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Abstract 

This paper presents a coupled inductor-based high-gain DC-DC 

converter. The proposed topology achieves high step-up conversion and reduced 

voltage stress of the switch and output diode. The leakage energy is recycled 

effectively to improve converter efficiency. Moreover, huge turn-off voltage 

spikes of the switch caused by the leakage inductor are completely eliminated. 

Besides, all the diodes, except the output diode, turn off softly, eliminating the 

reverse recovery problem. The operating principle of the converter in continuous 

conduction mode (CCM) is presented. The voltage gain characteristics, CCM-

DCM boundary operation, and parameter design guidelines have been elaborated. 

A comparison analysis with similar converters has also been presented. Finally, 

the theoretical analysis has been verified through a simulation study in orcad 

pspice software. The simulation results are found to be in close agreement with 

the theoretical calculations. 

Keywords: Boost converter, continuous conduction mode (CCM), coupled Inductor, 

discontinuous conduction mode (DCM), solar photovoltaic (SPV), zero current 

switching (ZCS). 

I.     Introduction  

The deployment of grid-connected SPV systems has been accelerated 

over the years to reduce carbon emissions and the depletion of natural resources. 
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Although photovoltaic (PV) is a promising renewable energy resource that 

provides clean electricity generation, unfortunately, this source produces 

electricity with very low and fluctuating output voltage [XXV]. Thus, a grid-

connected SPV system essentially needs a high gain DC-DC converter to match 

the required voltage level [III], [XI], [XXI], [XX]. Fig. 1 depicts the architecture 

of a grid-connected SPV system. Conventional DC-DC converters with 

voltage boosting capabilities, such as boost, buck-boost, cuk, and sepic, offer 

limited voltage gain and need to operate at extreme duty ratios to improve 

voltage gain [XIX]. Converters operating with a large duty ratio lead to poor 

efficiency and high device stress [VI]. 

Transformer-based isolated DC-DC converter topologies are very attractive to 

offer high voltage gain without extreme duty ratio operation. These 

converters achieve high gain by increasing the transformer’s turns ratio and 

provide inherent input-output galvanic isolation. Among isolated converters, 

flyback and forward converter topologies are popular due to their simple 

structures and low component counts [XIX]. However, these converters are 

restricted to low-power applications. Half-bridge and full-bridge DC-DC 

converters [II] are capable of handling high power, but use a large number of 

semiconductors, making it costlier and increasing the gate driver requirement. 

Moreover, the transformer-based converters suffer from a serious issue, such 

as high voltage stress across the switch at turn-off due to the presence of 

leakage inductance[IX], [XII], [IV], [VII]. This necessitates the use of a high-

voltage semiconductor switch with high switch-on state resistance (RDS, on), 

leading to significant conduction loss. Moreover, the converter reliability is 

compromised. To address this issue,[XXIV], [XIII], and [XIV] have added 

active clamping networks with the conventional converters at the cost of 

increased component count and structural complexity. The leakage 

inductance is further aggravated by increasing the transformer’s turn ratio. 

Thus, a higher turns ratio provides high output voltage, while compromising 

device stress and leakage inductance. 

 

Fig. 1. Schematic of a grid-connected SPV system 

To avoid leakage inductance effect, many non-isolated high-gain topologies that 

use no transformer have been presented [XVII], [XXII], [XXVI], [V], [XVI], [X], 

[XVIII]. All these converters can achieve a high step-up voltage conversion ratio, 

but excessive device stress and higher conduction loss in the second stage of 

[XVII], reverse recovery issue in diodes in [XXII], [XXVI], [V], [XVI], [X], 

[XVIII] are the major limitations. Besides, the use of two switches in converters 

[XVII], [XXII], [XXVI], [V], [XVI], [X] increases cost and control complexity. 

Moreover, a large number of passive elements have been employed in all these 

converters to ensure high voltage gain. In [VIII], [XV], [I], a combination of 
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coupled inductors and fewer energy-storing elements has been used to achieve high 

voltage gain. The leakage energy issues in [VIII], [XV] have been handled 

efficiently, whereas [I] does not provide any leakage recovery mechanism. 

