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Abstract  

 
In order to control the output voltage in a dual active bridge converter, this paper establishes a theoretical inductor current 

equation for a dual-pulse-width-modulation scheme that ensures low switching loss. It also proposes a modulation strategy that 
minimizes conduction loss. When compared to the conventional single-pulse-width-modulation strategy, the proposed approach can 
reduce the inductor current RMS and improve efficiency in the low power region, as verified through simulation and experimental 
results. 
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I. INTRODUCTION 
The dual active bridge (DAB) converter presented in Fig. 1 

is a bidirectional isolated direct current-direct current (DC-DC) 
converter that can be operated over a wide range of voltages. 
This device is often applied in the high-efficiency transfer of 
required power during conversions involving battery chargers 
and renewable energy sources. In addition, the converter can 
achieve high-efficiency transfer relatively easily when 
compared to other topologies owing to the use of a leakage 
inductor and leakage capacitor in the soft-switching operation. 
In DAB converters, various modulation schemes are used to 
regulate current conversion from one voltage level to another 
[1]-[11]. 

Current research on the DAB converter mainly focuses on 
modulation schemes that ensure high-efficiency power transfer 
[12]-[18]. A typical modulation scheme for high efficiency 
involves a triangular or trapezoidal inductor current waveform 

and facilitates the control of the DAB converter with respect to 
the optimal power region [12]-[13]. The modulation scheme 
aims to minimize the switching loss and conduction loss when 
zero voltage switching transitions takes place in the primary 
and secondary side. In [12], a modulation scheme called “pulse 
width modulation (PWM) control,” along with other typical 
modulation schemes are classified. Based on this classification 
of voltage control schemes, the PWM control modulation 
scheme is proposed to minimize converter loss. Novel hybrid 
modulation schemes based on the combination of several 
existing modulation schemes are presented in [13]. One hybrid 
modulation scheme that combines phase shift modulation 
(PSM) and PWM control is described in [14]. It is capable of 
reducing voltage surge and conduction loss in the low power 
region. In other reports, an alternative modulation scheme that 
attempts to achieve maximum converter efficiency is presented 
to minimize the theoretical total loss [15]-[18]. In [15], the 
theoretical loss from a DAB converter that utilizes a single 
pulse width modulation (SPWM) scheme instead of a PSM 
scheme is evaluated for efficiency. Based on this analysis, the 
paper proposes a control algorithm for the minimization of 
power loss. In [16]-[18], a control algorithm that minimizes 
inductor current loss through the addition of control freedom in 
the PSM scheme is proposed. These papers determine the  
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Fig. 1. DAB converter scheme. 
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Fig. 2. Inductor current pattern in the step-up condition. 
 
optimal operating ranges of the modulation schemes. However, 
they are complex, and the total efficiency is not mentioned. 

Based on the abovementioned research, in order to achieve 
high efficiency with a wide operating range, a hybrid 
modulation scheme should be applied because the optimal 
patterns of control with respect to the rated power and low 
power regions differ from each other. Further, in order to 
extend the operating range of the converter to include the 
regions of both low switching loss and low conduction loss, the 
control scheme includes added control freedom, which 

TABLE I 
INDUCTOR CURRENT EQUATIONS FOR THE STEP-UP CONDITION 

Equations 

 

  

 

  

 

 

 

 

 
increases the control complexity. Thus, it is important to 
determine a modulation strategy for high efficiency in a wide 
operating range. 
This paper presents a dual pulse width modulation 

(DPWM)-based scheme for the modulation of a high-efficiency 
DAB DC-DC converter in the low power region. First, a 
typical inductor current pattern is selected to be employed in 
the DPWM-modulated soft-switching operation. Then the 
modulation scheme is analyzed. The proposed modulation 
strategy is compared to the conventional SPWM scheme. 
Based on results, a modulation strategy for the minimization of 
conduction loss is developed. The proposed control scheme is 
verified using the measured efficiency obtained from an 
experimental setup. In addition, the efficiency increase is 
confirmed through a comparison with the efficiency achieved 
from the use of a conventional SPWM scheme. 

 

II. PROPOSED DPWM ANALYSIS 
The modulation schemes used in DAB converters can be 

classified as PSM, SPWM and DPWM based on application of 
the PWM control [12]. Of these modulation schemes, the PSM 
and SPWM have been studied, and results regarding the 
efficiency of their conversions have been reported in [12]-[18]. 

