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Evaluation of a Three-Phase Three-Level ZVZCS DC-DC Converter 
Using Phase-Shift PWM Strategy 
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Abstract – This paper presents the evaluation of a three-phase three-level DC-DC converter which 
achieves the soft switching condition for all switches in the circuit and uses the phase-shift PWM 
strategy to adjust electric power at the output side. According to the analysis, the operation modes can 
be categorized into two cases: in the first case, where the phase shift angle is less than 120 degrees and 
in the second case, where the phase shift angle is more than 120 degrees. The outer switches of     
the circuit operate under ZVS condition and the inner switches operate under ZVZCS condition. It has 
been discovered that under ZCS condition of the inner switches, when the blocking capacitors 
decrease, they make the voltage across the blocking capacitor higher so the current reduce rapidly.   
A three-phase three-level DC-DC converter has a maximum efficiency of 93.5% when its load is of  
5.7 kW. The results from the experiment have been compared to the results obtained by the 
MATLAB® simulator in order to confirm the validity of the proposed converter. 
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1. Introduction 
 
Recently, hard switching DC-DC converters have been 

widely used in many industries. The high-frequency 
operation requires a reduction in the size and weight of the 
converter. However, an increase in the operating frequency 
causes an increase in the switching loss as well as 
switching stress. The main effect of the switching loss is in 
the total converter loss. Therefore, the efficiency of hard 
switching DC-DC converters is low because the total 
power is being lost in terms of switching loss. In order to 
increase efficiency and reduce switching loss including 
switching stress on DC-DC converters, it is recommended 
that soft-switching be utilized to improve all of the problems 
in hard switching DC-DC converters. Soft switching     
in this paper means zero-voltage and zero-current 
switching (ZVZCS) [1-4] operation in DC-DC converters. 
The ZVZCS is a combined operation of zero-voltage 
switching (ZVS) [5-8] and zero-current switching (ZCS) 
[9]. The ZVS refers to the condition where the voltage 
across the switch reaches zero before the current flows 
through the switch. This condition can reduce the turn-on 
switching loss. In this paper, the ZCS condition denotes 
that the current reaches zero before the voltage crosses  
the switch. This condition can reduce the turn-off 
switching loss as well. Therefore, the ZVZCS can solve 
this major problem presented in DC-DC converters.    

The ZVZCS condition in the circuit can be applied by using 
an auxiliary circuit [10-13] or a blocking capacitor [14, 15]. 
Nevertheless, the auxiliary circuit needs added components 
and devices which lead to incurring additional costs while 
losing system reliability. Consequently, it has been decided 
to use the blocking capacitor to operate the devices in soft 
switching mode. The blocking capacitor is a simply 
designed, low cost option. However, it should be noted that 
voltage across the blocking capacitor decreases primary 
voltage of a high-frequency transformer. As a result, 
changes in the blocking capacitor value either increases or 
reduces the reset time and changes the blocking capacitor 
voltage levels in the circuit. The single phase of pulse-
width modulation (PWM) DC-DC converters can be 
divided into 2 circuits: half-bridge (HB) [16-18] and full-
bridge (FB) [19, 20] topologies as applied in the industry. 
More applications require high power and high input 
voltage such as battery chargers, wind turbine [21-26], 
switching power supplies, electrical vehicles, etc. With the 
need for increased power density, power conversion at   
a lower cost, insulated gate bipolar transistors (IGBTs) in 
high-frequency high-power applications are required as power 
devices instead of metal-oxide-semiconductor field-
effect transistors (MOSFETs). IGBTs have a higher power 
density and lower cost compared to MOSFETs. Moreover, 
the operating frequency of IGBTs is much lower than 
MOSFETs due to a higher switching loss, which increases 
from the current during the turn-off period. Using IGBTs 
at higher switching frequencies reduces the turn-off switching 
loss under the ZVZCS condition. In the circuit, the combination 
of MOSFETs and IGBTs is employed to reduce some 
conductions and switching losses. At the present,     
not a great deal of researches on three-phase three-level 
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DC-DC converter papers has been found. This paper 
demonstrates the flexibility of three-phase [27] three-level 
[28, 29] zero-voltage and zero-current (ZVZCS) DC-DC 
converters by using half-bridge circuits for each branch of 
the three-phase inverter. This circuit can be operated under 
ZVZCS condition without an auxiliary circuit by using 
blocking capacitors connected to the output side of the inverter. 
For adjustment of electric power at the output side,   
the phase-shift [30] PWM strategy is used to shift      
the phase angle of switches in each branch. This makes it 
easy and convenient to control the electric power as well as 
gives a wide load range of adjustment. As described,    
this paper focuses on two cases of operation modes where 
the angle phase shift is less than 120 degrees or one where 
the angle phase shift device is more than 120 degrees. 
Therefore, all the mentioned information covers every 
operation range for a DC-DC converter. 

