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Medium power DC-DC converter is an essential component in Hybrid Electric Vehicle (HEV) to 

achieve power transfer from High Voltage bus (HV) to Low Voltage bus (LV) and vice-versa. Dual 

Active Bridge (DAB) is among the most researched topology for medium and higher power 

converters with advantages such as bidirectional power transfer, high efficiency, high modularity, 

and high-power density. Multi-Objective Design Optimization with low converter loss and low 

converter volume as its objectives is used as a basis of parameters and components design. 

Integrated planar Matrix transformer is employed for galvanic isolation of the two voltage buses 

providing lower transformer losses compared to the traditional transformers. Peak Current mode 

control is implemented in DSP control card to ensure DC offset across the transformer is 

minimum as well as ensuring faster transient response in cascade with closed loop voltage 

control. The converter design is prototyped as a proof of concept, which can operate within a 

wide range of input voltages (400V-800V) and serves low-voltage high-current loads. 
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CHAPTER 1 

INTRODUCTION 

 

In modern age, a huge majority of transportation is still dependent on IC engines. The efficiency 

of these engines is much less (about 40%) and the byproduct of this chemical reaction in these 

engines are Carbon Monoxide (CO) and Carbon Dioxide (CO2) gases. These chemicals are called 

greenhouse gases which are responsible for increasing the average temperature of earth. Due to 

their chemistry, when their quantity in the atmosphere rises it traps sun light heat and causes 

temperature rise.  The average temperature of earth has risen by 2˚C within short span of time. 

It was heralded warning by environmentalists and global thinkers as this increase in temperatures 

causes the ice on poles to melt, as a result the water levels all around the world are rising. Due 

to the temperature and water level rise living on earth would become much harder and huge 

chunks of land would be under water. To avoid this scenario several agencies have come forward 

to fix the problem of IC engine-based transportation. The prime reason for the huge popularity 

of IC engines since more than a century now has been the availability and ease of recharging fuel 

in cars. On the other hand, next option which was electric motor-based transportation was 

inconvenient since on board battery takes a significantly longer time for recharging. Additionally, 

the ubiquitous nature of gas stations and infrastructure has been a huge boost to the IC engine 

industry. The infrastructure of electric vehicles has been slow and tepid in development and the 

cost of lithium ion battery is still significantly high keeping fully electric transportation out of the 

reach of common person. Over the period, the industry has arrived at the conclusion that hybrid 

vehicles be a better compromise between Electric and IC engine, and it would be the future of 

transportation. As the name suggests, it includes best of both worlds and nullifies its drawbacks. 

Toyota Prius, Nissan hybrid are some of the hybrid car examples which has done tremendously 

well in the US markets.  

Hybrid technology can be divided into three categories – a. Micro hybrid b. Mild hybrid and c. 

Full hybrid  
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Table 1: Hybrid vehicle classification 

Category Battery power (kW) Battery voltage (V) 

Micro hybrid 4-5 30-40V 

Mild hybrid 10-20 144V 

Full hybrid 30-50 288 

 

 

Figure 1: HEV architecture 

In Figure 1, HEV powertrain architecture is shown. As seen in the architecture there exist a 

demand for DC-DC converter between HV battery (could be 400/800V) and LV side battery (24V-
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48V). In Automobile industry less than 60V is considered LV. In normal application, there would 

not be a need for bidirectionality of this converter as the power would be transferred from HV 

side to LV side for charging. However, a case could be made for bidirectionality of power transfer 

for the following reasons:  

1. Starting the car – LV battery could provide energy during vehicle start, as high current is 

demanded for engine start [2] 

2. Charging HV battery – HV battery can be charged when LV side is connected to an external 

supply. 

3. Leaving dangerous zone – LV side can provide power for short time if HV battery fails 

during dangerous zone like railway crossing, road crossing and gradient [2]. 

Comparison of DC-DC converter topologies  

In [2], following single stage topologies have been compared to this converter  

1. Single phase Dual Active Bridge (DAB) 

Contains just one inductor which could be combined with transformer, symmetric circuit, 

ZVS operation, multiple modulation schemes available.  

2. Three phase Dual Active Bridge  

Similar features as single-phase DAB, biggest drawback is higher number of 

semiconductor devices causing reduction in efficiency and increase in BOM cost. 

3. LLC converter – Slightly higher efficiency, similar device ratings, disadvantage being larger 

value of magnetic storage capability, would cause higher volume during realization. 

Looking at this comparisons, single phase DAB topology has been selected for realization of 

this dc-dc converter. 
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Design Process 

Electrical Engineers designing power converters encounter a series of design tradeoff decisions 

which to large extent impact the outcome.  Designing of any stable and robust system includes a 

series of mathematical calculations, literature review along with design expertise. Wikipedia 

definition of an expert says, ‘somebody who has a broad and deep competence in terms of 

knowledge, skill and experience through practice and education in a particular field’. Developing 

design expertise requires knowledge, iteration, and patience. In steps given below, the generic 

design process for designing a power electronic converter has been laid down.  

The most critical decision any power electronics design engineer must make early into the design 

process is selection of topology. Several points are considered while finalizing the topology. The 

most fundamental being Input output voltages, power levels, load cycle, switching frequency, 

number of passive components, BOM costing, volume and size, minimum efficiency required so 

on and so forth. These are listed in more detail further    

Power Converter design is an iterative process, below are some common steps could be used 

once specification list is shortlisted. Specification should typically include converter efficiency, 

volume, cost, and reliability.  

1. Selection of topology 

2. Calculation of ratings and selection of semiconductor devices. 

3. Selection of type of control and switching frequency. 

4. Simulation in software tool such as PLECS/PSIM with loss models of Semiconductor 

devices using ideal energy storage element. 

5. If simulation checks out the specification, start magnetics design 

6. If not go to step 2, if going to step 2 multiple times does not work go to step 1   

7. After step 5, simulation of semiconductor device in software such as PSPICE/LTSPICE to 

obtain switching loss data, conduction loss and Vds waveforms. 

8. If devices used are new, complete device characterization by Double pulse test (DPT).  
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9. Using calculations of magnetics, add magnetics to the original simulation. 

10. If the specifications are followed start control design, if not go to step 5. 

11. Implement control and check if it follows specifications. 

12. If yes, start physical fabrication  

13. If no, change type of control or change switching frequency  

14. Changing switching frequency might affect magnetics calculation. 

15. After step 12, once hardware realization is done, testing to see if specifications are met. 
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CHAPTER 2 

DUAL ACTIVE BRIDGE 

 

Dual Active Bridge topology was first introduced in early 1990s [39] but due to the power devices 

and their limitations the efficiency output of these converter topologies was lesser then and 

hence unacceptable. In [39] which was published in 1991, the authors introduce three concepts 

of dual bridges with transformer isolation for high power density and high-power DC-DC 

applications. The main drawback of DAB topology was the high number of switches increasing 

BOM cost of the converter. More switches also imply higher losses and thus DAB was not the 

foremost choice as topology to design engineers. In course of time, due to semiconductor 

research and development of wide band gap devices such as Gallium Nitride & Silicon Carbide 

which exhibit lower losses compared to its Silicon counterparts, DAB topology started gaining 

relevance as high efficiency converter topology. More detailed discussion of Gallium Nitride is in 

semiconductor devices section.  

In the existing topologies for DC-DC converters, Dual active bridge topology is one of the most 

promising due to various factors. The most important being efficiency, to understand why 

efficiency is high in DAB as compared to other topologies we must understand the reasons behind 

it. Efficiency is improved by reducing the losses, the losses in DAB are majorly due to 

semiconductor device switching and transformer losses. There are multiple other losses such as 

gate driver loss, via loss but they are not considered in this discussion.  

Several sub topologies under DAB exist with varying degrees of success. In [7] the low voltage 

side of DAB is parallel connected full bridges. To achieve ZVS these parallel connected full bridges 

are connected using auxiliary coupling inductor. Additionally, the authors have provided ZVS 

range analysis for all the switches, conduction loss analysis and EPS modulation (Extended phase 

shift). The use of auxiliary inductors is the reason of higher circulating loss with this topology. 

Interleaving of primary and/or secondary sides is commonly used depending on application. 
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These topologies have been done with varying degrees of success. In this project, a variation of 

DAB topologies is attempted, and converter is realized.  

DAB operation  

DAB has the advantages of soft switching, bidirectional power transfer, high modularity. DAB 

converters contain two voltage sources which can source/sink power. These voltage sources are 

connected to full bridges to generate square wave output. Even half bridges have been used in 

certain applications which essentially reduce the number of active components, but the control 

for this converter comes with its separate challenges which is outside the scope of this document. 

Additionally, the current rating of devices used in half bridge would be double, hence paralleling 

could be required. The square wave output is connected across transformer providing galvanic 

isolation. Depending on the phase shift power transfer direction is determined. A simple electric 

lossless DAB model is shown in the figure below:  

 

Figure 2:  Working of DAB 

 

Figure 3: Equivalent DAB model 
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Considerations for lossless DAB model: 

1. Semiconductor and transformer losses are neglected 

2. Magnetizing inductance and transformer resistance is neglected  

3. Secondary side quantities are referred to primary side. 

4. AC square voltages are considered ideal 

5. The inductor L is the leakage inductance of the transformer. 

In figure, equivalent DAB model is shown. Primary bridge is replaced by AC source Vacpri, 

similarly secondary bridge is replaced by AC source Vacsec. Equivalent model helps to 

understand the power transfer between Vacpri and Vacsec.  

DAB operation: Three voltage levels are possible using full bridge.  