In this section, an inductor current pattern is selected to 
minimize the switching loss incurred while employing a 
DPWM modulation scheme. Step-up and step-down control 
laws for the proposed modulation scheme are derived from the 
inductor current pattern used. 

A. Step-Up Condition 

Fig. 2 depicts transformer voltage and inductor current 
waveforms for the step-up condition in a DPWM scheme. The 
terms vpri and vsec represent the transformer primary and 
secondary voltages, respectively. ϕ represents the phase shift 
between the primary and secondary sides of the transformer. α 
represents the zero voltage switching interval for the primary 
side, while β represents the zero voltage switching interval for 
the secondary side. Equation (1) presents the relation between 
α and β in the DPWM scheme for the step-up condition [12].  
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Fig. 3. Inductor current pattern in the step-down condition. 
 
Based on (1), α should be lower than β in order to achieve 
soft-switching operation. 

  .                    (1) 
The three cases shown in Fig. 2 are those reported in [12]. 

Based on Fig. 2, the conditions that facilitate the soft-switching 
operation are given as: 

 0 1 2 30, 0, 0, 0u u u uI I I I    .          (2) 
It can be seen that the soft-switching conditions cannot be 

achieved in case of Fig. 2(b) because of Iu0 and Iu2. However, it 
can be achieved in the case of Fig. 2(a) and Fig. 2(c). Thus, in 
order to develop an efficiency-optimized DPWM scheme, the 
inductor current patterns of Fig 2(a) and Fig. 2(c) is preferred. 
The equations for the inductor current patterns in the two cases 
are shown in Table I. 

In order to derive the DPWM modulation strategy from 
Table I, the control law obtained from Fig. 2(c) is used. 

 0 2 0u uI I     .              (3) 

From (3), the modulation strategy is calculated as follows: 
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TABLE II 
INDUCTOR CURRENT EQUATIONS IN THE STEP-DOWN CONDITION 
 Equations 

   

 

 

 

 

 

 

 

 

 
TABLE III 

INDUCTOR CURRENT EQUATIONS OF SINGLE PWM 
 Equation 

 

 

   

 

 

 

 

 

  

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

2f

   
  .                (5) 

where ϕf represents the fundamental phase difference between 
the primary side and the secondary side, and is used as a 
control parameter. g represents the conversion ratio of the input 
and output voltages. 

B. Step-Down Condition 

Fig. 3 shows transformer voltage and inductor current 
waveforms for the step-down condition in the DPWM 
modulation scheme. Equation (6) represents the relation 
between α and β in this condition. α must be higher than β in  
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Fig. 4. Inductor current RMS: (a) 580 V; (b) 820 V. 
 
order to achieve soft-switching operation. 

  .                   (6) 
In Fig. 3, the three patterns of the transformer voltage and 

inductor current are demonstrated as in Fig. 2. From Fig. 3, the 
conditions necessary for soft-switching operation to take place 
are: 

 0 1 2 30, 0, 0, 0d d d dI I I I    .   (7) 
It can be seen that the inductor current patterns theoretically 

achieve condition (7) in Fig. 3 (a) and 3 (c). Hard switching 
occurs at Id1 and Id3 in Fig. 3 (b). As a result, soft switching 
cannot occur. Therefore, in order to achieve soft-switching 
operation in a wide voltage range, the conditions represented in 
Fig. 3 (a) and Fig. 3 (c) should be employed in the modulation 
strategy. 

Based on Fig. 3, inductor current equations for the two cases 
are calculated and given in Table II. 

The control law for the optimal DPWM modulation scheme 
is based on Fig 3(c) and is given as: 

  1 3 0d dI I     .     (8) 

The modulation strategy is derived from (8) as follows: 
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C. Comparison of the Proposed Modulation Strategy with 
the Conventional SPWM Strategy 

The SPWM modulation approach consists of two control 
variables: the phase difference angle and zero voltage 
switching interval of one side of the transformer. The SPWM 
control has been studied in [12], [17]. In this paper, the 
inductor current equations for the SPWM approach are shown 
in Table III, and have been obtained from [17]. The step-up 
and step-down conditions are defined as g>1 and g≤1, 
respectively. 

In the step-down condition, the difference between the 
conventional SPWM strategy and the proposed modulation 
strategy is the primary side zero voltage switching interval α. If 
α is equal to zero in (4) and (5), the proposed modulation 
strategy is the same as the conventional SPWM strategy. 
Moreover, if β is equal to zero in (9) and (10), then the 
proposed modulation strategy is the same as the conventional 
SPWM strategy. From the analysis, it can be seen that the 
transition operation from the DPWM scheme to the SPWM 
scheme occurs smoothly.  
 

