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Abstract

In this paper a non-isolated single switch high step up DC-DC converter based on coupled inductor is presented. The
proposed converter can achieve high voltage gain without extreme duty ratios. The energy of leakage-inductor can be recycled
efficiently to the load. This feature improves the efficiency of energy conversion. The steady state analysis, voltage and current
stress of the active components, continues, boundary and discontinues current mode operations (CCM), (BCM) and (DCM)
of this converter respectively, are discussed in this paper. A conversion of 20 V input to 300 V output in CCM operation
under 150 W output power prototype circuit is implemented to verify functionality of the proposed converter. Depending on
applications, the proposed converter can deliver suitable voltage to the DC link of a micro-grid inverter in PV panels usage.
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1. Introduction

Finite reserves of fossil fuels and their related environmental
problems, such as air pollution, coupled with ever-increasing
demand for energy worldwide are driving research into clean
energies such as photovoltaic, wind and maritime energy,
etc.

Solar energy is a leading clean energy source, but the output
voltage of PV panels is low. There are two basic methods to
increase the output voltage. In first method, PV panels con-
nected in series to achieve suitable voltage, but this method
has some disadvantages such as shading and decreasing
reliability. So, in the second method, a high step up DC-
DC converter can be used instead of numerical series PV
modules. After increasing the output voltage, DC link volt-
age should be delivered to a micro-grid inverter to feed the
load [1, 2]. In basic step up DC-DC converters, high extra
duty cycle is required. In a buck-boost transformerless DC-
DC converter [3], the voltage gain is more than conventional
buck-boost, CUK, SEPIC and Zeta converters with a suit-
able duty cycle. This converter consists of three stages.
Each stage is made of a buck-boost converter. By adding
two same stage to d/(1-d) converters, the voltage gain is in-
creased to 3d/(1-d). This configuration employs three induc-
tors and the cost of the configuration is increased. A bidi-
rectional buck-boost converter in [4] can be used as a buck
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or boost converter. This converter has four switches, two in-
ductors and one capacitor. Also, it works in two operations
mode. A DC-DC boost converter in [5] has more elements,
which increases the cost of the configuration. Also, the volt-
age gain of this converter is low. The converter in [6] em-
ployed a passive clamp circuit to recycle leakage energy. So,
the cost and complexity of active clamp circuit are increased
due to an extra power switch. A single switch step-up DC-DC
converter in [7] employed a hybrid switched capacitor tech-
nique to provide high voltage gain. It consists of a coupled
inductor and two inductors, which increase the cost of the
structure. Also, the voltage gain is not particularly high. An-
other method to increase the voltage gain is to use a cou-
pled inductor instead of an inductor. The coupled inductor
technique was used in the integrated boost fly-back step-up
converter in [8]. However, the voltage gain of this converter
is low. The switched capacitor technique is introduced in [9].
The voltage gain of this converter is improved, but the current
which flows through the switches and the diodes is large, in-
creasing the current stress of the devices. The multilevel
DC-DC boost converter in [10] combines the boost converter
and the switched capacitors function to provide different out-
put voltages. A three-level ZVS pulse-width modulation con-
verter with active clamp is introduced in [11]. This converter
employs many elements and its voltage gain is low. A high
step-up converter based on a coupled inductor is introduced
in [12—15] and a switched-coupled inductor technique is em-
ployed in [16]. The coupled inductor is employed to extend
the voltage gain. Moreover, by recycling the leakage inductor
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energy of the coupled inductor, the voltage stress on the ac-
tive switch is decreased. Therefore, a passive clamp circuit
is employed to recycle the leakage inductor energy.

In this paper, a non-isolated single switch high step-up DC-
DC converter based on the coupled inductor is presented.
Single power switch, four capacitors, one coupled inductor
and four diodes are the main components of this converter.
The coupled inductor is employed to increase the voltage
gain ratio. The capacitor C| and diode D, are used as a pas-
sive clamp circuit to recycle the energy of the primary wind-
ing N, of a coupled inductor T';. The steady-state principles
of the proposed converter in (CCM), (BCM) and (DCM) oper-
ations modes are discussed in Section Il. The analysis and
design of the proposed converter are discussed in Section
[ll. The experimental results are presented in Section IV and
the conclusions are shown in Section V.