As shown in Fig. 1, a DC Link (Vdc) supplies a three-phase 
three-level DC-DC converter with DC voltage. The capacitors 
(Cdc1 and Cdc2) are used to divide the voltage into Vdc/2. 
This causes the voltage across the switching device    
to result in half of Vdc as well. The switches (S1, S4, S5, S8, S9 
and S12), called outer switches, use MOSFETs. The switches 
(S2, S3, S6, S7, S10 and S11), called inner switches, use 
IGBTs. In addition, each branch of the inverter consists 
of clamping diodes (Dc1-Dc6) functioning as paths of 
current in freewheeling mode. The diodes (D2, D3, D6, D7, 
D10 and D11) are used to prevent IGBTs from the reverse 
bias voltage. The flying capacitors (Cfc1-Cfc3) function 
as the path of current in each branch between the upper and 
lower switches in order to reach ZVS condition. The blocking 
capacitors (Cbc1-Cbc3) are connected in a series       
with leakage inductances (Llk1-Llk3). High-frequency 
transformers (TrA, TrB and TrC) are used to reach ZCS 
condition in the circuit. By using single-phase high-
frequency transformers to make three-phase transformer 
(Y-Y type) on the output side of inverter, a three-phase 
rectifier converts high-frequency AC voltage into DC 
voltage through the diode rectifiers (Dr1-Dr6) and use    
the LC filter (Cf and Lf) as a low pass circuit to achieve 

smooth DC output voltages. The resistor (Ro) is connected 
to the output side of the circuit to act as load. 

 
 
2. A Three-Phase Three-Level ZVZCS DC-DC 
Converter Using Phase-Shift PWM Strategy 

 
There are many ways to adjust electric power in the output 

side of DC-DC converters. However, to make three 
levels of voltage condition easily control the electric 
power, this research employs a phase shift strategy at  
the inner switches of the circuit. The operation modes of 
the circuit can be divided into 2 cases as follows: 

 
2.1 Operation mode in the case where the angle 

phase shift is less than 120 degrees. 
 
Fig. 2 shows that the theoretical waveforms of operation 

mode in the case that the angle phase shift is less than 120 
degrees can be divided into 24 modes, only half of which 
are mentioned in this paper (12 modes). 

Mode 1 (t0 – t1) 
Switches S1, S7, S8 and S10, are still in the ON position. 

Then, at t0, the switch S2 receives an ON gate signal.   
The current iA flows to the high-frequency transformer TrA 
through switches S1 and S2 as in (1) and charges the blocking 
capacitor Cbc1 as shown in Fig. 2. At this time,         
it is considered that switches S1 and S2 are performing under 
ZVS condition and the current flows through the diode D2, 
the leakage inductance Llk1 and the high-frequency 
transformer TrA. At the same time, when the current iA 
increases linearly through the switches, the current iC 
decreases linearly by flowing through the clamping diode 
Dc5 and switch S10. This can be explained by the balance 
principle of the three-phase transformer of which the sum 
of the current in the neutral line is zero iN = 0, as in (2). 
This mode ends when the current iC decreases to zero 
followed by (3). The reset time, as illustrated (4), shows 
that the voltage across the blocking capacitor effects    
the reset time of the current iC. As for the secondary side of 
the high-frequency transformer, diodes Dr1, Dr4 and Dr5 
conduct the current to the load. 
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Fig.1. Three-Phase Three-Level ZVZCS DC-DC Converter
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where 1 2 3lk lk lk lkL L L L    and cbPv is the peak of    
the capacitor blocking voltage. 

