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Abstract. This paper presents a comprehensive comparison

between Single-Phase Shift Modulation (SPSM) and Extended 

Phase Shift Modulation (EPSM) in Dual Active Bridge (DAB) 

converters, focusing on their switching losses, performance, and 

efficiency under various load conditions. The analysis is 

conducted using SPICE-based simulations to evaluate the 

converters' behaviour under low, medium, and high-loading 

conditions. The DAB converter is designed for fast-charging 

electric vehicle (EV) applications with the design specifications of 

5 kW, 800V/400V employing Silicon Carbide (SiC) MOSFETs 

with switching frequency of 100 kHz. The comprehensive 

comparative analysis of the two modulation strategies yields 

critical insights regarding their appropriateness for various 

applications and operational scenarios, which is fundamental to 

achieving efficient high-power DC-DC conversion in advanced 

electric vehicle fast charging systems. 
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Introduction 

The increasing adoption of electric vehicles (EVs) 

necessitates the development of efficient and high-power 

charging solutions to minimize charging times and enhance 

user convenience [1]. Among the various power conversion 

topologies, the Dual Active Bridge (DAB) converter has 

emerged as a highly promising candidate for fast-charging 

applications, owing to its high efficiency and bidirectional 

power transfer capability, which supports both grid-to-

vehicle (G2V) and vehicle-to-grid (V2G) operations [2]. 

Additionally, the DAB topology plays a key role in 

advanced energy management strategies, contributing to 

improved grid stability. The converter also enables soft-

switching operation, i.e. zero-voltage switching (ZVS) and 

zero-current switching (ZCS) [3], which significantly 

reduce switching losses. This reduction enhances overall 

power conversion efficiency and minimizes thermal stress, 

both of which are critical for the reliability and performance 

of high-power fast-charging systems. 

Although the DAB converter offers numerous advantages, 

its performance is highly dependent on the modulation 

technique and operating conditions. Additionally, 

variations in loading conditions, which are common in 

fast-charging applications where battery voltage changes 

during the charging process, can significantly impact 

power conversion efficiency and overall system stability 

[4]. Therefore, selecting an optimal modulation technique 

and implementing adaptive control strategies based on 

real-time operating conditions are crucial for maximizing 

the DAB converter’s effectiveness in high-power EV fast-

charging applications. The modulation strategies of single 

phase shift modulation (SPSM) and extended phase shift 

modulation (EPSM) directly influence the overall 

efficiency, power transfer capability, and soft-switching 

range of the DAB converter. While SPSM is widely used 

due to its simplicity, it suffers from limited ZVS at light 

loads. On the other hand, EPSM enhances performance by 

dynamically adjusting phase shifts to extend the ZVS 

range and reduce circulating current losses, making it 

more efficient under varying loading conditions.  

This paper investigates the performance characteristics of 

5 kW, 800V/400V, 100 kHz DAB converter using Silicon-

Carbide (SiC) MOSFETs for fast-charging electric vehicle 

EV applications. The comparative study of SPSM and 

EPSM under different loading conditions provides 

valuable insights into their impact on minimizing losses, 

improving thermal management, and enhancing overall 

system reliability. Evaluating these modulation strategies 

across low, medium, and high loading levels is essential 

for optimizing high-power DC-DC conversion in next-

generation EV fast chargers for appropriate use of each 

modulation technique to minimize switching losses and 

efficiently operate of the DAB converter in different 

applications and loading conditions. 

1. DAB Converter Operation

A single-phase Dual Active Bridge DAB converter 

consists of two full-bridge inverters connected through a 

high-frequency transformer as shown in Fig. (1). The 

power transfer between the two bridges is controlled by 

adjusting the phase shift between their switching signals. 
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Fig. 1.  The structure of a single-phase DAB converter 

 

In a DAB converter, power transmission at high frequencies 

can be resembled by the behaviour of a sinusoidal AC 

power system, where the transmitted power is determined 

by the phase difference between AC voltage 𝑉𝑝𝑟 and 𝑉sec .  