𝑉𝐴𝐶𝑝𝑟𝑖 =    + Vdc                    when S1 and S6 is ON 

             =       0                              when S1 & S5 ON / when S2 & S6 ON 

             =     -Vdc                        when S2 and S5 ON 

Similarly, 𝑉𝐴𝐶𝑠𝑒𝑐 is obtained by switching S5, S6, S7 & S8.  
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Figure 4: DAB waveform 

Section 1 is defined from positive transition of Vacpri till positive transition of Vacsec*n. Section 

2 is defined from positive transition of Vacsec*n till negative transition of Vacpri. This modulation 

is single phase shift, the duty cycle is 50%, hence the negative transition of Vacpri would coincide 

with Ts/2. Operation of DAB can be better understood using above figure, in section 1,  𝑉𝐴𝐶𝑝𝑟𝑖 +

𝑛 ∗ 𝑉𝐴𝐶𝑠𝑒𝑐 volts  is applied across inductor, as a result current rises following equation (2.1) When 

t = t1, voltage applied across voltage is 𝑉𝐴𝐶𝑝𝑟𝑖 − 𝑛 ∗ 𝑉𝐴𝐶𝑠𝑒𝑐, hence current follows equation (2.2) 

With 𝐼𝐿 being initial current of inductor, Llk is the inductor value in H. 

In section 1, the current equation follows this equation,  

 

𝐼(𝑖) = 𝐼(0) +  
𝑉𝑎𝑐𝑝𝑟𝑖 + 𝑛 ∗ 𝑉𝑎𝑐𝑠𝑒𝑐

𝐿𝑙𝑘
                            (2.1) 

In section 2,  

𝐼(𝑖) = 𝐼(𝑇1) + 
𝑉𝑎𝑐𝑝𝑟𝑖 − 𝑛 ∗ 𝑉𝑎𝑐𝑠𝑒𝑐

𝐿𝑙𝑘
                          (2.2) 
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DAB waveform is symmetric with respect to Ts/2. Equation 2.1 and 2.2 with negative symbol 

would be repeated in period Ts/2 to Ts. 

Proposed topology 

 

Figure 5: proposed DAB topology with matrix transformer 
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The aim of this project is to showcase the realization of matrix transformer in Dual Active Bridge 

Converter and the topology in figure 5 is being used for realization. Transformer design and 

converter control are the main topics of focus and finally converter efficiency plots are shown. 

Reconfiguration 

The conventional HEV architecture mostly uses 400V HV bus. However, with the increased power 

rating in the heavy-duty HEVs, the trend is to increase the HV bus voltage to 800V. Therefore, 

HEVs with both the 400V and 800V HV bus will prevail. Therefore, it is desirable to develop a 

converter that is compatible with both 400V and 800V HV bus. However, the conventional DAB 

suffers from excessive losses in case of the wide variation in the bus voltages. To overcome this 

limitation of the conventional DAB, reconfigurable DAB is proposed.  

 

 

Figure 6: Relay matrix configuration 
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Figure 7: Relay matrix configuration 

The proposed architecture is shown in Fig. It consists of two half-bridge converters on the HV 

side. The half-bridge converter is rated for 400V operation, and it is realized using 650V GaN 

devices. The reconfiguration of these two half-bridges is proposed to make the proposed DC-DC 

converter, compatible with both the 400V and 800V HV DC bus system. For 800V HV bus, two 

half-bridges are connected in cascade, whereas the parallel connection of the half-bridges is 

proposed for 400V HV bus system. The reconfiguration is done automatically by sensing HV bus 

voltage and then reconfiguring half-bridges using power relays. 

Reconfiguration is realized using a relay matrix with a Double pole double throw (DPDT) switch. 

Terminals P1, P2, N1, and N2 are the HV-side terminals of the half-bridges, as shown Figure 7 

Terminals are P1, and N2 are permanently connected to a positive terminal of the HV bus 

(HVDC+) and the negative terminal of the HV bus (HVDC-), respectively. The action taken by the 

DPDT relay, based on the sensed HV bus voltage. The circuit schematic to realize the proposed 

reconfiguration is also shown in Figure. 5 
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To overcome the challenges associated with the design of the transformer LV winding and LV-

side semiconductor device selection due to the very high current, a matrix transformer is 

proposed, as shown in Fig. \ref{Fig:Matrix_transformer_400V}. Multiple windings on the 

secondary side of the matrix transformer are each connected to a full bridge. It ensures a fraction 

of total load current flow through each winding, ensuring lower conduction loss, lower turn OFF 

loss in semiconductor devices, and lower winding loss in the transformer. The output of full 

bridges is connected in parallel to secondary DC voltage. 

Loss models 

In the previous section, DAB operation and lossless model along with certain mathematical 

formulae were introduced. This section focuses on closer to real life mathematical model of DAB, 

this can be achieved by including the loss models of major components in the converter namely 

semiconductors and transformer. The intention behind developing loss models is that it gives 

good insight of the way losses are generated, thus helping devise processes of reducing them. 

Loss models also form the basis of multi objective optimization, this topic is delineated in detail 

in the next section. As discussed previously, in this document semiconductor and transformer 

losses are considered for mathematical analysis. Semiconductor losses can be majorly bifurcated 

in two parts: 1. Conduction loss 2. Switching loss 

Conduction loss: An ideal switch works by allowing current infinite current with zero resistance 

when turned on and poses infinite resistance to current flow when turned off. However, the 

MOSFET acting as a switch is far from ideal. Practical MOSFET offers certain finite resistance to 

the current flowing throw it when turned ON called on state resistance. This on state resistance 

is a combination of 4 resistances namely:  source diffusion resistance Rdiff, channel resistance 

Rch, accumulation resistance Ra, JFET resistance Rfet, drift region Rd resistance and substrate 

Rsub resistance. In DAB, every switch conducts current during half of the switching cycle, each of 

the 4 switches in a full bridge carries RMS current  𝐼𝑝𝑟𝑖 =
𝐼𝐿

√2
     on primary side and  𝐼𝑠𝑒𝑐 =

𝐼𝐿∗𝑛

√2
  

on the secondary side. The values of Rdsonpri amd Rdsonsec is obtained from datasheets of the 
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respective devices. For this topology since 4 switches are used on primary side, the conduction 

loss of single switch is multiplied by 4, similarly since 20 devices are used on secondary, the 

conduction loss of single secondary device is multiplied by 20. 

𝑃𝑐𝑜𝑛𝑑𝑝𝑟𝑖 = 4 ∗ 𝑅𝑑𝑠𝑜𝑛𝑝𝑟𝑖 ∗ 𝐼𝑝𝑟𝑖 ∗ 𝐼𝑝𝑟𝑖           (2.3) 

𝑃𝑐𝑜𝑛𝑑𝑠𝑒𝑐 = 20 ∗ 𝑅𝑑𝑠𝑜𝑛𝑠𝑒𝑐 ∗ 𝐼𝑠𝑒𝑐 ∗ 𝐼𝑠𝑒𝑐        (2.4) 

In this converter Gallium Nitride 60A 650V device is used on primary, while FDMT80060DC being 

used on the secondary side. These devices have 25mohm and 1.1mohm on state resistance, 

respectively. The on-state resistance is PTC quantity, which means it increases with rise in 

temperature of the device. Normally even the rise of temperature graph is being provided in the 

datasheet by the manufacturer. From this the design engineer can estimate the maximum Rdson 

possible at highest junction temperature value which is generally at 175 ˚ C. 

Switching loss: In ideal switch, turn on and turn off transition occur instantaneously. On the other 

hand, in a practical MOSFETs, there exists a finite rise and fall time of voltage and current 

transition. The instantaneous voltage and current if nonzero give rise to switching loss. Switching 

loss is a predominantly caused due to MOSFET parasitics namely its input capacitance and output 

capacitance. During turn ON, MOSFET output capacitance gets discharged and during turn OFF 

MOSFET output capacitance is charged till the blocking voltage. The time required to charge/ 

discharge this capacitance and the value of capacitance determines the switching losses of the 

device. In GaN devices the output capacitance is in the range of 100s of pF while in Silicon this 

value is in a few nanofarads which is about 20 times higher than GaN. As a result, the switching 

losses in GaN are much lesser compared to Silicon allowing design engineers to increase 

switching frequencies and thus reducing volume of magnetics and output capacitance.   

Hard and soft switching:  

Switching loss can be categorized in two parts hard switching and soft switching. As mentioned 

in previous subsection, turn on and turn off switching loss can be calculated by integrating the 

product of instantaneous voltage and current during transition. Since both the values are non-
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zero, we get certain value of switching loss in watts, this is essentially hard switching loss. Another 

scenario exists where due to reactive component in the circuit such as inductor, certain 

magnitude of current flows through circuit. Before any device is turned on the current discharges 

output capacitance of the MOSFET till the point that its parasitic diode is forward biased and 

starts conducting. Now the voltage of the output capacitance is essentially zero due to capacitor 

discharge, further when the gate pulse is applied next, MOSFET is turned ON with zero voltage 

across it. The current now flows through the MOSFET channel instead of its parasitic diode, but 

the product of instantaneous voltage and current during transition is almost zero or negligibly 

small since the voltage is zero or miniscule. This type of switching is called zero voltage switching, 

which is a type of soft switching occurring during device turn ON. Similarly, during device turn 

OFF if the current through device returns to zero, again the transition product of instantaneous 

current and voltage would be very low or almost zero since the current is zero. This type of soft 

switching is called zero current switching. Depending on the application, design engineers apply 

these concepts in developing new topologies, switch modulation and efficiency calculation. 

Achieving ZVS/ZCS can improve the efficiency greatly hence more and more is research is directed 

towards soft switch topologies. Achieving soft switch also facilitates a design engineer to increase 

switching frequency without worrying about the negative impact of switching loss rise on 

efficiency.  

In DAB, HV side achieves ZVS for almost all the power range. Hence turn on losses would be 

negligible and there would only be turn off losses visible on the HV side. By using GaN devices on 

HV side, this problem could be resolved as the turn off losses in GaN are negligibly small. Hence 

switching losses on HV side GaN is very low. However, switching losses on LV side is completely 

different story. The range of soft switching ZVS on secondary side is determined by input output 

voltages and power level. Using single phase shift modulation this range is very small, hence 

designers must explore other options such as dual phase shift or triple phase modulation. 