However, the use of extra switches in [VIII], [I] increases topological and gate 

driver complexity. 

In this work, a single-switch high-gain coupled inductor DC-DC converter is 

proposed. The converter achieves high voltage gain without operating the converter 

at an extreme duty ratio. The notable features of the proposed topology include: 1) 

low component count, 2) high voltage gain, 3) reduced voltage stress on switch and 

output diode, 4) efficient leakage energy recovery, 5) reduced reverse recovery loss 

of diodes, 6) reduced-sized output capacitor, 7) high efficiency. 

 

Fig. 2. Circuit diagram of the proposed converter 

II. Circuit Description and Converter Operation 

The circuit diagram of the proposed high-gain DC-DC converter is 

presented in Fig. 2. The proposed converter replaces the boost inductor of the 

conventional boost converter by a coupled inductor having primary and secondary 

turns of N1 and N2, respectively. The primary inductance of the coupled inductor is 

Lm, and Lk is the leakage inductance referred to the primary side. The main objective 

of employing a coupled inductor is to achieve high voltage gain. Apart from the 

coupled inductor, the proposed converter comprises a switch (SW), output diode 

(DO), and output capacitor (CO) to form a boost converter configuration. 

Additionally, three capacitors (C1 – C3) and three diodes (D1– D3) are used to 

further elevate the voltage gain. 

The converter operation is described below with the following assumptions. 

• All semiconductor devices have zero on-state resistance. 

• The magnetizing inductance (Lm) is large enough to maintain constant 

current, and the coupled inductor operates in continuous conduction mode (CCM). 

• The capacitors (CO–C3) are large enough to maintain ripple-free voltages. 

• The leakage inductance (Lk) is much smaller than Lm, and k represents the 

coefficient of coupling. 
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Before the turn-on of SW, DO, D1, and D2 are in the off state. The stored 

magnetizing energy of the coupled inductor is transferred to C3 through the diode 

D3. The load is delivered by the stored energy of the output capacitor (CO). The 

converter operation is completed in 4 operating modes. The equivalent circuit in 

each operating mode is depicted in Fig.3, and the key waveforms are shown in 

Fig.4. The notations TSW and fSW represent switching time period and switching 

frequency, respectively. The operating modes of the proposed converter are 

explained below. 

Mode 1(t0– t1): This mode begins with the turn-on of the switch (SW) and the diode 

DO gets forward-biased. Now, the load is supplied by the series combination of Vin, 

VC2, VC3, and VC1 through the switch and output diode. As the diode D3 is already 

conducting, a constant voltage of VC3/n is impressed across Lm, while Lk 

experiences a voltage of Vin+VC3/n. Thus, the leakage inductor current (iLk) 

increases linearly, and consequently, the current iD3 decreases in the same fashion. 

This mode ends when iLk reaches the value ILm and D3 turns off under zero current 

switching (ZCS). The circuit variables and mode duration may be expressed as, 

  ( ) 3
0

/
( - )in C

Lk

k

V V n
i t t t

L

+
=       (1) 

  01 1 0

3 /

Lm k

in C

I L
t t t

V V n
 = − =

+
          (2) 

Where, n= N2 / N1 

  1 2 3O in C C CV V V V V= + + +           (3) 

Mode 2 (t1 – t2): During this mode, the load is supplied by the input and the capacitors 

as before. The leakage and magnetizing inductors are energized by the input. This 

mode ends with the turn off of the switch.  

( )Lk Lmi t I=         (4) 

  12 2 1 01/ SWt t t D f t = − = −          (5) 

Mode 3 (t2 – t3): As the gate pulse of SW is withdrawn at t2, the stored leakage and 

magnetizing energy are transferred to C1, C2, and C3 through D1, D2, and D3, 

respectively. During this mode, the current iLk decreases, while iD3 increases. This 

mode ends when iLk is decreased to zero and the diodes D1 and D2 commutate under 

ZCS conditions. The load is supplied by the output capacitor in this mode. 
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Fig. 3. Equivalent circuits in each operating mode 

 

  ( ) 2 3
2

/
( - )C C

Lk Lm

k

V V n
i t I t t

L

−
= −      (6) 

  23 3 2

2 3 /

Lm k

C C

I L
t t t

V V n
 = − =

−
          (7) 

  1 2C in CV V V= +

 

           (8) 

  3 2C CV knV=

  

         (9) 

Mode 4(t3 – t4): This is the passive mode of the converter operation. During this 

mode, the stored magnetizing energy is delivered to C3, while the load is supplied by 

CO. This mode ends with the turn-on of SW again, and the next switching cycle gets 

started. 