Mathematically, it can be expressed as follows [5]: 

𝑃 =
𝑽𝒑𝒓−𝑟𝑚𝑠𝑽𝐬𝐞𝐜−𝑟𝑚𝑠

2𝜋𝑓𝐿
𝑠𝑖𝑛(𝜙) (1) 

where 𝑉𝑝𝑟−𝑟𝑚𝑠 and 𝑉sec−𝑟𝑚𝑠  are the RMS values of 𝑉𝑝𝑟 and 

𝑉sec respectively, f is the fundamental switching frequency, 

L represents the transformer’s leakage inductance, and ϕ is 

the phase shift between the two voltage waveforms. When 

sinusoidal sources are replaced with square pulsating 

voltage waveforms. the power transfer mechanism remains 

similar, the transmitted power in a DAB converter can be 

deduced to be given by [5]: 

where V1 and V2 are the DC voltages 1 and 2, respectively. 

To simplify the power equation, we introduce a normalized 

phase shift ratio, δ, defined as: δ= 
𝜙
𝜋

, The expression now 

explicitly shows that power depends on δ as follows [4]: 

 

Table 1 outlines the system specifications, including input 

and output voltage levels, power rating, output power, 

switching frequency, transformer turns ratio, leakage 

inductance, and the part numbers of the used SiC MOSFETs 

and Diodes. These specifications were designed to ensure 

high efficiency, minimal losses, and optimal performance in 

fast-charging EV applications. The parameters of Table I 

were used to construct the DAB converter model on 

LTSPICE. The results from the constructed model are used 

to evaluate the DAB performance while implementing 

SPSM and EPSM modulation techniques for the operation 

of the DAB converter. 

 

 

 

 

Table I.- system parameters 

Parameter Symbol Value 

Input DC Voltage V1 800 V 

Output DC Voltage V2 400 V 

Switching Frequency f 100 kHz 

Transformer Ratio N 2:1 

Leakage inductance L 160 µH 

Output Power P 5 KW 

Primary SiC 

MOSFET 

(C3M0075120J) 

VDS 1200 V 

ID 
30 A at TC = 25°C 

19.7 A at TC=100°C 

RDS 75 mΩ 

Primary SiC DIODE 

(C4D30120D) 

VPRV 1200 V 

IF 
 44 A at TC = 25°C 

30 A at TC =152°C 

Secondary SiC 

MOSFET 

(C3M0060065K) 

VDS 650 V 

ID 
 37 A at TJ = 25°C 

 27 A at TJ = 100°C 

RDS 60 mΩ 

Secondary SiC 

DIODE 

(C6D30065H) 

VPRV 650 V 

IF 
 44A at TC = 25°C 

  27A at TC =150°C 

 

A. SINGLE-PHASE SHIFT MODULATION 

Single-Phase Shift control is the most fundamental and 

widely used modulation strategy for DAB converters. In 

this method, both the primary and secondary full bridges 

operate with a fixed 50% duty cycle, and power transfer is 

regulated by introducing a phase shift between their 

switching waveforms, by adjusting this phase shift, the 

direction and magnitude of power flow can be controlled.  

Power transfer is maximized when the phase shift is at (ϕ 

=π/2). At this point, the system operates at its highest 

power delivery capability and the power delivered can be 

calculated using Eq (4), Noted that at (ϕ = π/2), DAB will 

be transferring the highest power to the output-bridge, 

however, it also experiences increased circulating 

currents, which may lead to higher conduction losses [4]. 

 

B. EXTENDED-PHASE SHIFT MODULATION 

 

Unlike SPSM, which applies a single-phase shift between 

the two bridges, EPSM introduces an additional inner 

phase shift (δ𝑖𝑛) between the diagonal switches of each 

individual bridge, alongside the outer phase shift (δ𝑜𝑢𝑡) 

between the input-bridge and output-bridge. This dual-

phase shift approach allows for improved efficiency and 

reduced current peaks, particularly in applications with 

varying load condition. Extended Phase Shift modulation 

EPSM enhances the performance of the DAB converter by 

providing a wider ZVS range at medium loading 

conditions, reducing backflow power, and minimizing 

current stress compared to SPSM. The power transfer 

equation under EPSM is given as follows [4]: 

 

𝑃𝐸𝑃𝑆𝑀 =
𝑁𝑉1𝑉2

4𝑓𝐿
 

[𝛿𝑖𝑛(1 − 𝛿𝑖𝑛 − 2𝛿) + 2𝛿(1 − 𝛿)]   (5) 

𝑃 =
𝑁𝑉1𝑉2

2𝜋2𝑓𝐿
𝜙(𝜋 − |𝜙|) (2) 

𝑃𝑆𝑃𝑆𝑀 =
𝑁𝑉1𝑉2

2𝑓𝐿
𝛿(1 − |𝛿|) (3) 

