remains at the same 

polarity with relatively the same magnitude.   
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Figure 4.21 – V6 soft-switching status: regulated converter mode 2 (110°),, lagging leg, light load(##) 

 

 

 Lagging leg continues to achieve ZVS even during light load, as shown in Figure 

4.21.  Usage of energy in output filter inductor enables ZVS even in the light load.  In 

comparison to Figure 4.18 of dc transformer mode, lagging leg is not able to achieve 

ZVS during light load, since energy in transformer leakage inductance is used to achieve 

ZVS. 
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4.3.2.3  V6 soft-switching waveforms: regulated converter mode 1 
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Figure 4.22 – V6 soft-switching status: regulated converter mode 1 (50°), leading leg, heavy load(#) 

 

 Figure 4.22 capcutre V6 soft-switching status of leading leg during regulated 

converter mode 2 with 50° modulation angle and heavy load.  The soft-switching 

mechanism is identical to the regulated converter mode 2.  Refer to section 4.3.2.2. 
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Figure 4.23 – V6 soft-switching status: regulated converter mode 1 (50°), lagging leg, heavy load(##) 
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 Figure 4.23 captures V6 soft-switching status of lagging leg during regulated 

converter mode 1 with 50° modulation angle and heavy load.  Again, the soft-switching 

mechanism is identical to the regulated converter mode 2.  Refer to section 4.3.2.2. 
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Figure 4.24 – V6 soft-switching status: regulated converter mode 1 (50°), lagging leg, light load(##) 

 

 

 Figure 4.24 captures V6 soft-switching status of lagging leg during regulated 

converter mode 1 with 50° modulation angle and light load. Lagging leg continues to 

achieve ZVS even during light load; however, due to insufficient load current causes only 

partial ZVS.  Again, the soft-switching mechanism is identical to the regulated converter 

mode 2.  Refer to section 4.3.2.2. 
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4.3.3 Soft-switching condition summary 

 Table 4.4 and Table 4.5 summarize soft-switching condition of V3 and V6 converter, 

respectively. 

 
Table 4.4 – V3 soft switching condition 

V3 soft switching condition 

Mode (Duty Cycle) Switching condition Upper switch Lower Switch 

Turn-on ZVS* ZVS* Dc transformer mode 

(1/3<D<2/3) Turn-off None None 

Turn-on ZVS* ZVS** Regulated converter mode 

(0<D<1/3) Turn-off None None 

Turn-on ZVS** ZVS* Regulated converter mode 

(2/3<D<1) Turn-off None None 

 
Table 4.5 – V6 soft-switching condition 

V6 soft switching condition 

Mode (Phase-Shift Angle) Switching condition Leading leg Lagging leg 

Turn-on ZCS ZVS* Dc transformer mode 

(120°<α<180°) Turn-off ZCS None 

Turn-on None ZVS** Regulated converter mode 2 

(60°<α<120°) Turn-off ZCS None 

Turn-on None ZVS** Regulated converter mode 1 

(0°<α<60°) Turn-off ZCS None 

 

 Single asterisk (*) means zero-voltage switching (ZVS) is achieved using energy 

from transformer leakage inductance.  Therefore, ZVS condition is lost during light load 

condition.  Double asterisk (**) means ZVS is achieved using energy from output filter 

inductor.  Therefore, ZVS condition is quite well maintained even during light load 

condition. 
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 Neither converter needs additional circuitry for soft switching.  Especially, V6 

achieves ZCS without any additional reset circuitry. 

 

4.4 Conduction Loss Comparison 

 In low-voltage, high-power fuel cell application, conduction losses from high-current 

condition is responsible for majority of power losses.  Therefore, key to improve the 

efficiency is to reduce conduction losses in the high-current primary side.   

 

4.4.1 Conduction loss in dc transformer mode 

 Figure 4.25 and Figure 4.26 capture phase current in dc transformer mode of V3 and 

V6, respectively.  Upper grid represents duty cycle or phase-shift modulation angle, and 

lower grid represents three phase current. 