Modulation is discussed in chapter control & Modulation.  
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In DAB, achieving ZVS and ZCS on all the switches is extremely difficult to achieve due to two 

constraints. First constraint being minimum current flow in opposite direction before a switch 

turns on and second is bringing current down to zero before its turn off. Satisfying these 

constraints all the time is extremely difficult as it involves a lot of mathematical calculations and 

increased design complexity. Furthermore, the range of ZVS and ZCS is limited by power 

transferred and the waveform of inductor current. It seems triangular current modulation (TCM) 

is the most optimal modulation technique to achieve ZCS [8]. In TCM the peak value of current is 

significantly higher compared to other modulation techniques, which could cause higher 

conduction losses. A major drawback of TCM is power transfer is not possible when voltage ratio  

𝑉𝑝𝑟𝑖

𝑛∗𝑉𝑠𝑒𝑐
   equals unity [18]. Hence design tradeoff between conduction loss and switching turn off 

loss needs to be analyzed using analytical model. To compromise circulating current and high 

peak current, a Trapezoidal current modulation TZM can be used which can optimize conduction 

loss [9]. Detailed discussion on TZM and TCM is in chapter Control & Modulation.  

In this design, ZCS turn off loss model is not achieved and hence need to be included in loss 

model. To address the issue of high turn off loss techniques for increasing di/dt and reducing 

dv/dt during turn off transition are employed. By increasing di/dt and reducing dv/dt the overlap 

of these quantities is reduced as a result product of instantaneous voltage and current is reduced 

significantly. The most well-known technique for reducing dv/dt is adding snubber capacitor 

parallel to the device output capacitance. Increased capacitance would decrease dv/dt. To 

achieve higher di/dt, turn off resistance is reduced. With ZVS and reduced turn off losses due to 

snubber capacitance the converter could be switched at higher switching frequencies. Higher 

switching frequency would further help to reduce magnetics volume and achieve higher 

converter power density. 

Transformer copper loss: Transformer losses can be essentially broken down into two types: 1. 

Copper loss 2. Core loss. As given in [3] [4], DC resistance of single turn can be calculated by 

formula,  
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𝑅𝑠𝑒𝑐𝑑𝑐 =  
2 ∗ 𝜋 ∗ 𝜌 

𝑡𝑐 ∗ (ln(𝑅) − 𝑙𝑛𝑟)
       (2.5) 

𝑅𝑝𝑟𝑖 =  
2 ∗ 𝜋 ∗ 𝜌 

𝑡𝑐 ∗ (ln(𝑅) − 𝑙𝑛𝑟)
         (2.6) 

R = r+c and 𝜌 is the resistivity of Cu 

Proximity and skin effects become very prominent at higher frequencies (>100k), the AC 

resistance due to these effects must be accounted [4] 

 

𝛼 =  √
𝑗 ∗ 2 ∗ 𝜋 ∗ 𝑓𝑠 ∗ µ ∗ 𝑛

𝜌
           (2.7) 

 

𝑀 = 𝛼 ∗ 𝑡𝑐 ∗ coth(𝛼 ∗ 𝑡𝑐)        (2.8) 

𝐷 = 2 ∗ 𝛼 ∗ 𝑡𝑐 ∗ tanh (
𝛼 ∗ 𝑡𝑐

2
)        (2.9) 

𝐹𝑅_𝑠𝑒𝑐 =  𝑀𝑠𝑒𝑐 +  
𝑚𝑠𝑒𝑐 ∗  𝑚𝑠𝑒𝑐 − 1 

3 
∗ 𝐷𝑠𝑒𝑐        (2.10) 

𝐹𝑅_𝑝𝑟𝑖 =  𝑀𝑝𝑟𝑖 +  
𝑚𝑝𝑟𝑖 ∗  𝑚𝑝𝑟𝑖 − 1 

3 
∗ 𝐷𝑝𝑟𝑖           (2.11) 

Where m is number of layers in a winding portion which is ‘1’ in the present case  

𝑅sec _𝐴𝐶 =  𝑅sec _𝐷𝐶 ∗ 𝐹𝑅𝑆𝑒𝑐
        (2.12) 

𝑅pri _𝐴𝐶 =  𝑅pri _𝐷𝐶 ∗ 𝐹𝑅𝑝𝑟𝑖
           (2.13) 

Thus, the copper loss is given as,  

𝑃𝑐𝑢 =  𝐼𝑝_𝑟𝑚𝑠
2 ∗ (𝑅𝑝𝑟𝑖_𝐴𝐶) +   𝐼𝑠𝑟𝑚𝑠

2 ∗ (𝑅sec _𝐴𝐶)        (2.14) 



18 
 

Transformer core loss:  

Calculation of core losses is a bit more complicated. Normally steinmetz equation is used for 

calculation of core loss, which is accurate but for sinusoidal excitations. In dual active bridge the 

excitations are square waves as we have seen in the operation section previously. Hence for more 

accurate modeling, IGSE (Integrated generalized Steinmetz equation) is used.  

𝑃𝑣 = 𝑘 ∗ 𝑓𝛼 ∗ 𝐵𝛽           (2.15) 

Where ‘k’, ‘α’ and ‘β’ are the curve fit constants for a given core material at known temperature 

and frequency range popularly known as Steinmetz parameters while ‘f’ and ‘B’ are the frequency 

of excitations and peak magnetic field strength of the sinusoidal excitation respectively. 

IGSE equations  

𝑃𝑣 =  
1

𝑇
∫ 𝑘𝑖 ∗

𝑑𝐵

𝑑𝑡

𝛼

∗ (∆𝐵)𝛽−𝛼𝑑𝑡
𝑇

0

        (2.16) 

𝐾𝑖 =  
𝑘

2𝜋𝛼−1 ∫ 𝑐𝑜𝑠𝛳𝛼2𝛽−𝛼 𝑑𝜃
2𝜋

0

         (2.17) 

Converter specifications 

Table 2: Converter specification 

Primary Voltage 400V (constant) 

Secondary Voltage 28V (varying depending on SoC of LV 

battery – nominal mentioned) 

Isolation Yes 

Maximum power 4500W (nominal) 

Efficiency 90% min. 
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CHAPTER 3 

SEMICONDUCTOR DEVICES 

 

Semiconductor devices have come a long way in terms of development in terms of research. 

Wideband gap devices are a new crop of semiconductor devices with higher electric breakdown 

fields. The higher breakdown field in wide band gap devices allows it to have optimized thinner 

drift regions as a result the power devices thus produced have significantly lower on state 

resistance. On-state resistance of a power device is directly proportional to the conduction losses 

(mathematical formula in DAB loss section).   

Gallium Nitride (GaN) as material had been used in blue LED, which eventually got the inventor 

Shuji Nakamura Nobel prize in physics in 2014. This invention was particularly significant as that 

was the first source of generation of blue light, on combination with green and red LED that gave 

rise to white LED. The white LED has revolutionized the lighting industry due to its efficiency and 

saves huge amount of electricity and subsequently the money spent generating it. Power 

Electronics industry like Lighting industry has been gearing up to use GaN based devices to 

become more efficient. In sept 2007, Chang sooh suh and Umesh Mishra filed a patent for 

enhancement mode gallium nitride device. Since then the development of GaN semiconductor 

devices has been fast, moreover academia and industry to some extent has welcomed this 

change with open arms. For both industry and academia, it provides a chance of volume 

reduction and increase of power density of already existing topologies using GaN for low or 

medium operating voltages namely 12V-400V. 

Power density is an important figure of merit (FOM) of power electronics converters [17], its 

defined as the output power divided by its volume. A huge volume in power electronic converters 

is occupied by heat dissipation components and magnetics. Reduction of losses and increase in 

switching frequency is the general trend of the industry in the recent past. Until now the 

restriction for designs at higher frequencies was switching losses of Silicon devices. In silicon due 

to the larger output capacitance, switching losses are significantly larger, as switching losses are 
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primarily determined by the time it takes to charge this capacitance.  Using WBG such as SiC and 

GaN this concern is alleviated. Typical values of Output Capacitance range in hundreds of pF for 

these devices whereas the same for Silicon is in the range of nF about 20 to 30 times higher. 

Another significant advantage of GaN particularly compared to Si is its lower gate driving 

requirements. Threshold gate voltage for GaN is typically about 1.5V and for silicon it could be in 

the range of 3-5V. Additionally the power consumed in gate driving (charging Ciss, Ciss is higher 

in Si compared to GaN) is significantly higher in Silicon compared to GaN further affecting the 

system efficiency.  

In [30] authors have provided certain characteristics and features of vertical and lateral Gallium 

Nitride devices. Also, the challenges involved in higher switching speed and its impact on gate 

driver and board layout are discussed in detail. High mobilitiy of GaN devices further lowers the 

on-state resistance. Smaller Rdson allows for a much smaller package compared similar power 

rated SiC and Si MOSFET. GaN devices also exhibit lower capacitances and higher saturation 

velocity enabling very fast switching transients. A normal turn ON and turn OFF GaN device could 

be in the order of 10 and 5ns respectively. This value is subject to turn on and turn off resistances 

used in gate driving circuit. 

 

Figure 8: Comparison of WBG devices [31] 
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Table 3: Comparison of WBG materials 

 

Vertical GaNGaN devices can be classified in two broad categories namely vertical and lateral. 