2. Operating principles of the proposed converters
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Figure 1: Simplified circuit model of proposed converter

Fig. 1 shows the simpilified circuit topology of the proposed
converter. The coupled inductor T contains a magnetizing
inductor L,,, leakage inductor L, and an ideal transformer.
To simplify the circuit analysis of the proposed conveter, the
following assumptions are considered.

1. All components are ideal, exept for the leakage induc-
tance of coupled inductor 7;. The ON-state resistance
Rpsony and all parasitic capacitances of the main switch
S,are ignored, as are the forward voltage drops of the
diodes D ~ Dj.

2. The capacitors C; ~ C4 are large enough that the volt-
ages across them are considered as constant in one
switching period.

3. The ESR of capacitors C; ~ C, and the parasitic resis-
tance of coupled-inductor a7, are ignored.

4. The turns ratio n of coupled inductor T; is equal to
N, /Njy.

The steady-state analysis of the proposed converter in CCM
and DCM modes are described as follows.

2.1. CCM Operation

The typical waveforms of proposed converter are illus-
trated in Fig. 2. Fig. 3 shows the current paths of different
modes in CCM.
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Figure 2: Typical waveforms of the proposed converter in CCM operation

Mode I [ty,t;]: During this time interval, switch S and
diode D; are conducting. The current-flow path is shown
in Fig. 3(a). In this mode source voltage V;, is equal to
Vim + Vir. The magnetizing inductor L,, is delivering its en-
ergy through coupled inductor T to charge switched capac-
itor C3, then the energy decreases so current iy, reduces
and the current of ip; and ic; reduce. When the growing iz,
equals the reducing iz, at t = 1, this mode finishes.

Mode Il [t,,t;]: During this time interval, switch S stays
ON, and only diode Dy is conducting. The current flow path
is seen in Fig. 3(b). Capacitors Cy, C, and C; deliver their en-
ergy in series with V;, to charge output capacitor C4 and load
R; meantime magnetizing inductor L,, and leakage inductor
L, receive energy from V;, then iy, i, and ip4 increase.
iim, ip4 @nd currents licq|, lica| and ics| are increasing. This
mode finishes when switch S is turned OFF at ¢ = 1,.

Mode IlI [t,, t;]:  During this time interval, The switch
S is OFF and diodes D, D, and D, are conducting. The
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Figure 3: Current flow path in five operating modes during one switching
period in CCM operation. (a) Mode 1. (b) Mode . (c) Mode lII. (d) Mode IV.
(e) Mode V

current flow path is shown in Fig. 3(c). Leakage inductor L
releases its energy through diodes D; and D, to charge ca-
pacitor C; and C; in parallel. Meantime, the energy stored
in the secondary-side of coupled inductor T in series with

Cs is transferred to capacitor C4 and the load. i rapidly
reduces because leakage inductance L is smaller than L,,.
Ly transfersg its energy to L,, and i;,, increases. When the
secondary-side current of the coupled inductor and C; de-
crease to zero; this mode finishes at ¢ = 13.

Mode IV [t;, t,]:  During this time interval, leakage in-
ductor L; and magnetizing inductor L,, transfer their energy
to C; and C; in parallel. The current flow path is shown in
Fig. 3(d). Diodes D, D, and D5 are conducting in this mode.
Currents iy, ip; and ip, are reduced because L, is charging
C, and C, through D; and D,. Meantime the energy of L,,
is released to C5 through T and D5 so iy, is reduced. Ca-
pacitor Cy4 is discharged to load R. When iy, reaches zero at
t = t4 this mode finishes.

Mode V [t,, ts]: During this interval, only the energy of
L,, is delivered to C5 through T and D5 so iy, is reduced. The
current flow path is shown in Fig. 3(e). In this mode diode D;
is conducting singly. Meantime capacitor C, is discharged to
load R. When switch S is turned on at the beginning of the
next switching period, this mode finishes.

2.2. DCM Operation

Mode I [t,, t,]: During this time interval, switch S and
only diode D, are turned on. The current flow path is seen
in Fig. 4(a). Capacitors C;, C, and C5 deliver their energy
in series with V;, to charge output capacitor C4 and load R;
meantime, magnetizing inductor L,, and leakage inductor L;
receive energy from V;, then iy, i;x, and ip4 increase. iy, ip4
and Currents licq|, liczland Jics| are increasing. This mode
finishes when switch S is turned OFF at ¢ = 7.

