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Abstract—This paper proposes a circulating current 

minimization control for an isolated AC-DC converter which 

combines a Dual Active Bridge (DAB) converter and a three-

phase to single-phase matrix converter. The isolated AC-DC 

converter achieves Zero-Voltage-Switching (ZVS) to reduce 

switching losses. However, the circulating current occurs 

depending on the matrix converter`s transformer voltage and 

switching patterns. This paper proposes the Dynamic-

Circulating-Current-Minimization (DCCM) control based on 

online calculation. The proposed control reduces the inductor 

RMS current with the wide operating region for the isolated 

three-phase AC-DC converter with the matrix converter. The 

experiment confirms the validity of the proposed control. The 

experimental results demonstrate that the transformer RMS 

current is reduced by 47% with the proposed DCCM control. 

Keywords—DAB converter, Matrix converter, Isolated AC/DC 

converter 

I. INTRODUCTION  

Electric Vehicles (EVs) are one of the major trends for 
future automotive applications owing to their non-carbon 
dioxide emission. Recently, EV chargers have been widely 
placed at fast-charging stations, parking lots, and housings to 
offer battery charging for EVs. The EV charger require some 
capability, e.g., (1) wide DC voltage control for battery 
charging, (2) galvanic isolation for human safety, and (3) high 
power density and a long lifetime to realize the high 
convenience for consumers [1]-[10]. 

The EV charger typically consists of a three-phase PWM 
rectifier and a bidirectional isolated DC-DC converter. This 
configuration assures the stable operation of the isolated three-
phase AC-DC converter owing to the simple structure. 
Furthermore, the bidirectional isolated DC-DC converter has 
capable of galvanic isolation with the high-frequency 
transformer. Hence, the size of the isolation transformer is 
reduced compared to the low-frequency transformer. 
However, this circuit configuration requires some bulky 
passive components, such as the grid-tied inductor and the 
electrolytic capacitor. These components may become the 
cause of the increase in the circuit volume. Significantly, the 
electrolytic capacitor may decay the reliability of the EV 
charges due to its temperature dependence of the lifetime. 

The isolated three-phase AC-DC converters applying a 
matrix converter have been actively researched [11]-[20]. The 
matrix converter directly converts the three-phase AC voltage 

to the high-frequency square voltage with several kilo Hz 
instead of the three-phase PWM rectifier. The attractive 
advantages of this converter are that the bulky grid-tied 
inductor and the electrolytic capacitor are not necessary. 
Moreover, the matrix converter combines with the DAB 
converter as the square waveform inverter to reduce the 
number of the conversion stage compared to the conventional 
two-stage configuration. The bidirectional power control 
realizes by the phase-shift modulation like the typical DAB 
converter. Furthermore, Zero-Voltage-Switching (ZVS) is 
achieved to reduce switching losses. According to these 
features, high power density and high conversion efficiency 
are expected by the isolated three-phase AC-DC converter 
with the matrix converter. The reduction of circulating current 
in the isolated three-phase AC-DC converter is important to 
improve conversion efficiency. The circulating current occurs 
depending on the condition of the transformer voltage and the 
switching patterns of the matrix converter. However, it is 
difficult to find the minimum condition of the circulating 
current because the matrix converter has complicated 
switching patterns. 

This paper proposes the Dynamic-Circulating-Current 
Minimization (DCCM) control for the isolated three-phase 
AC-DC converter with the matrix converter. The new 
contribution of the proposed method is that the duty ratio is 
adjusted to minimize the circulating current according to the 
envelope of the input three-phase voltage. Besides, it is 
automatically optimized by online calculation in order to keep 
the minimum circulating current condition. According to the 
experimental result, the inductor current was reduced by 47% 
by the proposed control compared with the conventional 
method. 

II. CIRCUIT CONFIGURATION AND OPERATION PRINCIPLE 

Fig.1 shows the circuit configuration of the isolated three-

phase AC-DC converter applying the matrix converter. The 

matrix converter converts the three-phase AC voltage to the 

high-frequency square voltage of more than several kilo Hz. 

The high-frequency transformer is placed between the matrix 

converter and the H-bridge converter for galvanic isolation. 

The phase shift modulation realizes the bidirectional power 

control to make the phase difference between the primary and 

secondary transformer voltage. 

Fig. 2 shows the transformer voltage waveforms and the 

transformer current in the isolated three-phase AC-DC 



converter. The peak value of the transformer primary voltage 

vp is determined by the line voltage of the three-phase grid. 

The phase difference δ is given to decide the transmission 

power, the same as the DAB converter. 