Mode 2 (t1 – t2) 
At t1, the current iC reaches zero and causes the switch 

S10 to stop conducting the current under the ZCS condition 
as shown in Fig.2. The voltage vCN is zero as illustrated in (5). 
However, voltages vAN and vBN in (6) remain the same. 
Furthermore, currents iA and iB continue to flow in the same 
direction. On the secondary side of the high-frequency 
transformer, the diode Dr5 stops conducting the current 
because there is no the current iC passing through. Diodes 
Dr1 and Dr4 still conduct the current to the load. 
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Mode 3 (t2 – t3) 
At t2, the switch S8 is turned OFF. The current iB 

transfers the electric charge from capacitor C5 to C8 
through the flying capacitor Cfc2 as shown in Fig.2. 
Therefore, the voltage vC5 is followed by (7) and the 
voltage vC8 is defined by (8). The current iB still flows in 
the same direction. Voltages vAN and vCN remain the same 
as in Mode 2. During this time, the voltage vBN increases 
linearly. This mode ends when the voltage vBN is equal to 
zero. On the secondary side of the high-frequency 
transformer, diodes Dr1 and Dr4 still conduct the current as 
in Mode 2. 
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where 5 8 rC C C   

Mode 4 (t3 – t4) 
After transferring the electric charge, there is no voltage 

across the switch S5. At t3, the switch S5 will be ready to be 
operated under ZVS condition. In Mode 4, the voltage vBN 
is zero. The current iB charges the blocking capacitor Cbc2 

until the capacitor voltage goes to –vcbP. The voltage vBC is 
zero as illustrated in (9). However, voltages vAB and vCA are 
followed by (10). The current iB flows to the switch S7 and 
the clamping diode DC4. Diodes Dr1 and Dr4 still conduct 
the current to the load as shown in Fig. 2.  
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Mode 5 (t4 – t5) 
At t4, the switch S11 receives an ON gate signal.     

The current iC flows to the high-frequency transformer TrC 
through switches S11 and S12 as in (11) and the charge 
blocking capacitor Cbc3. At this time, it is considered that 
switches S11 and S12 are performing under ZVS condition 
and the current flows through the diode D11, the leakage 
inductance Llk3 and the high-frequency transformer TrC.   
At the same time, when the current iC decreases linearly 
through the switches, the current iB increases linearly by 
flowing through the clamping diode Dc4 and the switch S7. 
This can be explained by the balance principle of the three-
phase transformer of which the sum of the current in the 
neutral line is zero iN = 0, as in (2). This mode ends when 
the current iB decreases to zero, followed by (12).       
As illustrated (4), the reset time shows that the voltage across 
the blocking capacitor affects the reset time of the current iB. 
As for the secondary side of the high-frequency 
transformer, diodes Dr1, Dr4 and Dr6 conduct the current to 
the load as shown in Fig. 2. 
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Mode 6 (t5 – t6) 
At t5, the current iB reaches zero and causes the switch S7 

to stop conducting the current under the ZCS condition. 
The voltage vBN is zero as in (13). However, voltages vAN 
and vCN in (14) remain the same. Moreover, the current iA 
still flows in the same direction. At the secondary side of 
the high-frequency transformer, diodes Dr1 and Dr6 still 
conduct current to the load as shown in Fig. 2. 
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Mode 7 (t6 – t7) 
At t6, the switch S1 is turned OFF. The current iA 

transfers the electric charge from capacitor C4 to C1 

through the flying capacitor Cfc1 as shown in Fig. 2. 
Therefore, the voltage vC1 is followed by (15) and      
the voltage vC4 is defined by (16). Currents iA and iC still flows 
in the same direction. Voltages vBN and vCN remain the same 
as in Mode 6. During this time, the voltage vAN decreases 
linearly. This mode ends when the voltage vAN is equal 
to zero. On the secondary side of the high-frequency 
transformer, diodes Dr1 and Dr6 still conduct current as in 
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where 1 4 rC C C   

Mode 8 (t7 – t8) 
After transferring the electric charge, there is no voltage 

across the switch S4. At t7, the switch S4 is ready to be 
operated under ZVS condition. In Mode 8, the voltage vAN 

 
Fig.2. The theoretical waveforms and operation modes in the case where the angle phase shift is less than 120 degrees 
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is zero. The current iA charges the blocking capacitor Cbc1 

until the capacitor voltage goes to vcbP. The voltage vAB is 
zero as illustrated in (17). However, the voltages vAB and 
vCA are followed by (18). The current iA flows to       
the clamping diode DC1, the switch S2 and the diode D2. 
Diodes Dr1 and Dr6 still conduct the current to the load as 
shown in Fig. 2. 
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Mode 9 (t8 – t9) 
At t8, the switch S6 receives an ON gate signal.      

