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Abstract 
This paper proposes a new modulation strategy for a 

bidirectional converter which is used to connect two 

ultra-capacitors and a traction battery in a hybrid 

energy storage system of an electric vehicle. Since the 

voltage across the ultra-capacitors varies in a very 

wide range, the isolated-semi-dual-active-bridge will 

be investigated instead of the non-isolated version. In 

order to save more energy, the system efficiency is 

enhanced by depressing the circulating current with 

the converter. This is done in this paper in a direct 

manner by estimating the load angle between the 

current and output voltage of one inverter then 

modifying the modulation parameters. A new 

technique based on second-order-generalized-

integrator is develop to estimate such angle. 

Simulation study on a 10 kW converter shows that the 

system efficiency is enhanced about 9% in the 

forward and 7.4% in backward power transmission 

respectively by using the proposed modulation 

strategy instead of the conventional one. 

Keywords: Isolated-dual-active-bridge, bidirectional 

converter, circulating current elimination, soft-

switching, enhanced-phase-shift, single-phase-shift 

 

1. Introduction 
In recent years, application of Ultra Capacitor (UC) in 

the energy storage system (ESS) of Electric Vehicle 

EV) has been gained more attractions because of its 

fast charge and discharge characteristic. An UC can 

supports the EV in acceleration by shorten the speed-

up time. During deceleration period, UC can help 

storing the regenerative energy from the traction 

motor. Using an UC alongside the conventional 

battery can prolong the lifetime of the battery itself. 

 

Aiming to interface between the UC and the battery, a 

bidirectional DC/DC converter should be employed. 

For example, a non-isolated synchronous boost 

converter is a good option. However, while the 

battery voltage is almost constant, the UC voltage 

varies in a very wide range, from zero to the rated 

one. In order to obtain soft-switching, the inductance 

of the boost inductor should be relatively low. As a 

consequent, the inductor will have to sustain a high 

current ripple, and therefore, high AC loss. 

Furthermore, in spite of very high capacitance, the 

rated voltage of UC is relatively low. Connecting 

several UC banks in series can solve the low voltage 

problem, but balancing system must be used to protect 

the UC from over voltage failure. 

 

In order to deal with the high voltage ratio, an isolated 

bidirectional DC/DC converter, or so-called Dual-

Active-Bridge (DAB) converter, can be considered 

instead of the non-isolated one. DAB topology is first 

introduced by De Doncker [2] in 1991. This kind of 

converter has many advantages over other topologies, 

such as, bidirectional power transmission, galvanic 

isolation, high voltage ratio, space saving because the 

leakage inductance of the transformer can be utilized 

as the power transmission container. Moreover, soft 

switching characteristics can be attained for all power 

electronic devices, that lead to high efficiency and 

high power density [3].  

 

Fig. 1 illustrates a Semi-DAB (SDAB) converter 

which is intended to be applied for a hybrid energy 

storage system of an EV. A couple of UCs are 

connected in series. The primary winding of an 

isolated transformer with the ratio of n : 1 connects to 

the middle points of the UC branch and the half-

bridge switching network BR1. The total leakage 

inductance Llk plays as the energy container. The 

secondary side of the transformer ties to the output of 

the H-bridge converter BR2. The traction battery of 

the EV locates at the input of the H-bridge. 

 

Conventionally, the power flow within the DAB 

converter is manipulated by the single phase shift 

(SPS) modulation [2], [4]–[9]. Obviously, it can also 

be used for SDAB converter. In the SPS method, all 

power electronic devices switch with the duty cycle of 

Fig. 1. Isolated-dual-active-bridge converter. 
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50%. In the inverter BR2, one leg is 180 degree phase 

shifted from each other. Another phase shift angle, 

named α, between the modulation of the two inverters 

is utilized to handle the power flow. Since the 

realization is very simple as well as the ability of zero 

voltage transition for all power electronic devices in a 

wide operation range, SPS scheme is widely used for 

DAB converter family. Nevertheless, due to only 

single phase shift is employed to control the system, 

some circulating current will occur at both inverters 

when transfer the power between the two sides. When 

the amplitude of the voltages are almost the same, this 

circulating current is insignificant and it only 

contributes to the soft-switching activities of 

switching devices. When the voltages are not 

matched, this current element is considerable that 

leads to the growth of the conduction loss and the 

copper loss. Appearance power on the high frequency 

transformer also increases. Additionally, soft-

switching cannot be achieved in the whole operation 

range in this situation. Hence, a higher rating of 

power electronic components, and bigger size of 

magnetic devices may be required.  