Both these types have their peculiar features discussed further in a bit of detail. Vertical GaN 

devices are very close to their Silicon and SiC counterparts and are able to benefit the largest in 

Property Si GaAs 6H-SiC 4H-SiC GaN Diamond 

Bandgap, 

Eg(eV) 

1.12 1.43 3.03 3.26 3.45 5.45 

Dielectric 

constant εr 

11.9 13.1 9.66 10.1 9 5.5 

Electric 

Breakdown 

Field Ec 

(kV/cm) 

300 400 2500 2200 2000 10000 

Electron 

Mobility, µn 

(cm^2/V.s) 

1500 8500 500 

80 

1000 1250 2200 

Hole Mobility 

µp(cm^2/V.s) 

600 400 101 115 850 850 

Thermal 

conductivity λ 

(W/cm.K) 

1.5 0.46 4.9 4.9 1.3 22 

Saturated 

Electron Drift 

Velocity 

Vsat(*10^7 

cm/s) 

1 1 2 2 2.2 2.7 
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terms of GaN properties, the drawback with this structure being lack of availability of high quality 

GaN wafers [30]. Vertical GaN devices are further divided in two subgroups based on its 

fabrication:  

1. GaN on GaN – as the name suggests the substrate and epitaxial layers are fabricated using 

homoepitaxial fabrication. Companies such as Avogy and HRL are building their devices 

using this technology 

2. GaN on Si – Using heteroepitaxial fabrication, GaN on Silicon substrate can be fabricated. 

This technique combines the performance benefits of GaN in addition to the lower cost 

of Silicon wafers [30] In competitive markets, where every cent matters these devices 

provide best of performance as well as cost.  

Lateral GaN  

As mentioned previously, the biggest impediment for development of vertical GaN devices are 

its wafer manufacturing process. GaN wafers are typically produced by a method known as hybrid 

wafer phase epitaxy (HVPE) or Chemical vapor diposition (CVD) on external material like sapphire 

[30], external material is later removed leaving GaN material. This method is known as 

pseudobulk wafer fabrication and has issues such as lattice mismatch between GaN and external 

material. Due to this and other issues GaN majority GaN based devices available today in the 

market are lateral devices called Heterojunction Field Effect transistors (HFET).  

The basic structure of GaN HEMT (High Electron Mobility Transistor) is given in figure below. It is 

called AlGaN/GaN heterostructure, at the interface of these layers is a 2-dimensional gas electron 

layer (2DEG) of high mobility electrons. 2DEG layer is the channel between drain and source. In 

these devices the substrate is normally Silicon, but other materials such as Silicon Carbide, 

sapphire have been used with success. The reason for using silicon is relatively low cost of Si 

wafers and expertise in its development since last 40 years. Buffer layer provides the much-

needed strain relied between GaN and substrate and could any of the materials such as AlGaN 

or AlN. 
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Figure 9: Gallium Nitride structure 

Due to this structure, the GaN HEFT or HEMT (High Electron Mobility Transistor) is a depletion 

device which is normally ON. Normally ON devices pose significant challenges in testing and to 

an extent during design, hence not preferred in power devices. Strong research has gone into 

making GaN HEMT with normally OFF. Some of these devices are delineated in detail further.  

Cascode GaN: Normally OFF HFET device can be fabricated using cascode structure as shown 

below. The above depletion mode GaN HFET is connected to Silicon Enhancement mode to 

generate GaN E-FET (Enhancement mode Field Effect Transistor) 

 

Figure 10: Cascode GaN configuration 
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In this structure the output drain source voltage of MOSFET acts as a gate of depletion mode 

device. The biggest disadvantage of this structure is that switching performance of this type of 

devices is heavily dependent on the parasitic of the two devices – GaN HFET and E-MOSFET, this 

causes severe rise in switching losses if the inductances are high or if capacitances are 

mismatched [30]  

2DEG layer makes the devices Normally ON, but the device gate can be modified to increase the 

positive threshold voltage on the gate to form the channel, making this an enhancement device. 

Normally device manufacturers have used p doped GaN layer beneath the gate to add 

enhancement characteristics. Many companies have started marketing and selling GaN devices 

essentially the Enhancement mode GaN HEMT with this structure like EPC GaN, GaNSystems, 

Transphorm etc to name a few.  

As mentioned in the hard switching and soft switching chapter, MOSFET body diode is very 

significant to achieve conduction of current from source to drain. If reverse conduction is not 

possible there would be no ZVS during turn On and the efficiency of the converter would plunge 

greatly. Moreover, connecting switching devices with inductive element and reverse current flow 

would not be possible, as current through circuit does not fall to zero instantaneously and 

without a conduction path could lead to inductive spiking resulting in voltage overshoot and 

damaging the semiconductor device. Hence the body diode of MOSFET also acts as freewheeling 

diode during device turn off.  In GaN HEFT, there is no body diode, but it demonstrates the 

concept of self-commutated reverse conduction (SCRC) which is close to its body diode. 

Compared to MOSFET this diode like behavior of GAN HEFT exhibits higher voltage drop while 

conducting (typically 3-5V), hence the reverse conduction losses would be significantly higher in 

GaN devices and could be the cause of device heating. One solution of avoiding this problem is 

reducing deadtime to bare minimum, to whatever is necessary, this ensures SCRC is for a 

minimum time. Another suggested approach to improve SCRC is to pair a HFET with an external 

anti-parallel Schottky diode. 
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GAN considerations for a power device 

Dynamic Rdson: Rdson is the on-state resistance generally in the order of milliohms offered by a 

semiconductor device when its channel is completely turned ON. In Silicon based semiconductor 

devices the value of Rdson is a function of junction temperature and is positive temperature 

coefficient-based meaning as the temperature rises the resistance increases. Dynamic Rdson is 

the phenomenon in lateral devices causing temporary increase in on state resistance. It is caused 

due to two mechanisms: by trapping of surface charge near the drain edge of gate terminal when 

the device is off. Second is injection of hot electrons into deeper traps created by C doping in 

buffer layer [30]. Both these cause weakening of 2DEG layer and increasing of Rdson. GaN device 

manufacturers have started using field plates, such source and gate plates help redistribute gate-

drain electric field away from gate. 

Voltage breakdown: GaN lateral devices have catastrophic breakdown when exposed to applied 

voltage over blocking voltage across its Vds. Hence device manufacturers define breakdown 

voltage much lower than actual breakdown voltage to ensure sufficient margin exists. 

Catastrophic breakdown are lethal for the devices and non-recoverable, when it happens the 

design engineer has no option but to replace the failed device. To avoid such voltage breakdowns, 

the device dielectric is designed at twice the rating. The gate in lateral devices is also susceptible 

for rupture due to overvoltage.  

GaN considerations for power applications 

Switching characteristics: GaN devices have much faster turn on and turn OFF compared to 

Silicon devices. GaN devices also have low gate charge Qc and low Input Capacitance Ciss ,  

Output capacitance of GaN is low due to smaller die size [30].  

Device packaging & PCB layout: Fast switching at 10ns and less achieving dv/dt of 30 V/ns and 

higher amplifies the impact of parasitic inductance in device packaging and PCB traces.  

𝑉𝑠𝑡𝑟𝑎𝑦 =  𝐿𝑠𝑡𝑟𝑎𝑦 ∗  
𝑑𝑖

𝑑𝑥
             (3.1) 
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Package parasitics such as Ld, Ls and Lg cause device ringing and overshoot by above formula. 

Lstray is the combined effect of device parasitic and loop inductance of the actual PCB trace. 

There is a possibility that Vstray could rise above the rated Vds and cause voltage breakdown 

during transition. Common source Inductance (Lcs) couples high di/dt from power loop to the 

gate loop, hence the ringing during transition rises. There is a voltage drop across Lcs causing 

reduction in applied Vgs across device during turn on and increases during turn off, slowing both 

the transients and worsening switching loss [30]. It is pertinent that Lcs is reduced in the package, 

some GaN manufacturers provide kelvin connection to completely bypass Lcs. To further reduce 

device parasitics some manufacturers have started providing integrated gate drivers namely EPC 

and Texas Instruments. Even without integrated gate drivers, use of discrete gate driver must be 

done with a lot of care, optimization of the return path of gate loop is significant, the aim here is 

to shorten the loop or PCB trace as much as possible in order to ensure lower stray inductance.  

While selecting discrete gate drives, Common mode transient immunity (CMTI) is a one of the 

significant parameters. Gate driver with lower CMTI will allow false switching when dv/dt exceeds 

the specified value in datasheet. Silicon Lab’s Si827x is a digitally isolated gate driver having one 

of the highest CMTI in the market, it is also the one used for this project.  

Cross conduction: Also called miller turn-on, due to this effect device in a half bridge is false 

turned ON. A false turn ON/turn OFF occurs when the device is switched without an intended 

DSP/FPGA signal. Miller turn on is the phenomenon when the device in a bridge is turned on due 

to the dv/dt of another device in the same bridge. Cross conduction turn on can cause shoot 

through, if shoot through is not current limited at the source it causes fatal destruction of 

device(s). 

In this project the GaN device gate is provided with +6 and -3 voltage during turn on and turn off, 

respectively. The negative turn off ensures the device remains off even when its miller 

capacitance is affected during switching of another device. This technique immunizes the device 

gate against false turn on, on the contrary it causes losses due to reverse conduction across the 

diode. As we have already seen, reverse conduction of e-GAN FET is comparatively lossy.   
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Double Pulse Test 

Inducting any new semiconductor device in designs is a particularly challenging task. The Siicon 

devices normally used today have been perfected for Power electronic application since last 30 

years, expertise has been developed in the industry for Si usage. Such expertise is yet to be 

developed for GaN, it already has to some extent for SiC devices, Device characterization 

especially for Gallium Nitride devices is a vital step in inducting these devices in industrial 

applications where reliability is indispensable. Device characterization helps the design engineer 

to obtain switching and conduction loss data of GaN devices at operating current and voltage and 

further evaluate the effectiveness of using these devices. Double pulse test (DPT) is a widely 

accepted procedure to evaluate losses (switching and conduction) on semiconductor devices. 

DPT allows engineers to calculate hard switching turn on and turn off loss at various current levels 

of operating frequency. Apart from losses, these waveforms also give a good idea about the 

nature of stray parasitics on the PCB. Observing the current and voltage waveform, engineer can 

estimate the robustness of layout and routing. If the circuit is designed without consideration of 

stray parasitic it could cause persistent ringing at high frequency or voltage overshoot due to 

stray inductance or current overshoot due to parasitic capacitance. The impact of these 

undesirable phenomena could be mitigated by decreasing the speed of turn on/turn off by 

changing the gate turn on/ turn off resistance or reduction of ringing by adding RCD snubber 

across the semiconductor device. If these techniques do not help, the only option remains is 

layout and/or component redesign. 