The transformer voltage conditions of vp and vs give the 

transformer current. The transformer current at each voltage 

condition is expressed as 
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where N is the turn ratio of the high-frequency transformer, 

Vdc is the DC voltage, L is the inductance, Da, D1, D2, and Db 

are the duty of each voltage condition, respectively. 
Fig.3 shows the space vector diagram of the matrix 

converter [21]. The current command vector Iin
* is obtained 

by the current vector of Imid and Imin. The relationship between 

each current vector is expressed as  
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According to these equations, the duty conditions are 

obtained as 
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Fig.1. Isolated three-phase AC-DC converter with matrix converter. 
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Fig.2. Each transformer voltage waveforms and transformer current in a 

high-frequency transformer. 

 

※The  number of ”1” means switch is turn on.
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Fig.3. Space vector diagram of matrix converter. 
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where a is the ratio of da and d1, and it is expressed as 
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  Note that a is the arbitrary constant. However, this 
parameter is very important in deciding the performance of 
the isolated three-phase AC-DC converter because the 
circulating current and the transmission power depending on 
the parameter of a. In the next chapter, the detail of the 
proposed control is introduced. 

III. DYNAMIC-CIRCULATING-CURRENT-MINIMIZATION 

(DCCM) CONTROL 

Fig.4 shows the relationship between the operation region 

and current mode in the isolated three-phase AC-DC 

converter. The operation region is separated by the current 

mode of the Continuous Current Mode (CCM) and the 

Discontinuous Current Mode (DCM). The green line means 
the boundary condition of each current mode.  According to 

Fig.5, the circulating current occurs during the zero-voltage 

period of da and db because the current path to the power 

source does not make during this period. From (19), da 

depends on the ratio a. Hence, the parameter a influences the 

circulating current. The proposed DCCM control adjusts the 
parameter a to reduce the circulating current.  

Fig.5 shows the flow chart of the calculation of a to 

minimize the circulating current. The parameter of a is 

calculated for each operating region of regions B, C, and D. 

The detail of the calculation is following. 

A. Minimum circulating current condition in region B 

Fig. 6 (a) shows the transformer voltage and transformer 

current waveforms in region B. The transformer current 

increases during da. On the other hand, the transformer 

current decreases during d1 and d2 due to the transformer 

voltage condition. Therefore, the proposed DCCM control 
adjusts the parameter of a to remove the period db. The 

parameter a in region B is derived from (8) to (15) when db 

equals zero, and it is expressed as 
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B. Minimum circulating current condition in region C 

Fig. 6 (b) shows the transformer voltage and transformer 

current waveforms in region C. In this region, da is set to zero 

because the transformer current increases during d1 and d2. 
Therefore, the proposed DCCM control adjusts the parameter 

of a to remove the period of da.  

C. Minimum circulating current condition in region D 

Fig. 6 (c) shows the transformer voltage and transformer 
current in region D. In this region, d0 becomes zero because 

the transformer current is CCM without a zero-current period. 

In this region, it is necessary to calculate the non-linear 

equation to derive a. In order to derive the parameter a, the 

function K approximates the first-order equation as 

 K Za C= +      (21) 

where Z is the coefficient of the first-order equation, and C is 

the intercept of the first-order equation. Note that K has two 

different slopes by the parameter a. Therefore, the 

approximated K is calculated by the polygonal approximation. 

Firstly, the transmission power in region D is expressed as 
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Fig.4. Relationship between the operating region and current mode in 

isolated three-phase AC-DC converter. 

 

vmax > NVdc

Calculation of 

maximum power

P in Eq. (22) 

assuming da = 0

 P* > P

Yes

No

Sample: NVdc, P*

Calcula tion of 

maximum , middle  

and minimum 

Rario a 

Eq. (24) ,(25)

Yes No

 P* > P　

end

Yes

No

Yes

No

a= Ratio a1

Calcula tion of  K 

and First-order 

linearization of K  

Eq. (11)

Calcula tion of

  Z ,C 

a= Ratio a2

Ratio a1> Ratio a2

Ratio a = 0
Ratio a= Eq. (14)

Calcula tion of 

maximum power

P in Eq. (22) 

assuming db=0

Buck mode Boost mode

 

Fig.5. Flowchart of proposed DCCM control. 
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where P is the transmission power, and fsw is the switching 
frequency. The parameter a in region D is derived from (21) 
and (22), and it is expressed as 
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According to (22), the transmission power in region D 

depends on the parameter a. The parameter a with the 

maximum transmission power is obtained by the derivation 
of (22), and it is expressed as 
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According to (11) and (18), the function of Kmax with the 

maximum transmission power in region D is obtained. 