III. PROPOSED PWM CONTROL ALGORITHM 
The DPWM scheme is necessary to determine how to 

simultaneously regulate the parameters α, β and ϕ for the 
closed loop control. The typical method to regulate the control 
parameters is to create a rule by which the relation between the 
parameters is governed, and to adjust it to ensure regulation 
under varying conditions. Krismer observed that the 
conduction loss of the DAB is proportional to the square of the 
inductor current RMS, and proposed an optimal modulation 
strategy derived from a numerical solver using an analyzed 
DAB model in order to minimize the converter loss [20]. This 
paper proposes a method to determine the optimal relation 
between the control parameters for minimizing the conduction 
loss using an inductor current pattern evaluated as able to 
achieve soft-switching operation. 

In order to determine the optimal relationship, the minimum 
inductor current RMS based on the analyzed results is 
theoretically calculated at a fixed operating power. In the 
step-up condition, the method results in α increase with an 
increasing ϕf in (4) and (5). On the other hand, in the step-down 
condition, the method increases β with an increasing ϕf in (9) 
and (10). Fig. 4 presents the minimum points and tendency of 
the inductor current RMS in the step-down and step-up 
conditions. Fig. 5 depicts the optimal operating points derived 
from the method in the operating voltage range. The range for 
the step-down condition is 500–700 [V]. The range for the 
step-up condition is 800–820 [V]. Fig. 5(a) shows that 
increasing this range can facilitate the adjustment of the 
DPWM scheme with a decreasing ratio of the input and output 
voltages. Fig. 5(b) indicates that the range remains almost the 
same with changing voltages. From the optimal operating  
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Fig. 5. Calculated optimal operating relation: (a) step-down 
condition; (b) step-up condition. 

 
points, it can be seen that the operating region of the proposed 
modulation strategy is limited, and that it is dependent on the 
system parameters. This is the reason why the DPWM 
technique is used in the low power region. Thus, at least two 
modulation techniques should be used for high efficiency in the 
wide operating region due to the limited operating region of the 
DPWM technique. 

Fig. 6 describes the transition strategy for modulation. The 
operating point follows the optimal operating point calculated 
until it reaches ϕf(max). After this, the operating point 
decreases linearly from ϕf(max) to ϕf(end). 
 

IV. MEASUREMENT RESULTS 
This section verifies the validity of the proposed modulation 

strategy through simulation and experimental results. Fig. 7 
shows the 100-kW DAB converter prototype. The system 
parameters of the DAB converter are given in Table IV. 

The input voltage is 750 V, the output voltage range is from 
580 to 820 V, the voltage ratio is set to 1, the rated power is 
100 kW, the auxiliary inductance is set to 20 µH, and the 
switching frequency is 10 kHz. The switch uses Infineon 
Technologies FF450R12ME4 insulated-gate bipolar 
transistors (IGBTs). The cores of the transformer and the 
auxiliary inductor are manufactured using nano-crystalline  

 
Fig. 6. Example of the transition region control strategy. 

 

 
Fig. 7. Experimental system setup. 

 
TABLE IV 

SYSTEM PARAMETERS 

Circuit Parameter Value 

 (V) 750 

 (V) 580–820 

Rated power (kW) 100 
Turn ratio 1 
Auxiliary inductance (µH) 20 
Switching frequency (kHz) 10 

 
and high flux materials, respectively. The entire control 
algorithm is executed with a Texas Instruments 32 bit micro 
controller unit TMS320F28335. The methods for checking the 
validity are as follows: 1) Comparison of the inductor current 
waveform of the simulation with those of the derived inductor 
current equations; 2) experimental results;  3) efficiency 
comparison of the conventional SPWM scheme with the proposed 
modulation  scheme. 

Fig. 8 shows the proposed modulation control algorithm. 
The control algorithm requires that the input and output 
voltages and the output current be known in order to select the 
correct equation. First, the voltage ratio g is calculated based on 
the input and output voltages. Then the fundamental phase 
difference angle ϕf is the output of a multi-loop voltage 
controller. It is actively computed by closed-loop operation as 
in Fig. 8. A control parameter α or β is selected and calculated 
from Fig. 5. Finally, the control parameters α, β and ϕ are  

1dcV

2dcV
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Fig. 8. Proposed modulation control algorithm. 
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Fig. 9. Simulated waveforms: (a) 580 V, 1500 W; (b) 820 V, 1500 
W. 

 
computed by solving the respective equations. Meanwhile, 
when comparing the proposed modulation control scheme and 
the conventional modulation control scheme in Fig. 8, the 
differences are the number of control parameters and the 
modulation control strategy used for the modulation control. 
Thus, because the conventional modulation strategy does not 
need an additional strategy, the strategy of Fig. 5 should be 
eliminated in Fig. 8. 