 

Several techniques based on advancing the 

commutation strategy have been proposed in order to 

reduce this reactive power and/or to extend the soft-

switching region of a DAB converter. By adding one 

or two more degrees of freedom into the modulation, 

enhanced phase shift (EPS), dual phase shift (DPS), 

or triple phase shift (TPS) schemes can be realized. 

The EPS [10]–[12] scheme is almost the same as SPS, 

but in one of the two inverters, two legs are phase 

shifted in order to vary the duty cycle of the output 

AC voltage of the corresponding inverter to be 

smaller than 50%. Thanks to this inner phase shift, the 

voltage ratio between the two ends of the transmission 

inductor can be modified to help matching the voltage 

amplitude. In the DPS scheme [13]–[17], the inner 

phase shift is applied for both inverters with the same 

angle. Thus, the voltage ratio is kept constant but the 

root-mean-square values of the output voltages are 

changed to regulate the power flow. In TPS strategy 

[18]–[22], the inner phase shifts of the two inverters 

are different, so that both the ratio and the root-mean-

square value of the voltages can be controlled. 

However, DPS and TPS are applicable only for the 

converters that have two H-bridge networks. For the 

SDAB one, only EPS scheme is considerable.  

 

In this paper, a new modulation method based on EPS 

scheme will be examined. This method is intended to 

be applied for a SDAB converter depicted in Fig. 1. 

The operation principle of the converter modulated by 

EPS will be described in section II. The control target 

is to minimize the circulating current at one inverter 

of the twos and to achieve soft-switching for all 

power electronic devices. Note that, this circulating 

current exists due to the difference in phase between 

the current and the voltage responses. Thus, in section 

III, a new technique used to estimate this phase 

difference will be developed. After that, the 

compensated method for the phase difference will be 

introduced in section IV. As a result, all switching 

devices at the half-bridge network obtain both zero 

voltage and zero current commutation characteristics; 

meanwhile, all transistors belonging to the full-bridge 

network achieve zero voltage transition condition. 

Simulation results in section V will confirm the 

validity of the proposed modulation method. 
 

2. Operation principle 
For simpler analysis, the following assumptions are 

made: 

 the transformer does not saturate, 

 the transition time is so short that can be ignored, 

 the voltage drop on power electronic components 

is neglected, 

 the voltages across the UCs are equal. 

 

Fig. 2 demonstrates the current and voltage 

waveforms of the SDAB converter in the forward 

power transmission mode, from the UCs to the 

battery. In the figure, UGS is the triggering voltage of 

power electronic devices S1,4 and T1−4 ; Vbr1 and Vbr2 

are the output voltage of the half-bridge and full-

bridge switching network, respectively; and IL is the 

transferred current. Let the phase of the half-bridge 

switching network S1 − S4 be zero. The leg T1 − T4 is 

shifted α radian from the leg S1 −S4, where α is the 

outer phase shift angle; meanwhile, the leg T3 − T2 is 

shifted π − ψ radian from the leg T1 − T4 , where ψ is 

so-called the inner phase shift angle. The outer phase 

shift α is utilized to manipulate the power flow within 

the system. If α is positive, the power flows in a 

forward direction from the UCs to the battery and vice 

versa, if α is negative, the power is transferred in the 

Fig. 2. Switching waveform of SDAB converter. 



VCCA-2015 

 

backward direction from the battery to the UCs. 

Concurrently, the inner phase shift ψ is employed to 

tune the switching pattern for better modulating 

performance. 

Depending on the alignment of Vbr1 and Vbr2, the 

operation can be divided by six switching states. For 

example, the modulation when 0 < ψ < α depicted in 

the Fig. 2 can be classified as followed. Fig. 3 

describes the primary referred equivalent circuit of 

each state. 

 

 State 1: S1 ON, T4−3 ON; S4 OFF, T1−2 OFF 

Let I1 and I2 be the current at the beginning and the 

end of this interval, respectively. The equivalent 

circuit of this state is indicated in the Fig. 3a. Ignore 

the internal resistance of the inductor, the relationship 

of I1 and I2 can be written as: 

         
      
     

 (   ) (1) 

where Vc and Vb are the voltage across the UCs and 

the battery, respectively; n is the transformer ratio; 

and    is the switching frequency in radian. 

