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Abstract—This paper presents a single-switch high step-up 
DC-DC converter. The pulse-width modulation is used to 
control the switch. The switched multi-inductor technique is 
adopted for achieving high step-up voltage gain. Three 
inductors with same level of inductance are employed for 
the proposed converter. When the switch is turned on, these 
three inductors store their energies by parallel connection. 
While the switch is turned off, the energies stored in the 
three inductors are released by serial connection. The 
switched-inductor technique can be extended to multi-
inductor for providing higher voltage gain. In order to show 
the performance of the proposed converter, a prototype 
hardware circuit is implemented.   
 
Index Terms—pulse-width modulation, switched inductor, 
high step-up 
 

I. INTRODUCTION 

In the past decades, some literatures are presented the 
electrical conversion for the renewable energy power 
supply system [1], [2]. The boost converter is used to 
provide step-up voltage conversion [3]-[5]. However, the 
boost converter can’t provide enough step-up voltage 
conversion owing to the impact of the forward-voltage 
drop of diode, the conducting resistance of switch, and 
the equivalent series resistance of inductor and capacitor. 
In order to provide higher step-up voltage conversion, 
some converters are studied. These converters include the 
cascaded boost types [6], [7], voltage-lift types [8], [9], 
switched-capacitor types [10], voltage-quadrupler types 
[11], [12], and switched-inductor types [12], [13]. The 
switched-inductor types employ the parallel-charge and 
series-discharge technique to obtain high voltage gain. 
The 2-inductor types are used in the converters, as shown 
in Fig. 1. In order to provide higher voltage gain, the high 
step-up DC-DC converter with switched 3-inductor 
technique is investigated in this paper. The circuit 
structure of the proposed converter is shown in Fig. 2. 
Only a single switch is used in the proposed converter. 
The switched-inductor technique adopts three inductors 
with same level of inductance. The 3-inductor type is 
charged by parallel during the switch ON-period and is 
discharged by series during the switch OFF-period. 
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Figure 1.  Switched 2-inductor high step-up converter. 
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Figure 2.  Circuit structure of the proposed converter. 

II. OPERATING PRINCIPLES 

One utilizes the pulse-width-modulation technique to 
control the switch S1. The three inductors L1, L2, and L3 
have same inductance, namely L1 = L2 = L3 = L. 

A. Continuous Conduction Mode (CCM) Operation 
Fig. 3 shows some key waveforms in CCM operation. 

The operating principles of the proposed converter are 
explained as follows: 

(1) Mode 1, [t0, t1]: The switch S1 is turned on. The 
current flow is shown in Fig. 4(a). The source Vin 
transfers its energy to the three inductors L1, L2, and L3. 
Meanwhile, the three inductors L1, L2, and L3 are charged 
in parallel connection. Therefore, the three inductor-
current iL1, iL2, and iL3 are increased linearly, as shown in 
Fig. 3. The energy of the output capacitor Co is 
discharged to the load R. 
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Figure 3.  Some key waveforms in CCM operation. 
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Figure 4.  Current flow of the operating modes. (a) Mode 1. (b) Mode 2. 

(2) Mode 2, [t1, t2]: The switch S1 is turned off.The 
current flow is shown in Fig. 4(b). The source Vin and the 
three inductors L1, L2, and L3 release their energies to the 
output capacitor Co and load R. Meanwhile, the three 
inductors L1, L2, and L3 are in series connection. 

Therefore, the three inductor-current iL1, iL2, and iL3 are 
decreased linearly, as shown in Fig. 3. 

B. Discontinuous Conduction Mode (DCM) Operation 
Fig. 5 shows some key waveforms in DCM operation. 

The operating principle is explained as follows: 
(1) Mode 1, [t0, t1]: The switch S1 is turned on. The 

current flow is shown in Fig. 4(a). The operating 
principle is the same as the mode 1 of CCM operation. 

(2) Mode 2, [t1, t2]: The switch S1 is turned off. The 
current flow is shown in Fig. 4(b). The operating 
principle is the same as the mode 2 of CCM operation. 

(3) Mode 3, [t2, t3]: The switch S1 is still turned off. 
The current flow is shown in Fig. 6. The energies stored 
in the three inductors L1, L2, and L3 are released to empty 
at t = t2. It can be seen from Fig. 5 that the three inductor-
current iL1, iL2, and iL3 are zero. The energy stored in the 
output capacitor Co is discharged to the load R. 
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Figure 5.  Some key waveforms in DCM operation. 
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Figure 6.  Current direction for the mode 3 of DCM operation. 
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III. STEADY-STATE ANALYSIS 

A. CCM Operation 
When the proposed converter is operated in the mode 1, 

the voltages across the three inductors L1, L2, and L3 are 
written as follows. 