The current iB flows to the high-frequency transformer TrB 
through switches S5 and S6 as in (19) and charge        
the blocking capacitor Cbc2. At this time, it is considered that 
switches S5 and S6 are performing under ZVS condition 
and the current flows through the diode D6, the leakage 
inductance Llk2 and the high-frequency transformer TrB. 
At the same time, when the current iB increases linearly 
through the switches, the current iA decreases linearly by 
flowing through the clamping diode Dc1 and the switch S2. 
This can be explained by the balance principle of the three-
phase transformer of which the sum of the current       
in the neutral line is zero iN = 0, as in (2). This mode ends 
when the current iA decreases to zero as illustrated in (20). 
The reset time, as illustrated (4), shows that the voltage 
across the blocking capacitor affects the reset time of 
current iA. For the secondary side of the high-frequency 
transformer, diodes Dr1, Dr3 and Dr6 conduct the current to 
the load as shown in Fig. 2. 

 

  8

2
2

2

dc
cbP

B
lk

V
v

i t t
L

  
  

 
  

  (19) 

 
if C Peaki i  and (19) represents (2).  

 

  8
4

4
dc cbP

A Peak
lk

V v
i i t t

L

  
    

  (20) 

 
Mode 10 (t9 – t10) 
At t9, the current iA reaches zero and causes the switch S2 

to stop conducting the current under the ZCS condition. 
The voltage vAN is zero as in (21). However, voltages vBN 
and vCN in (22) are still the same. Moreover, the current iB 
still flows in the same direction. At the secondary side of 
the high-frequency transformer, diodes Dr3 and Dr6 still 
conduct the current to the load as shown in Fig. 2. 
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Mode 11 (t10 – t11) 
At t10, the switch S12 is turned OFF. The current iC 

transfers the electric charge from capacitor C9 to C12 

through the flying capacitor Cfc3 as shown in Fig. 2. 
Therefore, the voltage vC9 is followed by (23) and      
the voltage vC12 is defined by (24). Currents iB and iC still 
flows in the same direction. Voltages vAN and vBN remain 
the same as in Mode 10. During this time, the voltage vCN 
increases linearly. This mode ends when the voltage vCN is 
equal to zero. On the secondary side of the high-frequency 
transformer, diodes Dr3 and Dr6 still conduct the current as 
in Mode 10.  
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where 9 12 rC C C   

Mode 12 (t11 – t12) 
After transferring the electric charge, there is no voltage 

across the switch S9. At t11, the switch S9 is ready to be 
operated under ZVS condition. In Mode 12, the voltage vCN 
is zero. The current iC charges the blocking capacitor Cbc3 

until the capacitor voltage goes to -vcbP. The voltage vCA is 
zero as illustrated in (25). Voltages vAB and vBC are 
followed by (26). The current iC flows to the diode D11, the 
switch S11 and the clamping diode DC6. Diodes Dr3 and Dr6 
still conduct the current to the load as shown in Fig.2. 
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Modes 13-24 are similar to Modes 1–12 except for   

the reversal of the voltage and the current si 
 

2.2 Operation mode in the case where the angle 
phase shift is more than 120 degrees. 

 
Fig. 3 shows a full switching period which typically 

consists of 30 operation modes. For the sake of simplicity, 
this research examines the half switching period which 
comprises 15 operation modes as follows: 

 
Mode 1 (t0 – t1) 
Switches S1, S7 and S10, are still in the ON position. 

Then, at t0, the switch S2 receives an ON gate signal.    
The current iA flows to the high-frequency transformer TrA 
through switches S1 and S2 as in (27) and charges       
the blocking capacitor Cbc1. At that time, it is considered that 
switches S1 and S2 are performing under ZVS condition 
and the current flows through the diode D2, the leakage 
inductance Llk1 and the high-frequency transformer TrA.  
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At the same time, when the current iA increases linearly 
through the switches, the current iC decreases linearly by 
flowing through the clamping diode Dc5 and the switch S10. 
This can be explained by the balance principle of the three-
phase transformer of which the sum of current in       

the neutral line is zero iN = 0, as in (28). This mode ends when 
the current iC decreases to zero, followed by (29). The reset 
time, which is as illustrated (30), shows that the voltage 
across the blocking capacitor affects the reset time of 
current iC. As for the secondary side of the high-frequency 

 

Fig. 3. The theoretical waveforms and operation modes in the case where the angle phase shift is more than 120 degrees



Evaluation of a Three-Phase Three-Level ZVZCS DC-DC Converter Using Phase-Shift PWM Strategy 

 1908 │ J Electr Eng Technol.2017; 12(5): 1902 -1915 

transformer, diodes Dr1, Dr4 and Dr5 conduct the current to 
the load as shown in Fig. 3. 
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where 1 2 3lk lk lk lkL L L L   and cbPv  is peak of the capacitor 
blocking voltage. 