 

 State 2: S1 ON, T4−2 ON; S4 OFF, T1−3 OFF 

Since T4 and T2 are ON simultaneously, the secondary 

winding of the transformer is short. Fig. 3b represents 

the equivalent circuit during this interval. The current 

I3 at the end of the second state can be calculated as: 

         
  

     
   (2) 

 State 3: S1 ON, T1−2 ON; S4 OFF, T4−3 OFF 

As depicted in the Fig. 3c, the forward battery voltage 

is applied at the secondary side of the transformer. 

Equation (3) shows the calculation of the current at 

the end of this period: 

         
      
     

 (   ) (3) 

During the next three states, the voltage across the 

primary side of the transformer is reversed since the 

winding connects to the downside capacitor. Using 

the same analyzing manner as the previous states, the 

currents at the end of each state are expressed by (4), 

(5), (6), respectively.  

 

 State 4: S4 ON, T1−2 ON; S1 OFF, T4−3 OFF 

         
       
     

 (   ) (4) 

 

 State 5: S4 ON, T1−3 ON; S1 OFF, T4−2 OFF  

         
   
     

   (5) 

 

 State 6: S4 ON, T4−3 ON; S1 OFF, T1−2 OFF 

         
       
     

 (   ) (6) 

 

Note that, at the steady state, I4 = −I1 , I5 = −I2 , and I6 

= −I3 . Substitute this constraints into (1), (2), and (3), 

the current at the state changing points can be 

computed by: 

{
  
 

  
     

      
   

   
   
   

     
   
   

              

    
      
   

   
   
   

     
       
   

  

    
      
   

   
   
   

     
   
   

              

 (7) 

 

where XL is the reactance of total leakage inductor, 

which can be determined by XL = ωsLlk. 

 

From (7) and Fig. 2, the load angle δ between the 

current IL and the primary voltage Vbr1 can be 

approximated by (8) and (9): 

  
   
     

 (   ) (8) 

           
     (   ) 

   
 (9) 

 

where M is the voltage ratio,   
  

   
. 

 

Because of the load angle δ, there will be some 

current not transfer to the other side of the converter 

but only circulates within the inverter. When δ < 0, 

the current is advanced over the voltage, leading to 

the hard-switching behavior of the switching devices. 

If the δ > 0, this circulating current will force the 

voltage across the device to be zero before turning on. 

However, as mentioned earlier, a big value δ means 

high current stress, more appearance power on the 

high frequency transformer, high conduction and 

copper loss. From (9), as the inner phase shift angle ψ 

increases, the load angle δ decreases. The ideal case 

happens when: 

         
  

(   ) 
  

Fig. 4. Load angle estimator function block diagram. 

Fig. 3. Six switching states. 
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Consequently, S1 and S4 turn on at zero voltage (ZVS) 

and turn off at zero current (ZCS) conditions. 

 

For soft-switching of all power electronic devices, the 

following constrain must be satisfy: 

{

    
    
    

 (10) 

Solve (10) for α and ψ, the soft-switching condition 

can be rewritten as (11), whereas, the condition M ≤ 1 

can be achieved easily by designing the transformer. 

In other words, if S1 and S4 are soft-switched, all 

power electronic components in the converter are also 

soft-switched.  

{
     
   
   

 (11) 

Note that, the six switching states may be varied when 

α and ψ changed. As a result, the approximation of δ 

according to (9) and the soft-switching constrain are 

only valid for the case 0 < ψ < α, and may be not valid 

for other circumstances. Nevertheless, analyzing all 

operation modes of a SDAB converter is out of the 

scope of this paper. Instead, this paper proposes a new 

method to estimate the load angle δ regardless the 

operation modes, and focuses on how to eliminate this 

load angle to enhance the switching performance of 

the converter.  

 

3. Estimation of the load angle 
The estimation method is as followed: firstly, an 

orthogonal signal will be generated from the 

measured current; after that, a Park transformation is 

utilized to yield the direct and the quadrature 

components of the transferred current; finally, the 

estimated load angle   ̂ 

is the arctangent of the ratio of the quadrature and the 

direct current. The function block diagram of the 

estimator is depicted in the Fig. 4. The two current 

signal iα and iβ are generated from the Orthogonal 

Signal Generator. One signal, says iα , should be the 

same in phase with the original one iL; meanwhile iβ 

should be 90 electrical degree shifted from iα. The 

synchronous signal θ is provided by a Voltage-

Control-Oscillator (VCO) function block. Fs is the 

switching frequency in Hertz. In order to avoid the 

division-by-zero problem, the atan2() function will be 

employed to 

calculate   ̂, which is the estimated value of the load 

angle δ. The estimator model expressed in Fig. 4 is 

intended for simulation. In experiment, θ can be easily 

calculated from the pulse-width-modulation (PWM) 

system of the micro-processor by dividing the PWM 

counter over the PWM period then multiplying by 2π. 