  34 4 3 23(1 ) / SWt t t D f t = − = − −          (10) 

 

 

 

 

 

 

 

 

 

 

  

 
(a) Mode 1 (t0-t1)      (b) Mode 2 (t1-t2) 

 

(c) Mode 3 (t2-t3)   (d) Mode 4 (t3-t4) 
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Fig. 4. Key waveforms 

III.   Steady State Analysis 

This section describes a detailed analysis of voltage gain, CCM-DCM 

boundary condition, and device stress.  

A. Voltage Gain 

As described in the operating principle of the converter, during the mode duration ( 

Δt01), the switch current increases slowly due to the presence of leakage inductance, 

and that through D3 (iS=iD3) decreases. As D3 conducts during this period, the 

secondary winding of the coupled inductor gets VC3 voltage across it. It is worth 

mentioning that the capacitor C3 is large enough to maintain a constant voltage of VC3. 

Thus, the primary winding (Lm) of the coupled inductor gets a constant reflected 

voltage VC3/n during Δt01. However, at t1 ad D3 stops conducting, and SW is already in 

conduction, a voltage kVin is impressed across Lm until the switch is turned off. Again, 

at t2, when the switch is turned off, the diode D3 starts conducting again; 

consequently, current through it increases gradually due to the presence of Lk and 

reaches its peak value at t3. Due to CCM operation, the diode D3 conducts for the 

entire turn-off duration (t2 – t4) of the switch, and thus, the voltage impressed across 

Lm is VC3/n.  The expression of voltage across Lm is expressed mathematically for 

different mode intervals in (11). 
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1

3 1

;              
         

    / ;         0      

     

Lm in SW

C SW SW

v kV t t DT

V n t t and DT t T

=  


=    
    (11)                             

Applying the volt-second balance principle to Lm and using (11), the expression of 

VC3 may be obtained as, 

  01
3

01(1 )

SW
C in

SW

D t f
V nkV

D t f

−
=

− + 
         (12) 

Combining (3), (8), (9), and (12), the expression of the voltage gain of the proposed 

converter is expressed as  

  01

01

2 (2 )
(1 )

O SW
V

in SW

V D t f
G nk

V D t f

−
= = + +

− + 
        (13) 

From (13), it is clear that the voltage gain of the converter depends on n, D, k, and 

Δt01. The terms k and Δt01 introduced in the gain equation represent the effect of Lk on 

converter gain. It is worth mentioning that the leakage inductance (Lk) may be 

neglected if the following conditions are true. 

i. Use of interleaved winding of the coupled inductor for tight coupling (k≈1).  

ii.  Leakage dynamics are settled within a very small fraction of the switching time 

period. Mathematically, Δt01<<TSW.  

iii.  Leakage energy per cycle is negligible compared to output power. 

Under the above circumstances, the voltage gain equation of (13) may be simplified 

considering k=1 and Δt01=0, as  below, 

  2 (2 )
(1 )

O
V

in

V D
G n

V D
= = + +

−
         (14) 

 

 

 

 

 

 

 

 

 

Fig. 5. Voltage gain Vs duty ratio     Fig. 6. Voltage gain comparison  

 

Fig. 5 depicts the voltage gain variation with duty ratio for different coupling 

coefficients. It is clearly observed from the figure that the loose coupling leads to 

reduced voltage gain; however, the effect of the coupling coefficient on voltage gain 
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is not very significant. Fig. 6 shows the superiority of the proposed converter in terms 

of voltage gain compared to the conventional boost converter and the coupled 

inductor boost converter. 