Mode 2 (t1 – t2) 
At t1, the current iC reaches zero and causes the switch 

S10 to stop conducting current under ZCS condition.    
The voltage vAN in (31) remains the same. However, voltages 
vBN and vCN are zero as illustrated in (32). Furthermore, 
currents iA and iB continue to flow in the same direction. 
On the secondary side of the high-frequency transformer, 
the diode Dr5 stops conducting the current because there is 
no current iC passing through. Diodes Dr1 and Dr4 still 
conduct the current to the load as shown in Fig.3. 
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Mode 3 (t2 – t3) 
At t2, the switch S1 is turned OFF. The current iA 

transfers the electric charge from capacitor C4 to C1 
through the flying capacitor Cfc1 as shown in Fig. 3. 
Therefore, the voltage vC1 is followed by (33) and      
the voltage vC4 is defined by (34). The current iA still flows in 
the same direction. Voltages vBN and vCN remain the same 
as in Mode 2. During this time, the voltage vAN decreases 
linearly. This mode ends when the voltage vAN is equal to 
zero. On the secondary side of the high-frequency 
transformer, diodes Dr1 and Dr4 still conduct the current as 
in Mode 2. 
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Mode 4 (t3 – t4) and Mode 5 (t4 – t5) 
After transferring the electric charge, there is no voltage 

across the switch S4. At t3, the switch S4 is ready to be 
operated under ZVS condition. In Mode 4, voltages vAB, 
vBC and vCA are zero as illustrated in (35). The current iB 
charges the blocking capacitor Cbc2 until the capacitor 
voltage goes to –vcbP. The current iB flows to the switch S7 
and the clamping diode DC4. Diodes Dr1 and Dr4 still 
conduct the current to the load as shown in Fig.3. 

At t4 in Mode 5, the switch S10 is turned OFF at      
the moment that switch S11 is ready to turn ON. For the secondary 
side of the high-frequency transformer, diodes Dr1 and 
Dr4 still conduct the current in the same direction as in 
Mode 4. 

 
 0AB BC CAv v v     (35) 

 
Mode 6 (t5 – t6) 
At t5, switch S11 receives an ON gate signal. The current iC 

flows to the high-frequency transformer TrC through 
switches S11 and S12 as in (36) and charges the blocking 
capacitor Cbc3. At this time, it is considered that switches 
S11 and S12 are performing under ZVS condition and    
the current flows through diode D11, leakage inductance 
Llk3 and high- frequency transformer TrC. At the same time, 
when the current iC decreases linearly through switches, 
the current iB increases linearly by flowing through     
the clamping diode Dc4 and switch S7. This can be explained 
by the balance principle of the three-phase transformer of 
which the sum of current in the neutral line is zero iN = 0, 
as in (28). This mode ends when the current iB decreases to 
zero, followed by (37). As illustrated (30), the reset time 
shows that the voltage across the blocking capacitor affects 
the reset time of current iB. As for the secondary side of   
the high-frequency transformer, the diodes Dr1, Dr4 and Dr6 
will conduct the current to the load as shown in Fig. 3. 
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Mode 7 (t6 – t7) 
At t6, the current iB reaches zero and causes the switch S7 

to stop conducting the current under the ZCS condition. 
The voltage vCN in (38) remains the same. However,    
the voltages vAN and vBN are zero as illustrated in (39). 
Furthermore, the currents iA and iC continue to flow in    
the same direction. At the secondary side of the high-frequency 
transformer, the diode Dr4 stops conducting the current 
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because there is no the current iB passing through.      
The diodes Dr1 and Dr6 still conduct the current to the load 
as shown in Fig. 3. 
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Mode 8 (t7 – t8) 
At t7, switch S12 is turned OFF. The current iC transfers 

the electric charge from C9 to C12 through the flying 
capacitor Cfc3 as shown in Fig.3. Therefore, the voltage vC9 
is followed by (40) and the voltage vC12 is defined by (41). 
The current iA still flows in the same direction.        
The voltages vAN and vBN remain the same as in Mode 7. 
During this time, voltage vCN increases linearly. This mode 
ends when vCN is equal to zero. On the secondary side of 
the high-frequency transformer, the diodes Dr1 and Dr6 still 
conduct the current as in Mode 7. 
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Mode 9 (t8 – t9) and Mode 10 (t9 – t10) 
After transferring the electric charge, there is no voltage 

across the switch S9. At t8, the switch S9 is ready to be 
operated under ZVS condition. In Mode 9, the voltages vAB, 
vBC and vCA are zero as illustrated in (35). The current iC 
charges the blocking capacitor Cbc3 until the capacitor 
voltage goes to –vcbP. The current iC flows to switch S11 and 
clamping diode DC6. The diodes Dr1 and Dr6 still conduct 
current to the load as shown in Fig. 3. 