Fig. 5 demonstrates the calculation of θ using digital 

signal processor TMS320F28335 manufactured by 

Texas Instrument Incorporation.  

 

Regarding the orthogonal signal generator, there are 

several possible techniques in literatures such as 

Hilbert transformation [23], Kalman filter [24], all-

pass filter (APF) [25], [26], or second-order 

generalized integrator (SOGI) [27]. Among them, 

those based on the Hilbert transformation and the 

Kalman filter are relatively complicated and consume 

high computational resources; APF is simple and easy 

to be realized, however, it is only suitable for pure 

sinusoidal signals; SOGI based scheme not only 

generates the orthogonal signal but also filters out the 

harmonics from the original one without 

transportation delay. Furthermore, SOGI can also be 

used as a phase-lock-loop system. Thanks to SOGI, 

the output signal iα and iβ will be pure sinusoidal, that 

can make the estimator 

more accurate. As depicted in Fig. 2, the waveform of 

the transferred current is AC multiform polygonal 

depending on the operation modes. Thus, SOGI is 

most appropriate, then it will be selected in this paper 

as the orthogonal signal generator. 

 

The function block of SOGI is illustrated in Fig. 6, 

where ωs is the switching frequency in radian; K is the 

gain ratio, in this paper, K is set to 0.3 for better 

harmonics rejection [27]; iL is the measured current; 

and iα and iβ are the two outputs of SOGI. The transfer 

functions from iL to iα and from iL to iβ are given by 

(12) and (13), respectively: 

  ( )   
  ( )

  ( )
  

    

          
 
 (12) 

Fig. 5. Calculation of 𝜽  in experiment. 

Fig. 6. Second-order generalized integrator function block 

diagram. 

Fig. 7. Transformed current waveforms. 
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  ( )   
  ( )

  ( )
  

   
 

          
 
 (13) 

where s is the Laplace operator. 

 

The performance of SOGI is illustrated in Fig. 7. In 

this illustration, the switching frequency is 10 kHz, 

then each switching period lasts for 100µs. As can be 

seen, the current lags after the voltage 10.55 µs, thus 

the simulated load angle is: 

  
     

   
              

meanwhile the estimated one,   ̂, is 38.03
o

 at the same 

instance. The angle error is about −0.13%, so small 

that can be ignored. 

 

4. Circulating current compensation 

strategy 
 

As noted before, when the inner phase shift angle ψ 

increases, the load angle δ decreases, then help 

reducing the circulating current. Furthermore, if the 

load angle is zero, δ = 0, the circulating current is 

eliminated, then S1 and S4 achieve both ZVS and ZCS 

meanwhile T1 − T4 obtain ZVS characteristics. This 

can be accomplished by using the compensation 

strategy described in Fig. 8. 

 

The original idea is to compensate the load angle by 

accumulating the estimated one   ̂ into the inner phase 

shift angle ψ. As long as  ̂ is other than zero, ψ 

increases or decreases to force it to zero. For example, 

if  ̂ is positive, then S1 and S4 are ZVS. However, due 

to the circulating current exists on the half-bridge 

switching network, it should be minimized. Since  ̂ > 

0, the integrator INT in the compensator indicated in 

the Fig. 8 accumulates. The time constant of INT is 

set to be one switching period (i.e. 1/Fs ). Hence, ψ 

increases leading to the decrement of  ̂. When  ̂ is 

completely eliminated,  ̂   , ψ stops increasing and 

remains constant. As a consequence, S1 and S4 

achieve both ZVS and ZCS meanwhile T1−4 attain 

ZVS as analyzed in section II. Conversely, when  ̂ is 

negative, S1 and S4 is hard switching, then ψ should 

reduce to raise  ̂. The integrator INT helps doing this 

by accumulating the negative value of  ̂. Since the 

time constant of INT is 1/Fs,  ̂ will be expelled after 

few switching cycles.  
 

From another respect,  ̂ estimated by SOGI is not the 

actual load angle but the approximated one since the 

transferred current waveform is not pure sinusoidal. 