𝑃𝑆𝑃𝑆(𝑚𝑎𝑥) =
𝑁𝑉1𝑉2

8𝑓𝐿
 (4) 
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While EPSM improves ZVS range and reduces backflow 

power, it does not increase the overall power transfer 

capability of the DAB converter since the maximum 

transferable power in EPSM is equal to that in SPSM as 

follows [4]: 

 

 

2. Simulation and Discussion  
 

Primary_Voltage Secondary_Voltage

 
Fig. 2. Primary and Secondary Voltage Waveforms of SPSM at 

nominal loading condition of 5 kW 

Primary_Voltage Secondary_Voltage

 
Fig. 3. Primary and Secondary Voltage Waveforms of EPSM at 

nominal loading condition of 5 kW 

 
 

The primary voltage Vpr and secondary voltage Vsec at 

nominal loading condition of 5 kW for the modulation 

techniques SPSM and EPSM are shown in Fig. (2) and Fig. 

(3), respectively. Fig. (4) and Fig. (5) show the inductor’s 

voltages and currents of SPSM and EPSM at same loading 

condition. The comparative performance of SPSM and 

EPSM topologies is illustrated in Figs. (6) to (12), focusing 

on efficiency and power losses across a wide range of output 

power levels. Fig. (6) shows that EPSM consistently 

outperforms SPSM in terms of efficiency, particularly under 

medium and full load conditions. The peak efficiency of 

EPSM reaches 98.23%, outperforming SPSM by up to 

0.95 in relative efficiency under medium and full load 

conditions, compared to the maximum efficiency of 

97.31% achieved by SPSM. At light output power levels 

(around 1.2 kW), EPSM maintains an efficiency of 

96.76%, compared to 94.59% for SPSM, indicating a 

relative improvement of almost 2.3% in light-load 

scenarios. 

 

 

 

Fig. (7) and Fig. (8) demonstrate the resulted switching 

losses in the MOSFETs of S1 and S5 in the primary and 

secondary sides, respectively. In both cases, EPSM 

exhibits significantly lower switching losses. the primary-

side switching loss at full load is reduced from 21.14 W in 

SPSM to 6.80 W in EPSM which corresponds to around 

67.8% reduction. Similarly, the secondary-side MOSFET 

losses show a decrease from 12.54 W in SPSM to 11.01 W 

in EPSM. According to diode conduction losses, Fig. (9) 

and Fig. (10) display the losses in the upper left diode in 

𝑃𝐸𝑃𝑆𝑀(𝑚𝑎𝑥) = 𝑃𝑆𝑃𝑆𝑀(𝑚𝑎𝑥) =
𝑁𝑉1𝑉2

8𝑓𝐿
 (6) 

Inductor_Voltage(VL) Inductor_Current(IL)

 

Fig. 4.  Inductor Voltage and Current Waveforms of SPSM at 

nominal loading condition of 5 kW 

Inductor_Voltage(VL) Inductor_Current(IL)

 

Fig. 5. Inductor Voltage and Current Waveforms of EPSM at 

nominal loading condition of 5 kW 
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Fig. 6. Overall Efficiency between SPSM and EPSM under 

different loading conditions 

 
Fig. 7. Primary-side S1 MOSFET losses for SPSM and 

EPSM under different loading conditions 

 
Fig. 8. Secondary-side S5 MOSFET losses for SPSM and 

EPSM under different loading conditions 

 
Fig. 9. Primary-side S1 diode losses for SPSM and EPSM 

under different loading conditions 

 
Fig. 10. Secondary -side S5 diode losses for SPSM and 

EPSM under different loading conditions 

 
Fig. 11. Total MOSFET losses for SPSM and EPSM under 

different loading conditions 

 
Fig. 12. Total diode losses for SPSM and EPSM under 

different loading conditions 

 

the primary and secondary bridges, respectively. EPSM 

achieves a reduction in primary diode losses, from 14.28 

W in SPSM to 10.31 W in EPSM at high loading levels 

with about 27.8% decrease. Even more notable is the 

secondary diode loss, which drops from 9.88 W in SPSM 

to 5.57 W in EPSM under the same conditions, yielding a 

roughly 43.6% reduction. Fig. (11) shows total MOSFET 

losses, where EPSM outperforms SPSM across all power 

levels. At nominal output power, EPSM reduces total 

MOSFET losses from 33.68 W to 17.82 W, representing a 

47.1% decrease. This consistent gap highlights the 

superior switching behavior of EPSM due to its soft-

switching nature. Finally, Fig. (12) illustrates the total 

diode losses, where EPSM demonstrates a clear advantage, 

achieving a total loss of 15.88 W at full load compared to 

24.16 W in SPSM, equivalent to a nearly 34.3% reduction. 
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Voltage(S1) Current(S1) 