In DPT, two pulses are provided to the DUT, for calculation first turn on is ignored since the 

current through device is almost zero, hence the loss value obtained would be negligible. First 

turn off is recorded, instantaneous values of current and voltage during transition are recorded 

using oscilloscope. Similarly succeeding turn on is recorded, since inductor is connected it ensures 

same current flows during turn On and turn off. The value of current is decided by inductance 

value, duration of pulse and Vdc.  
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Figure 11: DPT Test set up, DUT Voltages in red 

DPT results quantify the switching performance of the power devices and provide a basis for 

converter design, such as switching frequency and dead-time selections [32]. With the data 

collected from oscilloscope care must be taken to make sure voltage and current are De-skewed 

else the obtained readings would be improper. Using mathematical tool such as MATLAB, the 

data can be analyzed and numerical value of turn on and turn off loss can be calculated.  During 

DPT circuit design, test points need to be added for device Vds and Vds measurement. In TO type 

package due to its leads such test points are not necessarily required but its not the same in GaN 

devices due to its package. The measurement of Vgs and Vds should be done using single ended 

probe, as using differential probe has shown to cause some mismatch in recorded and actual 

values. Various techniques are used for current measurement such as Rogowski coil, current 

transformer, hall effect sensor. All these measurement techniques have some tradeoffs in terms 

of bandwidth, accuracy, cost. By doing complete analysis of the application such design could be 

easily made. In this project current shunt resistor with extremely low self-inductance of value 0.1 

ohm is selected. Hence for 1A current flowing through it, it outputs 0.1V. Low self-inductance is 

a necessary condition, since shunt resistor is added in series to the semiconductor devices, if the 

inductance of this sensor is high it could contribute to stray inductance causing ringing and 

overshoot during device transition. In this project, GaNsystems GS66516T has been chosen for 

primary HV side, this device is rated for 650V, 60A with rdson value of 25mohm, the best in its 
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range of devices. A half bridge circuit is designed with GS66516T and DPT is performed for device 

characterization. The DPT test setup is shown in Figure 9, Vgs and Vds across DUT (device under 

test) shown in red. 

Power trench MOSFET  

In this project, secondary side is low voltage and high current, several semiconductor devices 

were evaluated for this application. Automotive grade MOSFET AIURF7749 was initially selected 

for secondary switching. This device developed by Infineon has 1.1mohm on state resistance, 

60V blocking capability and 243A continuous current capability at 100 ˚C. A half bridge module 

was created and DPT was conducted at the operating current of the converter. Below is the 

picture of the module and its waveform of the DPT.   

The device supports dual side cooling however during continuous operation it was observed 

temperature of the device was frequently crossing 100 deg C and did not reach steady state. To 

avoid thermal runaway on the secondary side another device with power trench technology was 

selected.  

In [33], Low voltage power trench MOSFET technology with forward conductivities approaching 

silicon limit have been reported. To increase power rating at known blocking voltage rating, it is 

essential to increase cell packing density of the device. [33] reported trench optimized trench 

etching process, improved trench side wall cleaning process and a novel trench polysilicon 

planarization process help develop trench MOSFET with 2.5x forward conductivities compared to 

DMOSFET. Power Trench MOSFET could be useful for this application. Rdson*Qg (product of on 

state resistance & gate charge) is Figure of Merit while selecting MOSFET for power supply 

application. Trench MOSFET are chosen for applications under 200V blocking voltage due to their 

low Rdson and excellent FOM for entire voltage range [34] Trench gate structure profoundly 

reduces the channel resistance and JFET resistance, both heavy contributors to Rdson. Design of 

trench structure is done with the intention of decreasing Rdson but improving FOM. Another 

important reason contributing for Rdson is device package.  
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Waveform and results 

 

Figure 12:  DPT test circuit for GS66516T (a) top (b) bottom 
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Table 4: Switching loss for GS66516T 

 

 

 

 

 

 

                                For GS66516T, Vdc = 400V; Rgon = 5 ohm; Roff = 2 ohm 

 

Figure 13: DPT GS66516T at 55A 

Current (A) Turn on loss (µJ) Turn off loss (µJ) 

10 310 13.4 

20 380 22.8 

30 461 71.3 

40 463 118 

50 456 135 
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Figure 14: DPT AUIRF7749L2 Half bridge 

 

Figure 15: DPT AUIRF7749L2 at 30A 
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CHAPTER 4 

MULTI-OBJECTIVE OPTIMIZATION 

 

The need for multi objective optimization arises from the fact that there are many systems in real 

world which dependent on more than a single parameter. In traditional approach of design, a 

single parameter, or a multiplication of some parameters essentially to make a single parameter 

is used to optimize a design. The design problem definition was to 1D for easier design process.  

In power converters it was almost always efficiency, design engineers have strived hard to 

achieve high efficiency at all working conditions. As markets have evolved, the need for compact 

robust systems have evolved simultaneously.  Hence there arose another parameter called 

volume of converter and now two parameters needed to be optimized namely efficiency and 

volume. In the last 30 years the eastern markets namely countries like China, India, Vietnam have 

improved their manufacturing capabilities tremendously. That has brought down the BOM cost 

of high value manufactured goods considerably due to economies of scale. To stay competitive, 

cost automatically gets added to the mix of parameters which need to be optimized for a design 

engineer. Hence, during design, engineer must optimize on three fronts or dimensions namely 

efficiency, volume, and cost, making it a 3D optimization problem. To solve this 3d problem of 

design, researchers started researching to find mathematical methods. Hence evolved several 

optimization techniques such as particle swarm algorithm, Genetic Algorithm etc. All these 

techniques have some tradeoffs in terms of their ability to provide solution, convergence of 

solution, free variables etc. 

In [34] authors introduced Genetic algorithm (GA) to solve multi objective optimization problems. 

Additionally, the concept of pareto based solutions was proposed in this paper. The main 

difference between single objective optimization and multi objective optimization is that in single 

objective optimization, there is normally a single global minima or global maxima depending on 

the type of optimization. However, in multi objective problems there could be several minima 

and maxima and the global minima/ maxima is not necessarily the same as local maxima/minima. 
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The meaning of this statement is that the solution which solves all these dimensions could not 

be the best solution if just one of the dimensions are considered. These solutions are called 

pareto optimal or non-dominated solutions. Other solutions are called dominated solutions [34], 

in the non-dominated solutions all the solutions are acceptable.  Pareto front output is Unique 

Selling Point for usage of multi-objective optimization (MOO) in multi-dimensional problems as 

it provides several options for the designer to choose from depending on the application and 

other concerns.  

Dual active bridge is an ideal topology for executing MOO, since there are multiple parameters 

which impact the power output namely Leakage inductance, Switching frequency, phase shift, 

input and output voltage and number of turns. Out of these input output voltages are provided 

by external systems such AC-DC converter or battery which the design engineer has no control 

on. Similarly, leakage inductance and number of turns are physical parameters of the 

transformer, once the physical hardware is fabricated, design engineer must consider whatever 

value they are, they cannot be altered. Some alternation is possible by adding external 

inductance, but it is a lossy proposition, the only parameters remain which can change the output 

power and controlled by design engineer are frequency and phase shift. This also provides a case 

for using digital systems instead of pure analog systems, it is further discussed in control and 

modulation chapter ahead. The amount of power variation achieved by just these two 

parameters is limited. Hence the design engineer gets stuck with the existing values and the 

possibility of missing out on some design objectives. Thus, it is essential to follow proper design 

process to achieve all the design objectives.   

In this study, the converter is optimized for a operating point of rated power of 4.5kW with 

nominal Input and Output voltages of 400V and 28V respectively [39]. Using the above loss and 

volume models as an input, the optimization algorithm is tasked with the dual objectives of 

reducing the loss and volume of converter. [F1(x); F2(x)] with following constraints: 

Tj (junction temperature of devices) < 150 ˚C for 20 Semiconductor devices.  
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Surface Area of Cold plate > Minimum area of HV and LV PCB surface area,  

where F1(X) returns power loss (Watts) and F2(X) returns  

effective converter volume (ltr). 

Free variables are the independent variables which can be altered by GA, by altering these 

parameters design objectives (loss and volume) are varied. The variation takes place until GA 

reaches saturation or constraint condition is breached. Each point on the pareto front is a 

combination of these free variables for a value of optimization objectives.  Free parameters are 

defined as below:  

X = [fs Np Llk r c b a p G L] 

Important aspect in choosing a free variable is that no variable should be interdependent on each 

other. The loss and volume models are developed for converter and transformer defined in 

previous section. Depending on these models and the free variables, GA generates a pareto front 

output.   

Table 5: Selected output design 

where fs is the switching frequency of the transformer, Np refers to the number of primary turns 

with secondary turns considered to be 1. Llk is the leakage inductance, r and c are the dimensions 

of the turns in primary side. For the cold-plate, b, a, p,L are the width, height and number of 

channels and length of the channel respectively. G is the volumetric flow rate of the coolant 

owing through the cold plate. RMS value of the Inductor current is calculated considering phase 

shift modulation of analytical model of DAB. 

Fs Np Llk r      c b a p G L 

kHz Turns µH m m m m No. of 

channels 

m^3/s m 

564 16 7.29 0.0080 0.0047 0.0078 0.0066 19 0.0027 0.2109 
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Figure 16: Output Pareto Front 

This design was used as the basis for deciding parameters such as Llk, fs and number of turns. 