 1 2 3L L L inv v v V= = =  (1) 

Owing to L1 = L2 = L3 = L, the differential equation of 
the three inductor-current are obtained as 

 31 2 ( )( ) ( ) L inL L di t Vdi t di t
dt dt dt L

= = =  (2) 

Thus, one can derive the three inductor-current as 

 1 2 3 0 1 0 0 1( ) ( ),      in
L L L L

Vi i i t t i t t t t
L

= = = − + ≤ ≤  (3) 

When the proposed converter is operated in the mode 2, 
the voltages across the three inductors L1, L2, and L3 are 
given as 

 1 2 3L L L in ov v v V V+ + = −  (4) 

Therefore, 

 1 2 3 3
in o

L L L
V Vv v v −

= = =  (5) 

Then, the differential equation of the three inductor-
current are written as follows. 

 31 2 ( )( ) ( )
3

L in oL L di t V Vdi t di t
dt dt dt L

−
= = =  (6) 

Thus, the three inductor-current are found as 

 1 2 3 1 1 1 1 2( ) ( ),    
3

in o
L L L L

V Vi i i t t i t t t t
L
−

= = = − + ≤ ≤  (7) 

According to the volt-second balance principle on the 
inductor L1, the following equation is written as 

 
1 2

1
1 10

0
t t

L Lt
v dt v dt+ =∫ ∫  (8) 

Substituting (1) and (5) into (8), one obtains the 
following equation. 

 (1 ) 0
3

in o
in

V VV D D−
+ − =  (9) 

The voltage gain of the proposed converter in CCM 
operation can be found as follows. 

 
1 2
1

o
CCM

in

V DM
V D

+
= =

−  (10) 

The curves of the voltage gain in CCM operation is 
displayed in Fig. 7. It can be seen that the proposed 
converter can be applied for high step-up voltage gain 
applications. 
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Figure 7.  Voltage gain of in CCM operation. 

B. DCM Operation 
When the proposed converter is operated in the mode 1, 

the peak values of the three inductor-current iL1, iL2, and 
iL3 are derived from (2) as follows. 

 1 2 3
in

L p L p L p s
VI I I DT
L

= = =  (11) 

When the proposed converter is operated in the mode 2, 
the peak values of the three inductor-current iL1 and iL2 
are given from (6) as follows. 

 1 2 3 23
o in

L p L p L p s
V VI I I D T

L
−

= = =  (12) 

Using (11) and (12), one can find the parameter D2. 

 2
3 in

o in

DVD
V V

=
−

 (13) 

From Fig. 5, the average value of the output-capacitor 
current during each switching period is written as 

 
1 2

1 22
2

L p s
o s

L p
co o

s

I D T
I T I D

I I
T

−
= = −  (14) 

Substituting (11) and (13) into (14), the average value 
of the output-capacitor current is derived as 

 
2 23

2 ( )
s in o

co
o in

D T V VI
L V V R

= −
−

 (15) 

The average value of the output-capacitor current is 
equal to zero at steady state. The equation (15) is 
rewritten as 

 
2 23

2 ( )
s in o

o in

D T V V
L V V R

=
−

 (16) 

One defines the inductor time constant as follows. 

 L
s

L
RT

τ ≡   (17) 
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Figure 8.  Boundary condition of the proposed converter. 

Substituting (17) into (16), the voltage gain in DCM 
operation is obtain as follows. 

 
21 1 3

2 4 2
o

DCM
in L

V DM
V τ

= = + +  (18) 

C. Boundary Operating Condition of CCM and DCM 
When the proposed converter is operated in boundary 

conduction mode, the voltage gain in CCM operation 
equals the voltage gain in DCM operation. Using (10) 
and (18), the boundary inductor time constant τLB is found 
as follows. 

 
2(1 )

2(1 2 )LB
D D

D
τ −

=
+

 (19) 

Fig. 8 shows the curve of the boundary inductor time 
constant τLB. If the inductor time constant τL is larger than 
the boundary inductor time constant τLB, the proposed 
converter is operated in CCM. 

D. Voltage Stress on the Power Devices 
From Fig. 4(a), the voltage stresses on the three diodes 

D1b, D2c, and Do are known as follows. 

 1 2D b D c inV V V= =  (20) 

 Do oV V=  (21) 

From Fig. 4(b), the voltage stresses on the four diodes 
D1a, D2a, D2b, D3, and switch S1 are found as follows. 