At t9 in Mode 10, switch S7 is turned OFF in the moment 
that switch S6 is ready to turn ON. For the secondary side 
of the high-frequency transformer, the diodes Dr1 and Dr6 
still conduct the current to go in the same direction as in 
the Mode 9. 

Mode 11 (t10 – t11) 
At t10, switch S6 receives an ON gate signal. The current 

iB flows to the high-frequency transformer TrB through 
switches S5 and S6 as in (42) and charges the blocking 
capacitor Cbc2. At this time, it is considered that switches S5 
and S6 are performing under ZVS condition and the current 
flows through diode D6, leakage inductance Llk2 and high- 
frequency transformer TrB. At the same time, when     
the current iB increases linearly through switches, the current iA 
decreases linearly by flowing through clamping diode Dc1 
and switch S2. This can be explained by the balance 
principle of the three-phase transformer of which the sum 
of current in the neutral line is zero iN = 0, as in (28). 
This mode ends when the current iA decreases to zero followed 

by (43). The reset time, which is as illustrated (30), shows 
that the voltage across the blocking capacitor affects    
the reset time of current iB. As for the secondary side of   
the high-frequency transformer, the diodes Dr1, Dr3 and Dr6 
conduct the current to the load as shown in Fig. 3. 
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if B Peaki i and (42) represents in (28).  
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Mode 12 (t11 – t12) 
At t11, the current iA reaches zero and causes the switch 

S2 to stop conducting the current under the ZCS condition. 
The voltage vBN in (44) remains the same. However,    
the voltages vAN and vCN are zero as illustrated in (45). 
Furthermore, the currents iB and iC continue to flow in   
the same direction. At the secondary side of the high-
frequency transformer, the diode Dr1 stops conducting the 
current because there is no the current iA passing through. 
The diodes Dr3 and Dr6 still conduct the current to the load 
as shown in Fig. 3. 
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 0AN CNv v    (45) 
 
Mode 13 (t12 – t13) 
At t12, switch S5 is turned OFF. The current iB transfers 

the electric charge from C8 to C5 through the flying 
capacitor Cfc2 as shown in Fig. 3. Therefore, the voltage vC5 
is followed by (46) and voltage vC8 is defined by (47).   
The current iC still flows in the same direction. The voltages 
vAN and vCN remain the same as in Mode 12. During this 
time, voltage vBN decreases linearly. This mode ends when 
vBN is equal to zero. On the secondary side of the high-
frequency transformer, the diodes Dr3 and Dr6 still conduct 
the current as in Mode 12. 
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where 5 8 rC C C   

 
Mode 14 (t13 – t14) and Mode 15 (t14 – t15) 
After transferring the electric charge, there is no voltage 

across the switch S8. At t13, switch S8 is ready to be 
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operated under ZVS condition. In Mode 14, the voltages 
vAB, vBC and vCA are zero as illustrated in (35). The current iB 
charges the blocking capacitor Cbc2 until the capacitor 
voltage goes to vcbP. The current iB flows to switch S6 and 
clamping diode DC3. The diodes Dr3 and Dr6 still conduct 
the current to the load as shown in Fig. 3. 

At t14 in Mode 15, switch S2 is turned OFF in        
the moment that switch S3 is ready to turn ON. For      
the secondary side of the high-frequency transformer,    
the diodes Dr3 and Dr6 still conduct the current to go in   
the same direction as in the Mode 14.  

Modes 16-30 are similar to Modes 1-15 except for    
the reversals of the voltage and the current sign. 

 
 

3. A Reset Time 
 
The outer switches of a three-phase three-level DC-DC 

converter, including S1, S4, S5, S8, S9 and S12, operate under 
ZVS conditions by the electric charge transferring between 
the upper and lower switches in each branch while      
the inner switches including S2, S3, S6, S7, S10 and S11 operate 
under ZVZCS condition with the balance of the current in 
the high-frequency, three-phase transformer and blocking 
capacitors. The voltage across the blocking capacitor 
influences the reset time directly as in Fig. 4. To force   
the inner switches to stop conducting the current under ZCS 
condition, the period of the reset time (Treset) must always 
be less than the phase-shift time (Tshift) because current iA 
must be reduced to zero before the voltage vAN occurs. In 
order to reduce the current iA to zero rapidly, the voltage 
across the blocking capacitor is used to adjust the reset 
time. The voltage across the blocking capacitor means    
the current iA decreases rapidly. The Eq. (48) for the voltage 
drop at blocking capacitor in phase A is as follows: 
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vcb1 represented in Eq. (49). 
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From (50), the blocking capacitor is calculated using  

the following equation:  
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Fig. 5 shows the phase voltage vAN, the current iA and  

the voltage across the blocking capacitor. In the case where 
blocking capacitor Cb is equal to 1.50 µF, a reset time of 
current iA is 1.20 µS. Compared with Fig.6, it shows that 
when the blocking capacitor is adjusted at Cb = 0.50 µF, 
the voltage across the blocking capacitor increases and  