Apart from these, other optimized parameters provide the basis for development of cold plate.  
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CHAPTER 5 

MATRIX TRANSFORMER 

 

E Herbert introduced the concept of matrix transformer and patented it in 1985 [1]. In 

applications requiring galvanic isolation where transformer is used notably in power converters 

such as data centers, EV/HEV powertrains, transformer design was not the point of focus for 

design engineers. Steadily with the need to achieve increased efficiencies for competitive 

markets, the necessity to develop efficient transformers with lower volume was felt. Matrix 

transformer was a result of this research, it is a novel concept in which the secondary and primary 

windings are bifurcated into several windings which can then be connected in series or parallel 

depending on the application as opposed to single winding used in conventional transformer. 

Classical definition says it is an array of elements intertwined so that the whole functions as a 

single transformer [1] .Its implementation is seen in lot of literature especially in topologies such 

as LLC [29], used for reduction of leakage inductance and AC resistance of windings. Flux 

cancellation method is also explored in [29] to reduce core size and loss. Use of integrated 

magnetic structure can allow for flux cancellation [29]F

 

Figure 17: Conventional transformer and matrix transformer 
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The above figure shows the implementation of 4:1 ratio transformer using a conventionally 

wound transformer and a matrix transformer. The right image of matrix transformer shows 4 

primary windings in series and 4 secondary windings in parallel. Each winding in matrix 

transformer is a mini transformer and follows the mathematical modeling rules of normal 

transformer.  

Series/parallel combination of windings give rise to permutations of input voltage and output 

voltage. This feature of matrix transformer is particularly useful for modular design of a product 

line with multiple variations of specifications allowing for a base design to be recycled.  

Matrix transformer seems to be a configuration of choice for applications with high current (high 

current is typically above 100A). In this scenario, the windings on high current side can be 

connected in parallel, this achieves splitting of rms current through each winding, as a result the 

ac resistance of the winding  as well as the conduction losses of semiconductor devices reduce 

considerably. In the section of losses, it is shown that conduction losses are 𝐼𝑟𝑚𝑠 
2 ∗ 𝑅𝑑𝑠𝑜𝑛 by 

reducing this value lower conduction losses could be achieved. One of the main drawbacks of 

matrix transformer is increase in the size of cores. Since there exists multiple windings, extra core 

material must be utilized and thus the core losses as well as transformer volume could rise. Hence 

the tradeoff for higher efficiency in semiconductors and transformer winding could be larger core 

losses and higher volume. Since significant tradeoff exists, design of matrix transformer becomes 

a challenging task.   

In this project, integrated planar matrix transformer is designed to achieve a value of leakage 

inductance within a given range [6].  As discussed in DAB operation section, the leakage 

inductance of transformer is the energy storage element responsible for power transfer. 

Transformer  achieves two fold usage one of galvanic isolation which is essential for this 

application and secondly it helps achieve the value of leakage inductance, pertinent for power 

transfer, also helping avoid usage of external inductor and hence achieving reduced BOM as well 

as higher efficiency.  
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Planar transformer 

Normally in conventional transformers, the windings used are copper wires. The selection of 

copper wire size in AWG depends on the window area of the core, assumed current density and 

the actual current of the converter. In planar transformer, copper wire winding is replaced by 

copper tracks on Printed Circuit Board (PCB). Multiple turns could be designed either on the same 

PCB layer or multiple layers. With planar winding transformer, high design modularity can be 

achieved along with flatter core and rectangular winding cross section area compared to 

conventional transformers.  

Advantages of planar transformer:  

1. Decreased AC resistance – Copper wire winding transformer suffer from high AC 

resistance losses caused due to proximity and skin effect. This resistance is more 

pronounced especially at higher converter switching frequencies > 100kHz. Due to the 

geometry this effect is less pronounced in planar winding transformers.  

2. High reproducibility of inductance: Some applications require very tight control in terms 

of tolerance, leakage inductance of transformer used for power transfer could be a source 

of uneven tolerance, this is due to the fact that even with similar materials and design of 

conventional transformers, the parasitic impedances of these two transformers could be 

different, this difference is even significant at higher switching frequencies. At best case 

it does not affect the normal working but at worst it could cause early shift of transformer 

resonance in range of switching frequency. This variation in transformer is due to the 

manufacturing process. If the converter is run without proper closed loop such uneven 

inductances could cause unexpected outputs. In planar transformers the reproducibility 

of inductance in general is very high.  

3. Flatter transformer: Since the windings are in PCB form with rectangular cross section 

magnetic cores such as E and I with lower window area could be easily used. This helps in 

achieving lower form factor for the transformer. 
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Such flatter transformers are becoming popular in data centers as these converters are 

stacked one on top of each other to in parallel to provide the demand power.   

Drawbacks 

1. The first drawback mentioned previously is extra core material hence higher core losses 

and higher volume of transformer. Flatter transformer is achieved by giving up on volume. 

2. A large variety of core geometry and sizes for conventional transformers, the same is not 

true for planar winding transformers. Planar transformers are limited to using E-I cores at 

lower power levels.  

With these mentioned advantages and drawbacks, design engineers must carefully weigh 

them with respect to the application. In this project, matrix planar transformer was selected 

to achieve lower rms current on secondary side. Five winding transformers was designed, all 

primary windings were connected in series and secondary windings were connected to full 

bridge converters. The output of these full bridges was connected in parallel. Figure shows 

the configuration selected. Each of the 5 winding on primary side is realized using 3 turns with 

a single turn on each of the secondary winding. Total 6 cores were used as core material. 3F36 

core material was used.  

Achieving inductance through transformer 

In [4], frequency variable and frequency invariable aspects of leakage inductance in 

conventional transformer. Frequency non variable component is due to the leakage flux 

passing through interlayer and inter turn gaps while the frequency variable is the flux which 

passes through copper trace. In planar transformer majority of the leakage flux flows through 

interlayer gaps instead of copper traces, the main reason for it is the fact that the copper 

trace is much less in thickness compared to gaps. In this discussion, frequency variable 

parameters are ignored and only frequency invariable parameters are considered. 

Considering an EE core transformer, MMF distribution of a winding cross section is shown. 
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The leakage inductance calculation for this winding structure can be calculated by this 

formula:  

𝐿𝑙𝑘 =  µ ∗
𝑙𝑤

𝑐
∗ 𝑁2 ∗ {

ℎ2

4
+  ℎ1}                    (5.1) 

In this figure the primary winding is ‘N’ and secondary is single turn, achieving a turns ratio of 

N:1 for each of the matrix sub winding transformer. In some converter topologies such as LLC 

achieving magnetizing inductance is important to achieve the required gain curve. Hence the 

ratio of Lm/Lr must be within a certain limit. This gain curve helps achieve [give LLC reference 

here] non unity converter gain usually required when the input output voltage stray away 

from nominal values. In DAB however, magnetizing inductance is not a prime topic as far as 

design of transformer is concerned compared to leakage inductance. Magnetizing inductance 

value should be significantly larger compared to leakage to maintain low circulating current. 

This circulating current flows through semiconductor devices, hence desired to be low as it 

causes conduction losses. Contrastingly, value of magnetizing inductance determines the 

range of ZVS during low load operation, higher the magnetizing inductance lower is the value 

of circulating current, if this current value gets lower than minimum value required to 

discharge output capacitance of semiconductor device it could result in partial ZVS. ZVS 

operation and how to achieve it is mentioned in detail in hard and soft switching section of 

loss models of DAB. In conclusion, there exists a tradeoff during selection of magnetizing 

inductance value. 

The minimum magnetizing inductance required in DAB could be calculated as:  

Imin = (Coss*Vdc*Vdc/Lmag)  

𝐼𝑚𝑖𝑛 =
𝐶𝑜𝑠𝑠 ∗ 𝑉𝑑𝑐 ∗ 𝑉𝑑𝑐

𝐿𝑚𝑎𝑔
               (5.2) 

Where Coss is the output capacitance of primary side 

Vdc is the applied DC voltage  
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Lmag is the magnetizing inductance and  

Imin is the minimum value of current required to achieve full ZVS on primary devices.  

Selection of Magnetic core   

The design of any magnetic component in the converter starts with selection of its magnetic 

core. The selected core of the converter decides the value of core loss, converter volume, 

switching frequency and applied voltage. Thus, core has deep 

In [36], generalized process of selection of magnetic core is delineated as shown in figure 16  

Fs is switching frequency 

Lm is magnetizing inductance  

a is turns ratio  

ΔT is temp rise 

Ta is ambient temperature 

Ir_rms is rms current  

ILm_peak is magnetizing peak current 

Is_rms is secondary rms current  

Kc, α, β are steinmetz parameters 

Bsat is saturation magnetic flux  

Ku is window utilization factor  

δ is ratio of core loss to winding loss 
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                                                    Figure 18: process of core selection  

Specifications: Lm, Lr_rms, Ir_pk, Ilm_pk, f, ku, Ta, ΔT 

 

Select the material (Kc, α, β, Bsat) 

Select δ 

Select the core: Calculate Ap and µout 

Select the core gap length g 

Select wires: calculate J0 and turns Np, Ns1 and Ns2 

Calculate flux density Bmax   

Bmax< 

Bsat 

Calculate losses and temperature rise 

T< Ta + 

ΔT 

Experimental verifications 

Change 

Material 

Change δ 
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Ansys simulation 

 

Figure 19: Ansys simulation 

 

Ansys simulation was performed with the defined geometry and core material. Value of 

leakage inductance obtained from Ansys simulation is 3.45e-6 H. 
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In this design, core 3F36 is used which allows good window area, higher operating frequency, 

and relatively lower core volume in its E58/11 form. impact on the converter efficiency and 

volume. 

 

Figure 20:  Matrix transformer connected to converter side view 

The leakage inductance and parasitic resistance on the transformer were confirmed by short 

circuit (SC) test. In this test, output of secondary windings were shorted and measurement 

probes were connected across primary side. On the Agilent 4294A Precision Impedance 

Analyzer, the measurement was completed. The circuit for SC test is show below. 