Fig. 9 shows simulation waveforms observed when the 
proposed modulation strategy is employed. Fig. 9 (a) illustrates  
the simulation waveform of the inductor current and the 
inductor current calculated from the inductor equations at 
Vo=580V and Po=1500W. Fig. 9 (b) depicts the simulated 
inductor current and the calculated inductor current at Vo=820V 
and Po=1500W. From these results, it can be seen that the 
difference between the simulated and the calculated results is 
very slight. 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

Fig. 10. Experimental waveforms: DPWM: 0 W, 580 V; (b) 
SPWM: 0 W, 580 V; (c) DPWM: 0 W, 820 V; (d) SPWM: 0 W, 
820 V. 
 

Fig. 10 shows experimental waveforms observed when the 
conventional SPWM strategy is employed and those observed 
when the proposed modulation strategy at no load is employed. 
Fig. 10 (a) and 10 (b) present waveforms at Vo=580V and 
Po=0W. Fig. 10 (c) and 10(d) show waveforms at Vo=820V and 
Po=0W. As shown in Fig. 10, the measured inductor current 
peak of the proposed DPWM scheme is lower than that of the  
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(c) 

 

Fig. 11. DPWM transition waveform at 700 V: (a) 0 kW; (b) 17.5 
kW; (c) 35 kW. 

 
conventional SPWM strategy. The zero voltage switching 
interval is adjusted in both vpri and vsec of the proposed PWM 
scheme. This ensures that conduction loss is reduced, and that 
the efficiency in the low power region is increased. 

Fig. 11 depicts the transition of the zero voltage switching 
interval when the operating power is fixed at Vo=700V. Fig. 11 
(a), 11 (b) and 11 (c) represent the 0 kW, 17.5 kW and 35 kW 
conditions, respectively. Under this condition, the zero voltage 
switching interval of vsec becomes 0, as shown in Fig. 5, when 
the proposed control algorithm is used. 

Fig. 12 and 13 represent a comparison between the 
efficiency and inductor RMS current of the conventional 
SPWM scheme and those of the proposed modulation strategy. 
In Fig. 12, the measured inductor RMS current is reduced 
considerably for operating voltages in the low power region. 
The maximum difference between the values for the two 
schemes is about 40%. This difference tends towards zero with 
increasing operating power. A considerable increase in the  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 12. RMS current comparisons between the SPWM and the 
proposed modulation strategy: (a) 580 V; (b) 700 V; (c) 800 V; (d) 
820 V. 
 
converter efficiency is observed in Fig. 13 for the DPWM 
scheme. It can be seen that the maximum increase in the 
efficiency is about 11%. However, in Fig. 12 (b), the inductor 
current RMS of the proposed modulation strategy is higher 
than that of the conventional SPWM strategy above the 30-kW 
power region. Based on these results, the proposed modulation 
strategy should be considered for these operating ranges, and 
the transition algorithm should be adjusted to minimize 
conduction loss. 
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Fig. 13. Efficiency comparison between the SPWM and the 
proposed modulation strategy: (a) 580 V; (b) 700 V; (c) 800 V; (d) 
820 V. 
 

III. CONCLUSIONS 
A DPWM scheme-based modulation strategy has been 

proposed for high efficiency conversion in the low power 
region. The modulation strategy is based on minimizing both 
the switching loss and the conduction loss. Firstly, the inductor 
current pattern for soft-switching operation is selected. 

Secondly, the proposed modulation strategy based on the 
analyzed results is compared with the conventional SPWM 
strategy. A method is proposed to determine the optimal 
relationship between the control parameters for minimization 
of the conduction loss, which results in the transition algorithm. 
The simulated and calculated waveforms were found to 
correspond closely. Experimental results indicate that the 
inductor current RMS of the proposed modulation strategy is 
lower than that of the conventional SPWM strategy. Finally, an 
efficiency increase was also confirmed to be the result of the 
DPWM modulation strategy. 
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