 
Fig. 4. A reset time at Phase A 

Table 1. The value of DC blocking capacitors vs the reset 
time 

The value of 
DC blocking capacitors 

(µF) 

Reset time 
(µS) 

Blocking capacitors 
voltage (V) 

1.50 µF 1.20 µS 16 V 
1.25 µF 1.18 µS 20 V 
1.00 µF 1.16 µS 24 V 
0.75 µF 1.13 µS 32 V 
0.50 µF 0.80 µS 48 V 

 

Fig. 5. (a) The phase voltage (vAN) and phase current (iA) 
from simulation at Cb1 = 1.50 µF, (b) The phase 
voltage (vAN) and phase current (iA) from 
the experiment at Cb1 = 1.50 µF 

 

Fig. 6. (a) The phase voltage (vAN) and phase current (iA) 

from simulation at Cb1 = 0.50 µF, (b) The phase 
voltage (vAN) and phase current (iA) from 
the experiment at Cb1 = 0.50 µF 
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the reset time of the current iA will is at 0.80 µS. The 
relationship between the blocking capacitor, the voltage 
across the blocking capacitor and the reset time is shown in 
the Table 1.  

 
 

4. Experiment 
 
To verify that the analysis presented in this paper is 

correct, the results from simulation program MATLAB® 
are compared to the results from the actual experiment as 
in Fig. 7 by using the parameters and devices as shown in 
Table 2. The two results are almost the same as illustrated 
in the following diagram: 

 
4.1 In the case where the angle phase shift is less 

than 120 degree 
 
Figs. 8 and 9 indicate the voltages across and the current 

flow through switches S1 and S2 respectively. The angle of 
the phase-shift equals 30 degrees, the switch S1 operating 
under ZVS condition considering the voltage across    the 
switch decreases to zero before the current flows through 
switch S1. However, the switch S1 is turned OFF. The phase 
current iA continues to flow in the same direction (Fig. 2). 
As a result, the switch S1 cannot operate under ZCS 
condition as shown in Fig. 8. Moreover, the outer switches, 
including S4, S5, S8, S9 and S12, operate under ZVS 

conditions as switch S1. Fig. 9 shows that S2 operates under 
ZVZCS conditions, considered by the turn-on where    
the voltage across the switch is reduced to zero before    
the current flows through it and in the turn-off, the current 
flow through switch S2 is reduced to zero before       
the voltage across at switch S2 is increased. The other outer 
switches (S3, S6, S7, S10 and S11) that are operated under 
ZVZCS seem to be the same as switch S2. Fig. 10 shows 

Table 2. Parameters and devices used in the circuit. 

AC Input Line Voltage (vac ) 380 V 
Input Voltage (Vdc ) 540 V 

Capacitor (DC Link (Cdc1 and Cdc2)) 4,700 µF 
S1, S4, S5, S8, S9 and S12 MOSFETs 
S2, S3, S6, S7, S10 and S11 IGBTs 
Flying Capacitor (Cfc) 10 µF 

Leakage Inductance (Llk) 4 µH 
Blocking Capacitor (Cbc) 1.5 µF 

Drain-to-Source Capacitor (Cr ) 870 pF  
Transformer Cores and Turn Ratio(n) EE80, 5:1 

Capacitor Filter (Cf ) 680 µF 
Inductance Filter (Lf ) 30 µH 

Switching Frequency ( f ) 50 kHz 

 

Fig. 7. Simulation model of proposed converter 

Fig. 8. (a) Voltage and current waveform of S1 (simulation), 
(b) Voltage and current waveform of S1 (experiment)

 

Fig. 9. (a) Voltage and current waveform of S2 (simulation), 
(b) Voltage and current waveform of S2 (experiment)

 

Fig. 10. (a) Waveforms of phase voltage (vAN) and phase 
current (iA) (simulation), (b) Waveforms of phase 
voltage (vAN) and phase current (iA) (experiment).