 1 3
2( )

3
o in

D a D
V VV V −

= =  (22) 

 2 2 3
o in

D a D b
V VV V −

= =  (23) 

 1S oV V=  (24) 

IV. EXTENSION OF THE PROPOSED CONVERTER 

The 3-inductor type is utilized for the proposed 
converter to achieve high voltage gain. Of course, the 
switched-inductor technique can be extended to the 4-

inductor and multi-inductor types, as displayed in Fig. 9. 
According to the volt-second balance principle on the 
inductor L1, the voltage gains of the 4-inductor and multi-
inductor types can be found as follows. 

 (4 )
1 3
1

o
CCM inductor

in

V DM
V D−

+
= =

−
 (25) 

 ( )
1 ( 1)

1
o

CCM multi inductor
in

V n DM
V D−

+ −
= =

−
 (26) 

V. EXPERIMENTAL RESULTS 

The prototype circuit is built for verifying the 
performance. The electric specifications and circuit 
components are selected as follows. 

(1) Input voltage Vin = 25 V 
(2) Output voltage Vo = 200 V 
(3) Output power Po = 120 W 
(4) Switching frequency fs = 75 kHz 
(5) Capacitor Co = 100 μF 
(6) Switch S1: IXTQ69N30P 
(7) Diodes D1a~D3: DPG30C200PB, Do: 

STTH6003CW 
The voltage gain M equals 8. Substituting M = 8 into 

(10), the duty ratio D is given as 0.7. Substituting D = 0.7 
into (19), the boundary time constant τLB is 0.013. 
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Figure 9.  Extended topologies of the switched-inductor type. (a) 4-
inductor type. (b) multi-inductor type. 
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One sets that the proposed converter is operated in 
CCM from 30% of the full load. Therefore, the load R is 
1111 Ω. When the time constant τL is larger than the 
boundary time constant τLB, the proposed converter is 
operated in CCM. Hence, 

1111 0.013 193 H
75kLB

s

RL
f

τ µ> = × =  

Thus, the three inductors L1, L2, and L3 are selected as 
196 μH. The experimental results are displayed in Figures 
10 and 11. The waveforms of the three inductor-current 
iL1, iL2, and iL3 are shown in Fig. 10(a). It is seen that the 
proposed converter is operated in CCM and the three 
inductor-current iL1, iL2, and iL3 are almost the same. Fig. 
10(b) shows the waveforms of the switch-current iS1 and 
diode-current iD1a. During the switch ON period, the 
switch-current iS1 equals the summation of inductor-
current iL1, iL2, iL3. Also, the diode-current iD1a equals the 
inductor-current iL1. The waveforms of the two diode-
current iD1b and iDo are shown in Fig. 10(c). One can see 
that the diode-current iD1b equals the diode-current iDo 
during the switch OFF period. Fig. 10(d) shows the 
waveforms of the switch-voltage vS1 and diode-voltage 
vDo. At steady state, the voltage stresses on the power 
devices S1 and Do equal the output voltage Vo. Fig. 10(e) 
shows the waveforms of the three diode-voltage vD1a, vD1b, 
and vD2a. The voltage stresses on the three diodes D1a, D1b, 
and D2a are approximately 120 V, 25 V, and 60 V 
respectively. They agree to the theoretical analysis. As 
shown in Fig. 10(f), the output voltage Vo is controlled in 
200 V. Fig. 11 shows the measured efficiency of the 
proposed converter, it can be seen that the maximum and 
full-load efficiencies are 92.6% and 92.1% respectively. 
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Figure 10.  Experimental waveforms. (a) iL1, iL2, and iL3, (b) iS1 and iD1a, 
(c) iD1b and iDo, (d) vS1 and vDo, (e) vD1a, vD1b, and vD2a, (f) Vin and Vo. 
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Figure 11.  Measured efficiency of the proposed converter. 

19

International Journal of Electrical Energy, Vol. 7, No. 1, June 2019



VI. CONCLUSIONS 

A high step-up DC-DC converter is investigated in this 
paper. The switched multi-inductor technique is 
employed for the proposed converter. For achieving high 
voltage gain, the parallel-charge and series-discharge 
method are applied to these inductors. The operating 
principles in CCM operation and DCM operation are 
described. The boundary condition is also discussed. 
From the experimental results, one can see that the high 
voltage gain is implemented. Also, the experimental 
waveforms agree with the operating principles and 
steady-state analyses. The maximum efficiency is 92.6% 
and the full-load efficiency is 92.1%. 
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