 
 Fig. 13 Primary-side S1 ZVS Waveforms of SPSM at 

nominal loading condition of 5 kW 

Voltage(S5) Current(S5) 

 

 Fig. 14 Secondary-side S5 ZVS Waveforms of SPSM at 

nominal loading condition of 5 kW 

Voltage(S1) Current(S1) 

 

Fig. 15 Primary-side S1 ZVS Waveforms of EPSM at  

nominal loading condition of 5 kW 

Voltage(S5) Current(S5) 

 

Fig. 16 Secondary-side S5 ZVS Waveforms of EPSM at 

nominal loading condition of 5 kW 
 

 

Voltage(S1) Current(S1) 

 
     Fig. 17 Primary-side S1 hard switching Waveforms of 

SPSM at light loading condition of 1.25 kW 

Voltage(S5) Current(S5) 

 

  Fig. 18 Secondary-side S5 hard switching Waveforms of          

SPSM at light loading condition of 1.25 kW 

Voltage(S1) Current(S1) 

 
   Fig. 19 Primary-side S1 ZCS Waveforms of EPSM at light 

loading condition of 1.25 kW 

Voltage(S5) Current(S5) 

 
 Fig. 20 Secondary-side S5 ZVS Waveforms of EPSM at 

light loading condition of 1.25 kW 
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The results presented in the Figures 13–16 compare ZVS 

performance in a DAB converter using SPSM and EPSM at 

5 kW nominal load. While both achieve soft switching, 

EPSM provides better ZVS due to its flexible control of 

phase shifts. In contrast, SPSM loses ZVS under light-load 

conditions at 1.25 kW, resulting in hard-switching 

behaviour due to insufficient current overlap during 

switching transitions, as shown in Figures 17–20. 

Meanwhile, EPSM maintains soft switching across the 

switches, even at reduced load levels, thanks to its ability to 

independently adjust the phase shifts of the primary and 

secondary bridges. This control enables sufficient 

circulating current to sustain Zero Voltage Switching (ZVS) 

despite the lower power transfer. The investigation results 

for both modulation techniques are summarized in Table II. 
 

 

Table II.- Performance Comparison of (SPSM) and (EPSM) in a 

DAB Converter [4],[6]. 

Parameter SPSM EPSM 

Switching 

Losses 

Higher switching 

losses due to 

limited ZVS range, 

especially at light 

loads. 

Reduced switching 

losses as EPSM 

provides a wider ZVS 

range, particularly at 

medium power 

levels. 

Load 

Variation 

Performance is 

optimal at nominal 

power but 

deteriorates at 

varying loads. 

More adaptable to 

load variations due to 

additional control 

flexibility 

Efficiency 

Lower efficiency 

at light and 

medium loads due 

to increased losses. 

Higher efficiency 

across different load 

conditions due to 

reduced backflow 

power and better 

ZVS utilization. 

 

The findings presented in Table II highlight that SPSM 

performs well in nominal conditions, while EPSM 

demonstrates higher efficiency at medium and light loads 

due to occurrence of ZVS, reduction of switching losses, 

and minimization of circulating currents. This highlights 

that EPSM is considered more optimal for high-power 

applications with wide load variations, while SPSM gives 

optimal performance at nominal loading condition. 

 

Conclusion 
 

This paper presents a comparative investigation under 

varying loading conditions for the performance of single-

phase-shift and extended-phase-shift modulation 

techniques for a Dual Active Bridge (DAB) converter 

implemented with SiC MOSFETS and designed for fast-

charging electric vehicles with the ratings of 5 kW, 

800V/400V and 100 kHz. The findings indicate that SPSM 

has optimal performance only under nominal rated 

conditions. However, under varying loading condition, 

EPSM offers superior performance by reducing switching 

losses and confirms a consistent efficiency improvement of 

approximately 0.5%-2.1% with its ability to lower backflow 

power and expand the zero-voltage switching (ZVS) range. 

These benefits establish EPSM, in combination with SiC-

based power devices, as an optimal solution for next-

generation fast-charging systems, enabling faster and 

more efficient EV charging. 
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