 

Fig. 11. (a) Waveforms of line voltage (vAB) and line 
current (iA) (simulation), (b) Waveforms of line 
voltage (vAB) and line current (iA) (experiment) 
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the phase voltage vAN and the phase current iA. Fig. 11 
shows the line voltage vAB and the line current iA.  

 
2.2 In the case where the angle phase shift is more 

than 120 degrees 
 
When the angle phase shift equals 135 degrees, Figs. 12 

and 13 indicate the voltage across the switch and the current 
flow through switches S1 and S2 respectively while     
the switch S1 is still operating under ZVS condition. 
However, the switch S1 is turned OFF. The phase current iA 
continues to flow in the same direction (Fig. 3). As a result, 
the switch S1 cannot operate under ZCS condition as shown 
in Fig. 12. The switch S2 is still operating under ZVZCS 
condition as in the case that the angle phase shift is less 
than 120 degrees. Fig. 14 shows the phase voltage vAN and 
phase current iA and Fig. 15 shows the line voltage vAB and 
line current iA. 

To demonstrate that the experiment can be applied to the electric 
power over a wide range, Figs. 16, 17 and 18 show     
the angle phase-shift between switches S1 and S2 to adjust 
the electric power, noticed by the phase voltage vAN and   
the phase current iA at the phase-shift angles of 100, 120 
and 150 degrees respectively. In addition, Fig. 19 shows 
the waveforms of the voltage across capacitor Cfc1 (VCfc1 = 
Vdc/2) and compares signals of outer switches (S1 and S4). 

Fig. 12. (a) Voltage and current wave form of S1

(simulation), (b) Voltage and current waveform of 
S1 (experiment) 

 

Fig. 13. (a) Voltage and current wave form of S2

(simulation), (b) Voltage and current waveform of 
S2 (experiment) 

 

Fig. 14. (a) Waveforms of phase voltage (vAN) and phase 
current (iA) (simulation), (b) Wave forms of phase 
voltage (vAN) and phase current (iA) (experiment) 

 

Fig. 15. (a) Waveforms of line voltage (vAB) and line 
current (iA) (simulation), (b) Waveforms of line 
voltage (vAB) and line current (iA ) (experiment) 

Fig. 16. At angle 100 degrees between S1 and S2  
(a) Phase voltage and current of S1 (simulation), 
(b) Experiment 

 

Fig. 17. At angle 120 degrees between S1 and S2  
(a) Phase voltage and current of S1 (simulation), 
(b) Experiment 

 

Fig. 18. At angle 150 degrees between S1 and S2  
(a) Phase voltage and current of S1 (simulation), 
(b) Experiment 
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Fig. 20 shows the voltage Vo and current Io at the phase-
shift angle of 45 degrees. This paper garners the result by 
comparing the real experiment to the simulation of 
MATLAB® by shifting the phase angle from 15 degrees to 
160 degrees (at certain load) to adjust the electric power on 
the load side. The graph indicates the relationship between 

output power and phase-shift angle as in the Fig. 21. 
Furthermore, changing the load by using certain phase-
shift angle at 30 degrees leads to the graph indicating    
the relationship between efficiency and load current (Compare 
the difference between ZVZCS, ZVS and hard-switching) 
in Fig. 22. The prototype photograph is shown in Fig. 23. 
According to the experiment of the three-phase three-level 
DC-DC converter, the maximum efficiency of the circuit is 
at 93.5% with a load of 5.7 kW. The results of         
the simulation of MATLAB® are also very close. 

 
 

5. Conclusion 
 
In accordance with the analysis presented above, this paper 

makes the following conclusions: 

1.  The operation modes of the three-phase three-level DC-DC 
converter in both cases describes where the phase-
shift angle is less than 120 degrees or more than 120 
degrees with the outer switches operating under ZVS 
condition by employing the electric charge transferred 
between the upper and lower switches through flying 
capacitors in each branch and with the inner switches 
operating under ZVZCS condition by the balance of 
current in three-phase high-frequency transformer and 
blocking capacitor. 

2.  A reset time must always be less than the phase-shift 
period to generate ZCS condition in the inner switches 
of the circuit. This enables the reset time to be reduced 
in order to decrease the current in the freewheeling 
period by decreasing the value of the blocking capacitor 
making the voltage across the blocking capacitor 
stronger so the phase current can be reduced rapidly. 

3. For implementation, this research is being applied to 
supply DC voltage for important or emergency equipment 
in industrial facilities. It will be applied by adjusting   
the load in a wide range from zero to maximum load and 
optimized for all DC loads.  
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