Mode Il [t, , t, ]: During this transition interval, Switch
S is OFF and diodes D;, D, and D4 are conducting. The cur-
rent flow flow path is shown in Fig. 4(b). Leakage inductor L;
releases its energy through diodes D; and D, to charge ca-
pacitor C; and C; in parallel. Meantime, the energy stored in
the secondary-side of coupled inductor T in series with C; is
transferred to capacitor C4 and the load. iy, rapidly reduces
because the leakage inductance L, is too smaller than L,,.
L, is transferring its energy to L,, so i, increases. When
the secondary-side current of the coupled inductor and C;
decrease to zero; this mode finishes at ¢ = 1.

Mode Il [t,, t;]: During this time interval, leakage in-
ductor L; and magnetizing inductor L,, transfer their energy
to C; and C; in parallel. The current flow path is shown in
Fig. 4(c). Diodes D;, D, and D5 are conducting in this mode.
Currents iy, ip; and ip, are reduced because L, is charging
C; and C; through D, and D,. Meantime the energy of L,,
is released to C; through T and Dj so iy, is reduced. Ca-
pacitor Cy4 is discharged to load R. When iy, reaches zero at
t = t3 this mode finishes.
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Figure 4: Current flow path in five operating modes during one switching
period in CCM operation. (a) Mode 1. (b) Mode . (c) Mode lII. (d) Mode IV.
(e) Mode V

Mode IV [t;, t,]: During this interval, only the energy of
L,, is delivered to C; through T and D5 so iy, is reduced. The
current flow path is shown in Fig. 4(d). In this mode diode D;
is conducting singly. Meantime capacitor C, is discharged to
load R. When i, reaches zero at ¢ = 14, this mode finishes.

Mode V [t4, ts]:  During this interval, the switch and all
diodes are turned OFF; only capacitor C, is discharged to
load R. The current flow path is shown in Fig. 4(e). This
mode finishes when switch S is turned ON at the beginning
of the next switching period.

3. Steady-state analysis of the proposed converter
3.1. CCM Operation

M
or

=== Proposed converter

30

Figure 5: Voltage gain as a function of the duty ratio of the proposed con-
verter. [15, 16] under CCM operation and n = 3

To simplify the steady-state analysis at CCM operation,
modes Il and IV are selected, and the leakage inductance
on the primary side is ignored.

The voltage equations can be obtained as follows from
Fig. 3(b):

During mode |l
Vim = Vin (1)
Vo = nVy, (2)
During mode IV
Vim ==V (3)
Vo = —Ves (4)
Ver = Vea ©®)

By applying the volt-second balance principle on the coupled
inductor, the following equation can be obtained:

DT, Ts
f Wardi+ [ (~Vedi=0 (6)
0 DT
DT, Ts
f wVadi+ [ (~Veydi=0 @)
0 DT

Thus, by simplifying (6) and (7), the following equations
can be obtained:

D

Vel = D DVm (8)
Dn

Ves = - DVi 9

In mode Il the output voltage Vo = Vi, + Vo + Ve + Voo + Vs
yields:

2D nD
—Vin+t —Vin 1
1-D M 1-D (10)
The DC voltage gain Mccy can be obtained as follows:

Vo n+1+D
Vie£ 1-D
Fig. (5) displays voltage gain Mccy as a function of duty ra-
tio D of the proposed converter and three different convert-
ers[15, 16] . All of them are in CCM operation and n = 3. As
is seen, the voltage gain of the proposed converter is higher
than the other converter.

VO = Vin + nV,-n +

(11)

Mccy =
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3.2. DCM Operation

To simplify the steady-state analysis in DCM

operation, modes | and Ill are selected, and the leakage in-
ductance on the primary side is ignored. The voltage equa-
tions can be obtained as follows from Fig. (4)(a):

Vim = Vin (12)
VN2 = an (13)
During mode lll
Vim ==Vei (14)
Vo = =Ve3 (15)
Ver = Ve (16)

D, Ts is the period of time during which current i;,, reduces
from peak current to zero. By applying the volt-second bal-
ance principle on the coupled inductor, the following equation
is obtained:

DT, (D+D)Ts
f (Vi) dr + f (~Vendr =0 (17)
0

DT

DT, (D+D)Ts
f (nVy,) dt + f (=Ve3)dt =0 (18)
0

DTy
the voltage of capacitor C;, C3 and output voltage can be
expressed as:

Ver = — Vi (19)

Dn
Ves = D_LVin (20)

_(m+1)DL+Q2+n)D
= D;

B 2+n)D

B Vo/Vin—(m+1)

VO Vin (21 )

L (22)
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Figure 6: Voltage gain as a function of the duty ratio of the proposed con-
verter under DCM operation with different 7, by n = 3

Due to the average currents of capacitor I¢1, I¢2, Ic3 and
Ic4 are zero in steady state, and the average current value
of Ip1, Ipa, Ip3 and Ips4 can be written as follows:

According to (21), duty cycle D, is obtained as:

Ipi =1Ipp =1Ip3s=Ips=1Ip (23)

Irmp is the peak current of the magnetizing inductor and is

obtained as:
VinDTs

L,
From Fig. (5), the average values for D, and D3 can be ob-
tained as:

Ime = (24)

1/41,,,DxT
Ip = —— L ZX7S (25)
Ty
1/21pmp (Dp — Dx) T
= 26
D3 T (26)

Since the average current values for I, and Ip; are equal
to the average value of 1/2 Ip3, therefore (25) is equal to 1/2
(26). Dy is expressed as the period of time during which
diode current ip; reduces from peak current to zero, becom-
ing:

1

Dy = D 27
x=——=Dy 27)

From (23) and replacing (27) into (26), the I, can be calcu-
lated as:

Ime
T2+ 1)D L
According to Ip = Vp/R, replacing (22) and (24) into (28)
yields:

Io (28)

1/2D 2 Viu L,
/ @+m Vin ) L (29)
Vo/Vin—m+1)  (1+n)Vp RT
The normalized magnetizing inductor time constant 7 is
expressed as:

L, L. fs
=2 - 30
LT RTs T R (30)
Substituting (30) into (29), the voltage gain of the proposed
converter in DCM is attained as follows:

n+1)+ \/(n + 1)2 + (2(2+n)D2)

7.(1+n)
Mpcy = > (31)

According to equation (31), the DCM voltage gain by differ-
ent magnetizing inductor time constants 7, is illustrated in

Fig. (6).

3.3. BCM Operation

In the boundary operation mode the voltage gain of CCM
operation is equal to the voltage gain of DCM operation.
From(11) and (30), the boundary normalized inductor time
constant 7,5 can be obtained as:

D (1 - D)?
2n+1)(n+1+ D)

(32)

TLmB =

curve of t7,,g is shown in Fig. (7). If ., is larger than 7,3,
the proposed converter operates in CCM mode.
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Figure 7: Boundary condition of the proposed converter with n=3

3.4. Voltage Stresses on Active Components and Efficiency
Analysis

In this section the voltage and current stresses on the switch-
ing devices, such as MOSFET and diodes, are surveyed.
Leakage inductance is ignored. During CCM operation, the
voltage stresses on S and D; ~ D, are obtained:

Vbs = Vpi =VDz=m (33)
i’lVO
"o 34
Vo3 1+n+D (34)
Vo (1 +n)
Vpg = ———— 35
DY Ty n+D (35)

For estimation of efficiency, some parasitic resistances are
assumed as follows:
Rps is on-state resistance of switch s and for switch
IRFB4410PbF is 10 mQ. The forward resistance of the
diodes D, D,, D; and Dy, are rp; = rpp = rp3s = Ipsg =
0.01 Q the forward voltages of the diodes D;, D,, D; and
D, are respectively Vg = Vg = Vs = Vg = 1.5 V and
the ESR of capacitors Cy, C,, C3 and Cy4 respectively are
rcr =rca =rc3 = 0.15Q and rca = 02Q.
The conduction loss of switch s can be calculated as follows:

N 150
Linrms = f‘”/— x VD = 50 X 0T=627A  (36)

m

rDS X ]m rms =
0.39W 37

P’"DS =Tps X ISrms
=0.01 x (6.27)* =

The peak current of switch is calculated as follows:

kp 21p
— = = — 38
n Ipap D (38)

. Airm 1+n+D DT R(1 — D)
mp = Ly + = + I 39
HLmp 2 -0 T aa+nipy| ©Y

1

lDSP = lmp lep + (1 + )llkp (40)