Next, the breaking point of the function Kb is calculated. 
The parameter a at the breaking point is calculated by the 

twice-derivation of (11), and it is expressed as  
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According to (11) and (25), the function of Kb at the 

breaking point is obtained. 

Finally, the minimum value of Kzero is obtained when the 

parameter a is zero. The approximated line for the function 

of Kzero is obtained from the above three points of Kmax, Kb, 

and Kzero. The parameter Z and C in (21) are obtained from 

the following equation  
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Fig.7 shows the control block diagram of the proposed 

DCCM control. the proposed control consists of a duty 

calculation, calculation of parameter a for minimization of 

the circulating current, and the switching pulse generator. The 

phase information is provided by the Phase Looked Loop 

(PLL). The switching duty is calculated by the phase current 

command, line voltage, DC voltage, and parameter a. 

IV. EXPERIMENTAL RESULT 

The validity of the proposed DCCM control is 

demonstrated by the experiment. Table I shows the 

experimental parameters. The grid voltage is 200 Vrms, the 

switching frequency is 50 kHz, and the rated power of the 

proto type circuit is 3.7kW. The DC voltage is set from 26V 

to 62V for buck and boost mode operation. 

Fig.8 shows the U-phase current and the transformer 

current. According to Fig.8, the sinusoidal waveform of the 

U-phase current is obtained by the proposed DCCM control. 

The proposed DCCM control adjusts the control parameter of 

a in each operating region. The proposed DCCM control kept 

the low harmonic distortion for the grid current when the 

operation region was changed, as shown in Fig.8. 
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(a) Transformer voltage and current waveform in region B under 
DCM. 
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(b) Transformer voltage and current waveform in region C under 

DCM. 
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(c) Transformer voltage and current waveform in region D under 

CCM. 

Fig.6. Transformer voltage and transformer current waveforms with 
different current mode. 

 



Fig. 9 shows the transformer voltage and the transformer 

current when the operating condition is DCM and boost mode. 

According to Fig.9, the peak current of the transformer 

current is 36.0 A, and the transformer RMS current is 

15.2Arms. On the other hand, the proposed DCCM control 

reduces the transformer RMS current to 12.1Arms from 

15.2Arms in the conventional control. In this condition, the 

transformer RMS current is reduced by 22.2%. 

Fig. 10 shows the transformer voltage and the transformer 

current when the operating condition is DCM and buck mode. 

According to Fig. 10, the peak current of the transformer 

current is reduced when the proposed DCCM control is 

applied. In this condition, the transformer RMS current in the 

proposed DCCM control is reduced by 17.2% compared to 

that the conventional control. 

Fig. 11 shows the transformer voltage and the transformer 

current when the operating condition is CCM and buck mode. 

According to Fig. 11, the peak current of the transformer 

current is reduced by 30.7% compared to the conventional 

method.  

According to these experimental results, it was confirmed 

that the transformer rms current is reduced wide operating 

region by the proposed DCCM control. In the conventional 

control, the high transformer RMS current occurs due to the 

large circulating current. On the other hand, the proposed 

DCCM control reduces the circulating current in the 

transformer current. Therefore, the proposed control reduces 

the conduction losses and the copper loss in the isolated three-

phase AC-DC converter. 

Fig. 12 shows the transient test result when the 

transmission power is changed from 0.2 p.u. to 0.8 p.u.. In 

this condition, the operation mode is changed to CCM from 

DCM. Moreover, Fig. 12 (a) shows the test result when the 

operating region is changed to region D from region B. On 

the other hand, the Fig.12 (b) shows the transient test result 

when the operating region is changed to region D from region 

B. According to Fig.12, the operation mode is smoothly 

changed without current overshoots in Fig. 12 (a) and Fig. 12 

(b). 

Fig.13 shows the transformer current comparison with the 

conventional control and the proposed DCCM control. Note 

that the transformer current is compared at each operating 

region, as shown in Fig.4. According to Fig.13, it was 

confirmed that the transformer RMS current was reduced at 

all transmission power condition. Especially, the transformer 

current is reduced in all operating regions.  

V. CONCLUSIONS 

This paper proposes the Dynamic-Circulating-Current 
Minimization (DCCM) control for the isolated three-phase 
AC-DC converter with the matrix converter. The new 
contribution of the proposed method is that the duty ratio is 
adjusted to minimize the circulating current according to the 
envelope of the input three-phase voltage. Besides, it is 
automatically optimized by the online calculation in order to 
keep the minimum circulating current condition. According to 
the experimental result, the inductor current in the proposed 
DCCM control was reduced by 47% compared with that of the 
conventional method.  
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(c) Operation region D 

Fig. 13. Transformer RMS current comparison results. 

 