B. CCM-DCM Boundary 

Assuming no losses during power conversion, the average input current may be given 

by, 

  in V OI G I=         (15) 

Again, the expression of average input current may also be expressed as, 

  ( ) ( )1 / 2in Lm O LmI I I D I D= + + −      (16) 

From (15) and (16), the expression of magnetizing current may be expressed as, 

  
( )2

1

V O

Lm

G D I
I

D

−
=

+
       (17) 

The ripple magnetizing current may be approximated as, 

 in
Lm

m SW

V D
I

L f
 =                      (18) 

CCM operation of the converter is ensured if the following condition is 

satisfied. 

2Lm LmI I          (19) 

From (17) – (19), the expression of the normalized time constant (τC) is 

obtained as follows.

 1 (1 )

2 ( )

m
C SW

O V V

L D D
f

R G G D


+
= =

−
      (20) 

The effect of turn ratio on normalized time constant is shown in Fig. 7. An 

increase in turn ratio (n) reduces the normalized time constant. This implies, at a 

higher value of n, in fact, less inductance is required to maintain CCM operation of 

the   

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. τC Vs D for different n     Fig. 8. Comparison of τC 
        

converter. The requirement of less inductance in the proposed converter compared to 

conventional and coupled inductor boost is evident from Fig. 8.   
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C.   Device Stress 

The voltage stress on the semiconductor devices of the proposed converter is depicted 

in Table I under ideal conditions. However, other than leakage inductance, a practical 

converter includes several parasitics, such as switch parasitic capacitance, ESR, ESL, 

and diode reverse recovery. These parasitic elements cause transient overvoltage to 

occur during the switching transition.  

Nevertheless, the use of an efficient clamp circuit and soft turn-off of all the diodes 

minimizes this transient overvoltage. Although ESL in the path (C1-D1) would cause 

a transient overvoltage on the switch, this ESL can be greatly reduced by reducing the 

PCB track length between the switch collector terminal and diode anode terminal in 

real-time hardware.  

Thus, with a careful PCB layout design, the proposed converter topology experiences 

negligible transient voltage overshoot. However, as a common practice, a margin of 

safety of the voltage rating must be considered while selecting semiconductors.   

IV.    Design Guidelines 

This section provides brief design guidelines for selecting circuit components. 

The circuit parameters have been selected based on the converter specifications as 

detailed in Table II. 
 

 Table 1: Voltage Stress on Semiconductor Devices 

 

 

 

 

 

 

 

 

 

 

Table 2: Converter specifications 

 

 

 

 

 

 

 

 

 

Power Device Voltage Stress 

Switch (SW) 

1

inV

D−
 

Diode ( DO, D1, D2) 

1

inV

D−
 

Diode (D3) 1

1
inn V
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 
+ 
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Parameters Specifications 

Input Voltage (Vin) 22V – 26V 

Output Voltage (VO) 400V 

Output Power (PO) 400W 

Switching Frequency 

(fSW) 
 

40kHz 
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A. Selection of Coupled Inductor Parameters (Lm and n) 

It is worth mentioning that a higher turns ratio (n) of the coupled inductor of the 

proposed converter, although it increases voltage gain without operating at extreme 

duty ratio, leads to increased leakage inductance, large voltage stress across D3, and 

higher conduction loss. A suitable value of n =2 is selected in this paper to achieve 

the desired voltage gain and simultaneously restrict the voltage stress of D3 well 

below half of the output voltage.  

Using Fig. 7,  the critical value of magnetizing inductance is found to be 170μH to 

operate the converter in CCM upto 20% of the rated load. It is well observed from 

Fig.9 that at this inductance value, the % ripple magnetizing current is below 15%. 