By replacing equation (38) and (39) into (40), the current
stress of switch can be obtained as:

i _ [1+n+D DT,R(1-D)
DSP = L71-p 2L,,(1+n+D) (41)

+5(1+ HIp = 1241 A

The switching loss of proposed converter is derived as:

Ipsp-Vps-topr
Pgy = —=2 =

2T
_ 12.41-63.82:50-10~°
- 241073 =049W

(42)

The forward resistance losses of diodes Dy, D,, D3 and
D, are calculated from (23) as:

8\/_ 041A  (43)

Po 15
I yms = — VD =
D1,2,3.4,rms VO 30

Prrp1234 =4 Rr1234 ID1234,,,,S= (44)
= 4.001-(0.41) = 0.0067 W

The forward voltage losses of diodes Dy, D;, D3 and D4
are calculated from (23) as:

Pyrpip3a =4 X Vrip34 X Ip1o3sa =

4XVF1,2!3,4X% =4x1.5- % =3W

(45)

The RMS current value of capacitors C;, C,, C3 and Cy
are derived as:

Po
Ict.coms = —> x VD = x V0.7 = 2.68A 46
Cc1,c2 Ver X 46 66 (46)
Po 150
Icams = — % VD = x V0.7 = 0.89 A 47
3 Ves S VT 130" (47)
P 150
Icapms = _Vc04 x VD =300 % x V0.7=041A  (48)

The capacitor losses of Cy, C,, C3 and C4 are derived as:

Pcicy = 2ESRey X I%,, = 2x0.15%(2.68)* = 2.15W (49)

1rms
Pc3 = ESRc3 X Igs,,4
Pcs = ESRca X I,

=0.15x (0.89)> = 0.118W  (50)
=02 x (0412 =0.033W  (51)

4rms

4
PCroal = Z Pcy =2301W (52)
n=1
The enameled wire loss and core loss of the transformer is
considered to be almost 1 W. The total efficiency of the pro-
posed converter is obtained as follows:

Pox100% i
n= (Po+Pros +PswPo+ Pcroa+Pr)

150x100% _
= (150+0.39+0.49+(0.0067+3)+2.301+1) 1+% =95.43%

1+ Ploss
Po

4. Experimental Results

A prototype of the proposed converter is made to survey ex-
perimental results. The component parameter and electric
specification are given as follows:

¢ input voltage: 20V
e output voltage: 300V
e switching frequency: 25KHZ
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100% i

Time: 10 u.si/div

Figure 8: Experimental waveforms are measured by the condition of fs = 25
kHz, Vi, = 20V, and output power 150 W

switch: IRFB4410PbF

diodes D1, D2 ,D3,D4: MUR1560

capacitors C1,C2,C3:100 uF, Cout: 180 uF
Im: 100uH

e N=3

With assumption N = 3, the duty ratio is obtained D = 70%,
according to (11). From equation (31) the boundary normal-
ized magnetizing inductor time constant 7,5 is derived as
1.859x107>. For the operation of the proposed converter at
BCM condition at 50% of the full load, the load resistance
R=1200 Q. The boundary magnetizing inductance is ob-
tained as follows:

L.g X fs _
Lu X Js 1859107 = L, > 89.23uH (54)

The actual inductance of magnetizing inductor L,, is consid-
ered to be 100 uF. The current and voltage waveforms of

proposed converter as measured from coupled inductor T
active switch, diodes D;, D,, D3 and D4 and output voltage
are indicated in Fig. (8) in 150 W output power. These ex-
perimental waveforms agree with the steady-state analysis.
Fig.10 indicates the measured efficiency for several output
powers. Maximum efficiency of 97.37% occurs at 20% full
load and full load efficiency is measured at 95.83%.

5. Conclusion

This paper proposes a high step-up converter. This con-
verter consists of one switch, four diodes, four capacitors and
one coupled inductor. The structure of the converter is sim-
ple due to there being just one main switch. Reflecting the
simple structure, the proposed converter has an easy control
strategy. The turns ratio of the coupled inductor causes high
voltage gain. The proposed converter has low conduction
losses, because the voltage stress of the switch is low, and
hence low rating voltage and low Rps_,, are required. The
energy of the leakage inductor is recycled through a passive
clamp circuit. The efficiency of the converter is high, which
makes it economical. The proposed converter can be used
in renewable energies like PV panels as a high step up DC-
DC converter.
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