Hence, some angle error may exist leading to the 

continuously increment of ψ even in the steady state. 

The limiter LMT is then utilize accompanying with an 

anti-windup mechanism to keep ψ in range. The 

limitation of ψ setting in this paper is [ 
 

 
 
 

 
] because 

a wider value of ψ may restrict the maximum power 

transmission capability of the converter, but a 

narrower one will limit the circulating current 

rejection ability. 

 

Obviously, applying the proposed compensation 

method will affect the amplitude of the power flow. 

For a given outer phase shift angle α, a bigger value 

of ψ means a smaller transferred power and vice 

versa. Therefore, when ψ is being manipulated to 

avoid the circulating current, α should be changed to 

regulate the power amplitude concurrently. This can 

be done automatically by employing a close current 

control loop, in which iL is the controlled output, and 

α is the 

control variable. Then, the current controller is 

designed with an appropriate margin to compensate 

for the variation of the power amplitude when ψ 

changes. Nevertheless, designing such a controller is 

out of the scope of this paper and it will be discussed 

in the future studies. 

 

5. Simulation results 
In order to evaluate the performance of the proposed 

modulation method, the simulation is conducted in 

comparison with the conventional single phase shift 

(SPS) control scheme. The parameters of the 

investigated system is listed in Table I. The switching 

frequency are the same at 10 kHz. In both modulation 

methods, the power from 1 kW to 10 kW will be 

transferred in bidirectional ways. Because both two 

sides of the converter are DC voltage sources, the 

delivered and received powers can be calculated 

without difficulty. The system efficiency obtained 

from simulation is the ratio between the received 

power over the delivered one. By applying this 

calculation method, all power dissipation including 

copper loss, conduction loss, switching loss, etc. are 

regarded. Fig. 9a and Fig. 9b demonstrate the 

performance comparison of the two control methods 

in both transmission modes. 

 

Comparing the simulated efficiency, at the light load 

condition, the proposed control method shows a much 

Fig. 8. Compensation strategy diagram. 
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better performance than the conventional one. The 

efficiency is boosted from 80.96% to 90.38% at 1 kW 

forward power transmission. The reversed path with 

the same power amount also records an enhancement 

of 7.39% in efficiency, from 87.90% to 95.29%. At 

the middle and rated load condition, the efficiency 

gaps decreases, however, the new modulation strategy 

is still the superior in both power transmission ways. 

In order to evaluate the switching behavior of the 

power electronic devices in the system, the rated 

Fig. 9. Performance comparison. 

Fig. 10. Switching behavior of power electronic devices at the rated load condition. 
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power of 10kW is transferred in bidirectional ways 

using the two control methods. Fig. 10 illustrates the 

current and the triggering waveforms of two 

switching-devices of each inverter in all operation 

modes. As shown in Fig. 10b and Fig. 10d, there is no 

phase difference between the α component of the 

transferred current and the output voltage of the half-

bridge inverter in the forward mode. In the backward 

mode, the phase difference is exactly −π for reverse 

power to flow. In all cases, all switching devices 

achieve ZVS condition. Since the current waveform is 

not pure sinusoidal, S1 and S4 do not obtain ZCS but 

only low current turn off characteristics. Furthermore, 

comparing to the current response using conventional 

SPS modulation method illustrated in Fig. 10a and 

Fig. 10c, the peak current when applying the new EPS 

scheme is lower. Thus, the current stressing on the 

power electronic devices is attenuated. 

 

Furthermore, by utilizing the proposed EPS 

modulation technique, the current shape is relatively 

closer to the sinusoidal waveform. Therefore, the 

power dissipation because of high frequency 

harmonics will reduce. This also contribute to the 

efficiency enhancement of the new modulation 

strategy. 

 

6. Conclusion 
This paper proposes a new modulation strategy for an 

isolated-semi-dual-active-bridge converter intending 

to apply in hybrid energy storage system of electric 

vehicles. The converter is utilized to bidirectional 

power transmit between a couple of ultra-capacitor 

and the traction battery of the EV. The new method 

estimates the load angle, which is the cause of 

circulating current, then try to depress it. The 

estimator is based on a second-order-generalized-

integrator and Park transformation, which can be 

programmed on a digital controller without difficulty. 

The simulation result has shown that, the new 

modulation technique can save more energy than the 

conventional one since the system efficiency is 

improved, especially at the light load condition. 
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