Furthermore, inductance and resistance graph were plotted and saved. Using this data, 

inductance and resistance variation with frequency is shown in Figure 21.  
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Figure 21: Short circuit test on transformer 
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Final Output 

 

 

Figure 22: Impedance Analyzer outputs a) Leakage inductance b) parasitic resistance 

As seen in the above figure, the resonant frequency of this transformer is in the order of 1.9MHz, 

which is significantly higher than switching frequency, hence its effect during switching would 

not be significant. 
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CHAPTER 6 

MODULATION & CONTROL 

 

Modulation techniques determine the pattern of turning on and turning off the DAB switches. 

Modulation schemes in DAB are crucial as they have a direct consequence on converter efficiency 

& maximum power transfer. A huge amount of research has been done into developing various 

modulation techniques. The aim of each of these modulation schemes is to achieve higher 

efficiency, lower complexity, and stable operation.  

The simplest and most widely used modulation scheme is single phase shift, in this scheme the 

duty cycle of both primary and secondary side switches is set at 50% , in order to transfer power 

phase shift between the primary side and secondary side switches is employed. This phase shift 

φ can be calculated by the power transfer formula mentioned in DAB section, preceding voltage 

of the full bridge decides the direction of power. Cross connected switches of the full bridges are 

switches similarly. Two switches of the same leg are switches alternatively with sufficient 

deadtime which is calculated by referring to the rise time, fall time and delays for a case 

mentioned in datasheet. In simpler words these full bridges act as square voltage generator Vpri 

and Vsec according to figure 1. Single phase shift (SPS) has advantages such as lower complexity 

and easier execution. Since the leakage inductor controls the power transfer, it results in high 

circulating current when the voltage ratio 
𝑉𝑝𝑟𝑖

𝑉𝑠𝑒𝑐∗𝑛
 is not equal to unity. Furthermore, the ZVS range 

under this scheme is very limited, combination of above two factors cause significant plunge in 

converter efficiency.  

Another modulation scheme is Extended phase shift (EPS) [6] it is a slightly better version of SPS 

control. On one full bridge the cross connected switches turn on similarly but on the other bridge, 

the cross connected switches have an inner phase shift. Hence the duty on one full bridge is 50% 

on all switches but it is not the same case on other full bridge. Performance of power transfer, 

losses and soft switching is discussed in detail in [12]. In EPS along with φ, there is another inner 

phase D1. One phase shift is used to control power magnitude another is used to decrease 
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circulating power and increase ZVS range [6]. Another modulation technique with slight variation 

to EPS is DPS (Dual phase shift) control. In this scheme, both the full bridges have same inner 

phase shift (D1) for the reasons mentioned as well as bridge to bridge phase shift φ. In [14] 

authors discuss DPS modulation, its power transfer, current stress, loss, ZVS range analysis and 

optimization design methods in details. 

 

Power transfer formula in DAB 

𝑃 =
𝑉𝑝𝑟𝑖 ∗ 𝑉𝑠𝑒𝑐 ∗ 𝑛 ∗ 𝛷 ∗ (𝜋 − 𝛷)

2 ∗ 𝜋 ∗ 𝑓𝑠 ∗ 𝐿𝑙𝑘
                    (6.1) 

Maximum transferred power  

𝑃𝑚𝑎𝑥 =  
𝑉𝑝𝑟𝑖 ∗ 𝑉𝑠𝑒𝑐 ∗ 𝑛

8 ∗ 𝑓𝑠 ∗ 𝐿𝑙𝑘
                                           (6.2) 

Vpri – DC voltage applied on primary side 

Vsec – DC voltage applied on secondary side  

n – ratio of number of turns on primary to secondary 

φ – inter full bridge phase shift  

fs – switching frequency  

Llk – leakage inductance  

In [15] authors discuss triple phase shift (TPS) modulation in detail. Like previous couple of 

schemes, TPS allows intra bridge phase shift but unlike DPS, this phase shift is not constant. Hence 

TPS modulation has three phase shifts, inter-bridge ϕ, intra bridge primary D1 and intra bridge 

secondary D2. Hence for a control designer this modulation presents with three degrees of 

freedom. With increase in degrees of freedom the control on semiconductor switching rises but 

it also leads to increased complexity. The most significant advantage of TPS modulation is higher 



50 
 

efficiency due to lower switching and lower conduction loss compared to other techniques 

mentioned earlier. Several research publications have focused on TPS modulation. Some of those 

literature is explored further. One way of looking at these modulation schemes is that TPS is the 

single modulation scheme with SPS, EPS and DPS being subsets of TPS. TPS provides more 

chances to meet the conditions to obtain ZVS or ZCS and a reduction in the RMS current through 

the inductor [20]. The condition to achieve ZVS is that 𝐼𝐿<0 for switches S1, S4, S8 & S3 and 𝐼𝐿>0 

for S5, S2, S7 & S4 referring to figure 3. Calculation of inner phase shifts D1 and D2 has been done 

as a function of Vpri, Vsec and n in [20] 

In [16], a novel EPS modulation strategy is introduced to ensure soft switching covers the entire 

power range. However, the downside with this strategy being higher rms currents at lower power 

levels. In [10] the authors have introduced an accurate, universal model to describe the analytical 

expressions of DAB converter under TPS control. The aim of control is to run the converter with 

minimized rms current during entire power range.  

In trapezoidal modulation (TPM), inductor current reaches zero at switching instants where ZCS, 

ZVS is possible. TPM cannot be applied for low output power. Another modulation technique 

talked about previously, TZM can be used for low output power. Normally TPM and TPM are used 

in conjunction to cover the entire power range [19].   

 

𝑃 = −𝛷 ∗
𝑉𝑝𝑟𝑖 ∗ 𝑛 ∗ 𝑉𝑠𝑒𝑐(𝜋 ∗ |𝛷| − 2 ∗ 𝛷 ∗ 𝛷 + 2 ∗ 𝛿1 + 𝛿2)

2 ∗ 𝜋 ∗ 𝜋 ∗ 𝐿𝑙𝑘
                        (6.3) 

 

𝑃𝑚𝑎𝑥 =
𝜋 ∗ 𝑉𝑝𝑟𝑖 ∗ 𝑉𝑝𝑟𝑖 ∗ 𝑛 ∗ 𝑛 ∗ 𝑉𝑠𝑒𝑐 ∗ 𝑉𝑠𝑒𝑐

4 ∗ 𝜋 ∗ 𝑓𝑠 ∗ 𝐿𝑙𝑘 ∗ (𝑉𝑝𝑟𝑖 ∗ 𝑉𝑝𝑟𝑖 + 𝑛 ∗ 𝑛 ∗ 𝑉𝑠𝑒𝑐 ∗ 𝑉𝑠𝑒𝑐 + 𝑉𝑝𝑟𝑖 ∗ 𝑛 ∗ 𝑉𝑠𝑒𝑐
(6.4) 

In TZM, the power transfer formula is given by  

𝑃 =  
𝑉𝑝𝑟𝑖 ∗ 𝑛 ∗ 𝑉𝑠𝑒𝑐 ∗ 𝛷 ∗ (𝜋 − 2 ∗ 𝛿1)

𝜋 ∗ 2 ∗ 𝜋 ∗ 𝑓𝑠 ∗ 𝐿𝑙𝑘
            𝑉𝑝𝑟𝑖 > 𝑛 ∗ 𝑉𝑠𝑒𝑐          (6.5) 
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𝑃 =  
𝑉𝑝𝑟𝑖 ∗ 𝑛 ∗ 𝑉𝑠𝑒𝑐 ∗ 𝛷 ∗ (𝜋 − 2 ∗ 𝛿2)

𝜋 ∗ 2 ∗ 𝜋 ∗ 𝑓𝑠 ∗ 𝐿𝑙𝑘
            𝑉𝑝𝑟𝑖 <  𝑛 ∗ 𝑉𝑠𝑒𝑐        (6.6) 

Maximum transferable power 

𝑃𝑚𝑎𝑥 =  
𝜋 ∗ 𝑛 ∗ 𝑛 ∗ 𝑉𝑠𝑒𝑐 ∗ 𝑉𝑠𝑒𝑐 ∗ (𝑉𝑝𝑟𝑖 − 𝑛 ∗ 𝑉𝑠𝑒𝑐)

2 ∗ 𝜋 ∗ 𝑓𝑠 ∗ 𝐿𝑙𝑘 ∗ 𝑉𝑝𝑟𝑖
            𝑉𝑝𝑟𝑖 > 𝑛 ∗ 𝑉𝑠𝑒𝑐     (6.7) 

𝑃𝑚𝑎𝑥 =  
𝜋 ∗ 𝑉𝑝𝑟𝑖 ∗ 𝑉𝑝𝑟𝑖 ∗ (𝑉𝑝𝑟𝑖 − 𝑛 ∗ 𝑉𝑠𝑒𝑐)

2 ∗ 𝜋 ∗ 𝑓𝑠 ∗ 𝐿𝑙𝑘 ∗ 𝑉𝑠𝑒𝑐
            𝑉𝑝𝑟𝑖 < 𝑛 ∗ 𝑉𝑠𝑒𝑐               (6.8) 

Waveforms obtained in TZM and TCM are shown in figure 22 

In the above modulation techniques, switching frequency is non variable. If power formula is 

referred, it is also a function of frequency inversely. Some research has been done in improving 

efficiency by altering frequency. In [18], the authors have reported an efficiency of 8.6% with 

IGBT switches and 17.8% with MOSFET using modulation with variable frequency compared to 

phase shift modulation at fixed switching frequency. 
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Figure 23: (a) Trapezoidal Modulation (b) Triangular Modulation Vacpri > Vacsec*n (c) 

Triangular modulation Vacpri < Vacsec*n 
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Closed loop operation  

Output power of DAB is a quadratic function of phase shift between the primary and secondary 

driving signals [27]. With such nonlinear plant under conventional linear proportional- integral 

(PI) controller has a slow dynamic response [27]. Using nonlinear control techniques such as 

sliding mode control, switching surface control, geometric control is able to improve dynamic 

response, but the complexity of realization increases substantially. During closed loop operation, 

an unsymmetrical leakage inductor current would occur during transition period if the phase shift 

ratio is abruptly changed [28]. To avoid possible transformer saturation, peak current mode 

control (PCMC) is used to generate switching signals. 