 

 
Figure 4.25 – V3 phase current in dc transformer mode 
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Figure 4.26 – V6 phase current in dc transformer mode 

 

 

 In dc transformer mode, power is constantly delivered to the load without 

freewheeling period.  Each phase shares power delivery during a period, as described in 

chapter 3.  For the majority of the period, only two of three phases deliver power, and 

Figure 4.27 and Figure 4.28 illustrate the condition.  In Figure 4.27, switches are in (101) 

vector state, and phase B and C are responsible for majority of power delivery, while 

phase A delivers a negligible amount of power.  Figure 4.25 illustrates that phase A 

current is near zero during (101) period. 

 Similarly, V6 only delivers majority of power through only two phases during dc 

transformer mode.  In Figure 4.28, switches are in (100110) vector state, phase B and C 

deliver the majority of power, while phase A current is near zero.   
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Figure 4.27 – V3 conduction path during power delivery 
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Figure 4.28 – V6 conduction path during power delivery 

 

 

 In V3, conduction path in a phase includes two MOSFETS and two transformers.  

Similarly, conduction path in a phase include two MOSFETs and one transformer in V6.  

Let R equals to the total resistance in conduction path of a phase, then total conduction 

loss in each converter is 

( )

( ) ( )

22
loss-V3 OUT

2
2 OUT

loss-V6 loss-V3

V3:

P I R I n R
V6:

I n 1P 2 I R 2 R P2 2

= ⋅ = ⋅

⎛ ⎞= ⋅ ⋅ = ⋅ ⋅ ≈ ⋅⎜ ⎟
⎝ ⎠
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 Turn ratio in V6 is half of V3.  Therefore, the reflected load current per phase is half 

as well.  However, current goes through two phases in V6.  Overall, the total conduction 

loss in V6 is about half of V3 in dc transformer mode. 

4.4.2 Conduction loss in regulated converter mode 

 Figure 4.29 and Figure 4.30 capture phase current in regulated converter mode of V3 

and V6, respectively.  Upper grid represents duty cycle or phase-shift modulation angle, 

and lower grid represents three phase current. 

 

 
Figure 4.29 – V3 phase current in regulated converter mode 
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Figure 4.30 – V6 phase current in regulated converter mode 

 

 

 In regulated converter mode, power is delivered to the load for portions of a period, 

and phase currents freewheel during other portions of a period.  Each phase shares power 

delivery during a period, as described in chapter 3.   

 In Figure 4.29, the V3 phase current is distributed in all three phases; however, all 

three phases contributes to the circulating current during freewheeling period.  In Figure 

4.30, the V6 phase current is distributed in only two phases for the majority of period.  

However, only one phase contributes to the circulating current during freewheeling 

period.  Figure 4.31 and Figure 4.32 illustrate the condition.  In Figure 4.31, switches are 

in (000) vector state, and the circulating current flows in all three phases.  Similarly, 

Figure 4.32 illustrates circulating current during (100011) vector state.   In this condition, 

phase A is delivering power to the load, while current circulates in phase B.   
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Figure 4.31 – V3 conduction path during freewheeling period 
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Figure 4.32 – V6 conduction path during freewheeling period 

 

 

 Conduction loss during freewheeling period is summarized below: 
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4.4.3 Conduction loss summary 

 For low-voltage, high-power fuel cell applications, the primary side power losses 

have a major impact on efficiency.  Key to improve the efficiency in high-current 

condition is to reduce conduction losses.  To reduce conduction losses, low-voltage 

MOSFETs with very low RDS-ON value is chosen.  Also multiphase topology is employed 

to reduce rms current through individual components.   

 In dc transformer mode, only two of three phases transfer power to the load at any 

instant, even though average current and power delivery per phase is the same.  In 

regulated converter mode, V6 continues to only utilize two of three phases.  However, V3 

shares power delivery in all three phases.   
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4.5 Efficiency Comparison 

 V3 and V6 prototypes are evaluated for their efficiency.  V3 requires six MOSFETs, 

while V6 requires twelve MOSFETs.  Higher number of MOSFETs in V6 offers lower 

impedance path than V6.  In order to match the number of MOSFETs and average 

impedance of primary side, two MOSFETs are paralleled in V3.  In other words, V3 uses 

two 4.7 mΩ, 75 V devices in parallel and V6 uses single 4.7 mΩ, 75 V device.  The 

switching frequency is 50 kHz for both cases. 