Thus, a suitable value of Lm = 175μH is selected in this paper to facilitate wide load 

range CCM operation and simultaneously, retaining % ripple current below 15%.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Ripple magnetizing current variation with Lm 

B. Selection of Capacitors (C1, C2, C3, CO) 

The expression of ripple voltages across the capacitors (C1, C2, C3) are given by, 

  

1

1

2

2

3

3

(1 )

4

(1 )

4

(1 )

Lm
C

SW

Lm
C

SW

Lm
C

SW

I D
v

C

I D
v

C

I D
v

nC

f

f

f

−
 =

−
 =

−
 =











       (21) 

Using the above expressions, the capacitor (C1, C2, C3) values are calculated to be 

27μF, 33.9 μF, and 38.6μF, respectively, such that the voltage ripple of respective 

capacitors is restricted to 1% of their respective voltages. Thus, C1 and C2 are selected 

as 33μF, whereas C3 = 57μF is chosen in this paper. 
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The expression of ripple voltage across the capacitor (CO) is given by, 

(1 )O
CO

O SW

I D
v

C f

−
 =        (22) 

From (22), the output capacitor is chosen to be 33 μF.  

V.    Comparison 

A detailed comparative analysis of the proposed converter is given in Table III. It 

is observed that the proposed converter uses fewer components than other converters, 

except [I]. However, [I] employs three semiconductor switches, which increases 

converter cost, gate driver requirement, and control complexity. Although [XVI] has the 

same total component count as the proposed converter, but uses a more controlled switch. 

A voltage gain comparison of the converters presented in Fig. 10 clearly shows that the 

converters [XXVI], [XVI], and [XVIII] offer better voltage gain profiles at low duty 

ratios; however, their operation is applicable up to a limited duty ratio.  As clearly 

observed from Fig. 10, among the converters with wide duty ratio operation, only [X] has 

a better voltage gain profile than the proposed converter, but at the cost of a huge number 

of component employment. The main switch voltage stress comparison, as depicted in 

Fig. 11, shows that the proposed converter’s main switch experiences reduced voltage 

stress than others; however, at extreme duty ratio, [XXII], [X] offer less stress. The 

superiority of the proposed converter in terms of output voltage stress is evident from Fig. 

12. All these distinguished features enable the converter to operate with a high efficiency 

of 95.4% at full load conditions.  

Table 3: Comparison of similar converters 

Ref No. of 

Elements 
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Switch Voltage Stress Output 
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Fig. 10. Voltage gain comparison        Fig. 11. Main switch voltage stress comparison 

 

 

 

 

 

 

 

 

 

 

 
Fig. 12. Output diode voltage stress comparison 

Table 4: Converter parameters 
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VI.     Results and Discussions 

The converter performance has been validated through a simulation study in 

orcad pspice with the specifications detailed in Table II and Table IV. Fig. 13 (a) shows 

the gate pulse waveform and input-output voltage waveform to support the claim of high 

voltage gain within the permissible duty ratio. The switch voltage and current waveforms 

are shown in Fig. 13(b). The waveform of switch voltage clearly shows that its voltage 

stress is equal to VC1 as mentioned in Table I. The claims of ZCS turn off all the diodes, 

except the output diode (DO), which is evident from Fig. 13(c). Finally, the simulation 

results of capacitor voltages have been shown in Fig. 13(d). It shows the contribution of 

each capacitor to the voltage gain of the converter.  

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

Fig. 13. Simulation results for Vin =24V at full load; (a) Gate Pulse (GSW), Input 

voltage (Vin), Output voltage (VO) ; (b) Gate Pulse (GSW), Switch voltage (VSW), 

Switch current (iSW); (c) Gate Pulse (GSW), Diode currents (iD1, iD2, iD3) (d) Gate Pulse 

(GSW), Capacitor voltages (VC1, VC2, VC3) 

VII.     Conclusion 

A single-switch high-gain DC-DC converter is presented in this work. The 

converter achieves high voltage gain using minimal components, without operating 

the converter at an extreme duty ratio. The voltage stress on the semiconductor 

devices has been significantly reduced. The soft recovery of the diodes ensures high 

efficiency operation. Detailed operating principle, steady state analysis, and design 

example have been verified using a simulation study on a 24V/400V, 400W 

converter. The simulation results are in close agreement with the theoretical 

calculations. A peak efficiency of the converter is found to be 95.4% at full load 

conditions. 
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