Conventional peak current mode control is executed using SR flipflop. S pin of the flip flop is 

connected to comparator output. R pin is connected to frequency generator which determines 

the switching frequency of the control once its deployed on the converter. Output Q of flipflop is 

connected to the gate driver of the switch. The comparator input noninverting pin is connected 

to the measured current using transducer, comparator inverting pin is connected to the peak 

reference current value. At the start, PWM starts with 100% duty cycle causing output Q of 

flipflop to go high. Since the switch is closed over time the measured current rises due to energy 

storage element in the circuit, when measured current hits the peak current reference value it 

turns the comparator high, triggering the set pin of SR flipflop. This trigger causes the output Q 

to go low and turns off switching device. If multiple switches are used in synchronous rectifier 

configuration, an inverter is connected to the output Q to trigger turn on and turn off another 

switch with sufficient deadtime. Value of the reference current is calculated by the load 

connected to the converter and the voltage to be achieved at the output and could be 

automatically generated using cascaded voltage loop. Taking an example of buck converter and 

its inductor current is being monitored. The difference between average inductor current and dc 

value of sampled inductor current could be the reason for instability for certain operating 

conditions [23], such instability occurs when inductor ripple current does not return to initial 

value by the start of next switching cycle. In PCMC sub harmonic oscillation occurs when duty 
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cycle (defined as ton/(ton +toff))  is greater than 50%, hence slope compensation is required to 

compensate this  phenomenon. In slope compensation, compensating ramp is added equal to 

the down slope of the inductor current to the reference current value. Slope compensation 

ensures any tendency toward sub harmonic oscillation is damped within one switching cycle [23].  

In [27], digital and analog implementation of PCMC has been shown in detail. Digital systems run 

on time discrete mode but have limited control bandwidth and time resolution of system 

constrained by clock frequency. Analog systems run in time continuous mode, and there is no 

delay in sampling and computations. The merit of digital scheme is flexibility, reliability while that 

of analog scheme is faster cycle by cycle transient response. 

The execution of PCMC in digital domain on Texas Instruments DSP has been delineated in detail 

in [22], [23] and [24]. As we understand, PCMC could also be implemented using analog blocks 

such as op amp but DSP digital domain is used as this allows higher flexibility in terms of design, 

debugging and execution. The authors in [22] have executed closed loop PCMC control for buck 

converter. Output voltage is resistor divided and fed to the ADC input of DSP. This input is 

compared to the reference voltage value and error signal is generated. The generated error signal 

is fed to the PI controller. PI controller due to its integrator will converge the error signal to 0. In 

analog domain the PI controller can be implemented using operational amplifier. However, in 

digital domain the same is executed using numerical integration methods namely trapezoidal 

rule, Runge-kutta method, Euler’s rule. The designer can use any of these methods to execute 

integration in digital domain, each of these methods have some advantages and disadvantages 

in terms of convergence. 2p2z is the digital implementation of analog controller type II.  It is a 

compensator which introduces specific gain phase boost by implementing two poles and two 

zeroes. By placing poles and zeroes strategically required gain and phase margin at zero gain can 

be achieved. Digital controllers can be used to implement PI controller. This voltage PI controller 

is cascaded with PCMC, output of PI controller provides the reference current value which is then 

converted to analog using DAC. By comparing the signals in digital domain, the possibility of 

compounding or error rises. In normal applications such as PI controller such error even if it exists 
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can be compensated by the controller. In case of PCMC, if the digital comparator misses a trigger 

event due to error in the signal, it could cause a steady state error in the output. Steady state 

output essentially means in case of PCMC it could cause a constant DC shift in current output 

which is undesirable in transformer-based systems [25]. At best it causes losses and at worst it 

could cause transformer saturation, highly undesirable.  

To implement PCMC, Texas Instruments provides on board analog comparator system (CMPSS) 

on its controlcards. In [22], the output of comparator is fed to the cycle by cycle trip, this ensures 

SR flipflop implementation in digital domain using DSP. When a cycle-by-cycle trip event occurs, 

the action specified in the TZA and TZB bits is carried out immediately on the EPWMxA and/or 

EPWMxB outputs [26]. When the code first begins begins, EPWM is assigned 100% duty cycle, as 

the current rises, it hits the DAC output reference value. This event causes the analog comparator 

to go high. The output of comparator is connected to trip interrupt. In PWM module, the trip 

interrupt is configured to take certain actions. Implementation is slightly modified in this project 

compared to example of buck converter in [22], primary switches run at 50% duty cycle. When 

switch S1 and S4 is turned ON, positive voltage is applied across inductor,  current through it rises 

till it hits positive reference, CMPSS1 output is high triggering  S7 and S4 to turn them ON and 

triggers S8 and S3 to turn them OFF. When S1 and S4 are turned off and S2 and S3 are turned on, 

negative voltage is applied across the inductor, current starts decreasing with certain slope. This 

slope is dependent on voltage and leakage inductance value. When inductor current reaches 

negative reference, CMPSS2 turns ON and triggers S7 and S4 to turn On and S8 and S3 to turn 

off. This variation ensures phase shift need not be calculated mathematically; it is inherently 

generated by application of current reference. The current reference could be a defined value or 

could be the output voltage PI controller as mentioned earlier. The switching frequency of 

secondary side current control is decided by the switching frequency of primary side switches. 
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Figure 24:  PCMC PWM actions at comparison 
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Figure 25: Digital Control block diagram
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CHAPTER 7 

HARDWARE REALIZATION AND RESULTS 

 

PCB: 4-layer 6oz copper on outer layer and 4 oz copper on inner layers  

Primary switches: GS66516T 60A 650V Gallium Nitride device 

Secondary switches: FDMT80060DC 292A 60V Si power Trench MOSFET 

Primary capacitor: 2*12uF film caps  

Secondary caps: 20*3.3uF film caps 

Gate driver primary: Silicon Labs Si8271AB-IS 

Gate driver secondary: Texas Instruments UCC27212AQDDARQ1 

Transformer core: 3F36, E58 

Transformer turns ratio n: primary winding divided into 5 sub-windings with 3 turns per winding, 

all windings in series.  

Secondary winding divided in 5 sub windings with 1 turn per winding; all windings connected to 

discrete full bridges; the output of full bridges connected in parallel. 

Deadtime primary: 120ns 

Deadtime secondary: 500ns  

Length: 160 mm 

Width: 162 + 34 = 196 mm  

Height: 55mm (without control card)  

Volume: 1724800 𝑚𝑚3 = 1.72 ltr 
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Power Density: 2.53kW/ltr 

 

 

Figure 26: Hardware realization (a) Top view (b) Bottom view 
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In this converter single phase shift modulation is used to obtain power transfer and efficiency of 

the converter. Using the logic mentioned in closed loop section of chapter Control and 

modulation, closed loop operation would be performed. 

Experimental Results:  

Primary HV  

Turn on resistance 20 ohm  

Turn off resistance 5 ohm  

Snubber capacitance primary 650p 

Secondary LV  

Turn on resistance 7.5 ohm   

Turn off resistance 0 ohm 

Snubber capacitance 22nF 

Vin = 400V; Vout = 28V.  

fs = 100kHz 

Table 6: Efficiency at various loads at 100kHz 

 

Sr no. Input power 

(W) 

Output power 

(W) 

Loss (W) Efficiency (%) 

1 1159 1050 109 90.59 

2 1753 1608 145 91.72 

3 2343 2158 185 92.10 

4 2922 2689 233 92.02 

5 3566 3274 292 91.81 
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fs = 200kHz 

Table 6: Efficiency at various loads at 200kHz 

fs = 300kHz 

Table 7: Efficiency at various loads at 300kHz 

Sr no. Input power 

(W) 

Output power 

(W) 

Loss (W) Efficiency (%) 

1 1137 1062 75 93.40 

2 1730 1606 124 92.83 

3 2297 2115 182 92.07 

4 3043 2757 286 90.6 

5 3675 3276 399 89.14 

 

 

 

 

Sr no. Input power 

(W) 

Output power 

(W) 

Loss (W) Efficiency (%) 

1 1161 1069 92 92.07 

2 1758 1634 124 92.94 

3 2296 2130 166 92.770 

4 2886 2661 225 92.20 

5 3569 3263 306 91.42 
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Figure 27: 3.2kW 100k a. Transformer input voltage b. Transformer output voltage c. 

Transformer leakage Inductor current 

 

Figure 28: 3.2kW 200k a. Transformer input voltage b. Transformer output voltage c. 

Transformer leakage Inductor current 
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Figure 29: 3.2kW 300k a. Transformer input voltage b. Transformer output voltage c. 

Transformer leakage Inductor current 

 

Figure 30: Efficiency at various switching frequency 
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CHAPTER 8 

CONCLUSION & FUTURE WORKS 

 

Efficiency curves show loss value has increased with increasing power; it can be concluded that 

conduction losses in the system especially at the secondary side are the reason for the loss 

increase. The efficiency curve comparison at same power level at different frequency implies rise 

in the semiconductor switching loss. Since the devices on secondary side achieve ZVS during turn 

ON, the switching loss is predominantly turn off loss. Snubber capacitor was added to decrease 

dv/dt and Rgoff was reduced to increase di/dt, slight improvement was seen in efficiency 

compared to earlier. Due to increase di/dt turn off ringing was observed in secondary side voltage 

waveforms. 

Average efficiency achieved using this topology is 92% which is higher than aimed efficiency of 

90%, further improving the efficiency above 95% would be next aim. 

In the future, ZCS techniques during device turn off would be investigated to achieve higher 

efficiency. Additionally, alternate switching technologies would be explored to decrease losses 

on the secondary side. Closed loop operation on defined logic would be demonstrated to achieve 

fast transient response. 

With optimization parameters obtained from pareto front, cold plate would be manufactured 

according to these parameters and the converter would be operated in continuous operation. 
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