 

4.5.1 Dc transformer mode efficiency 

 Figure 4.33 compares efficiency measurement result between two converters in dc 

transformer mode.  The results indicate that the V3 converter maintains efficiency above 

95% from sub-1 kW to 5.5 kW and peaks at 96.8% at 1.8 kW.  The V6 converter 

demonstrates the efficiency above 96% from 1.3 kW to 5.7 kW.  The peak efficiency of 

V6 converter is 97.2% at 2.5 kW.  Both converter show excellent efficiency; however, 

V3 converter shows a lower efficiency than V6.  Lower efficiency is presumed to be 

caused by higher leakage inductance in V3.  High leakage inductance causes higher 

overall rms current, and greater loss of duty cycle.  Additionally, V6 exhibits better soft-

switching mechanism in dc transformer mode, which could contribute to higher 

efficiency. 

 The efficiency profile indicates that light-load efficiencies in both converters are 

almost the same because both converters lose ZVS during light load condition, and 

switching losses dominates.  In contrast, after efficiency peak, the conduction losses 

become the dominant loss factor during heavy-load condition. 

 The converters are tested with 50 V input, approximately 400 V output, 50 % duty 

cycle for V3 and 165° modulation angle for V6.   
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Figure 4.33 – Prototype converter efficiency in dc transformer mode 

 

 

4.5.2 Regulated converter mode efficiency 

 Figure 4.34 compares efficiency measurement result between two converters in 

regulated converter mode.  The efficiency during regulated converter mode is lower than 

the efficiency during dc transformer mode.  This is expected since the circulating current 

during freewheeling period causes significant conduction losses without delivering power 

to the load.   
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 The V3 converter maintains efficiency above 94.5% from 2 kW to 4.8 kW and 

reaches 95% from 2.5 kW to 3 kW.  The efficiency at 2.5 kW during dc transformer 

mode is 96.5%, and efficiency drops approximately 1.5% during regulated converter 

mode.  The V6 converter demonstrates the efficiency above 93% from 1.5 kW to 4.5 kW.  

The efficiency during dc transformer mode peaks at 97.2% under 2.5 kW loads.  The 

efficiency during regulated converter mode drops to 93.5% at 2.5 kW.  It is 3.7% 

efficiency drop, or near 90 W losses. 

 Efficiency drop in V3 converter is moderate and is within expected range; however, 

3.7% efficiency drop in V6 converter is quite large and unexpected.  As a result, V3 

converter exhibits better efficiency during regulated converter mode. 

 Majority of additional losses are because of freewheeling in the primary during 

regulated converter mode.  During freewheeling period, large amount of current 

circulates in the primary side of transformer and incurs additional losses without 

delivering power.  Both converters suffer from conduction losses during freewheeling, 

and actual losses from freewheeling should be similar.   

 In addition to the losses from freewheeling, V6 suffers from higher losses than V3, 

and several reasons can be speculated for lower efficiency in V6.  One major reason can 

be hypothesize to higher switching losses in V6.  In MOSFET applications, turn-off 

losses are negligible, while turn-on losses are significantly higher than turn-off losses.  In 

dc transformer mode, V6 achieved soft-switching on all switches during turn-on 

sequence; however, V6 leading leg turn-on sequence loses zero-current switching (ZCS) 

during regulated converter mode.  Due to hard commutation on leading leg, significant 

amount of switching losses may occur during regulated converter mode.  In comparison, 

V3 converter maintains ZVS turn-on in both regulated converter mode and dc 

transformer mode. 

 Although V6 suffer from higher losses, higher switching losses can not be blamed for 

all the additional losses, and other factors may contribute.  For example, turn on and turn 

off speed of gate drive is optimized for dc transformer mode; however, the optimization 

might not be optimal for regulated converter mode.  Additionally, circuit layout and 

phase parameter mismatch may cause problem and lower efficiency in regulated 

converter mode.  Although lower efficiency is observed, exact causes are inconclusive.   
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 The converters are tested with 50 V input, approximately 350 V output, 30 % duty 

cycle for V3 and 105° modulation angle for V6.   
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Figure 4.34 – Prototype converter efficiency in regulated converter mode 
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5 CONCLUSION AND FUTURE RESEARCH DIRECTION 
 

 The main objectives of the thesis are to find and to evaluate suitable dc-dc converters 

for low-voltage, high-power fuel cell applications, particularly the dc-dc converters in 

distributed power applications, such as standalone and utility grid-tie applications.  

Among different advanced dc-dc converters, soft-switching capable, multiphase 

converters are the main focus of the research.  The multiphase structures allow the 

current sharing among phases to reduce device current stresses, and interleaving control 

schemes reduce the ripple currents in passive components.  The soft-switching 

mechanisms allow the reduction of switching losses and are significant to achieve high-

efficiency power conversions. 

 Two multiphase converters, V3 and V6, are evaluated and proved to provide high 

conversion ratios under high-current conditions with excellent efficiencies, which are 

required for low-voltage, high-power fuel cell applications.  In the low-voltage, high-

power applications, the majority of losses can be attributed to the high conduction losses 

from high current operating conditions.  High efficiency is obtained with lowering 

conduction losses by lowering the ohmic resistances of current paths and reducing RMS 

currents.  Power semiconductor devices are properly selected to minimize ohmic 

resistance, and prototypes are carefully constructed to reduce parasitic elements.  

Additionally, the intrinsic operating characteristics of the multiphase converters ensure 

current sharing between phases to reduce RMS current per phase.  In order to further 

improve efficiency, both converters provide soft-switching mechanisms for even higher 

efficiency.  The soft-switching is achieved without any additional circuitry, which is 

highly attractive for high-power converters. 

 Efficiency is considered to be the most important performance index in all the energy 

related application.  V3 converter achieved peak efficiency of 96.8% and V6 achieved 

peak efficiency of 97.2%.  V6 demonstrated a higher efficiency than V3 during dc 

transformer mode, thus V6 is recommended for two stage power conversion, such as 

stand-alone and utility grid-tied applications.  In such applications, intermediate outputs 

from the dc-dc converters can be loosely regulated, since subsequent dc-ac inverters 
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tightly regulate final outputs.  In medium to heavy load, the converters are recommended 

to run in the dc transformer mode, where efficiency is the highest.  During light load 

conditions, the efficiency is sacrificed to achieve output regulation. 

 While V6 shows a higher efficiency under the dc transformer mode, V3 demonstrates 

a higher efficiency during regulated converter mode, thus V3 is recommended for single 

stage power conversion, such as battery charging.  In such applications, the dc-dc 

converters are responsible for final outputs, thus the converters are required to run in the 

regulated converter mode in most loading conditions.  In such conditions, V3 exhibits a 

higher efficiency for the majority of operating condition. 

 V3 and V6 converters are multiphase isolated dc-dc converters which proved to be 

suitable for the low-voltage, high-power fuel cell applications.  These multiphase 

converters are also suitable for other low-voltage applications, such as photovoltaic 

power conditioning systems and battery-power uninterruptible power systems. 

 

5.1 Direction of Future Research 

 The research presented in this thesis summarizes two multiphase isolated dc-dc 

converters; however, it is not a comprehensive analysis of multiphase converters.  There 

are still many aspects of researches to be done.  Such are listed below. 

• Further topology research 

o Literature survey is conducted only within dc-dc converter topologies.  

There may be some potential dc-ac inverter topologies that have 

distinctive features for low-voltage, high-power dc-dc converter 

applications. 

o Different secondary options, such as synchronized rectifications, current 

triplers, and/or hybridge rectifiers, can be applied for V3 and V6. 

o Coupled three-phase transformers, instead of three single-phase 

transformers, can be utilized 

o Both V3 and V6 are buck-type topologies, but boost-type topology can be 

also adopted for V3 and V6.  It is worth of comparing the efficiency and 

cost between voltage-source and current-source type of V3 and V6.  
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• Control scheme study 

o V3 utilizes asymmetrical duty cycle control and V6 utilize phase-shift 

modulation control.  V6 may be able to adopt hybrid of the asymmetrical 

duty cycle and the phase-shift modulation control to achieve better soft-

switching. 

o Suitable control techniques for different fuel cell applications can be 

dervied. 

o The thesis is mainly focused in large-signal analysis.  Small-signal 

analysis is also needed. 
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