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Abstract- In this paper, a new high efficiency, high step-up, non-isolated, interleaved DC-DC converter for renewable
energy applications is presented. In the suggested topology, two modified step-up KY converters are interleaved to
obtain a high conversion ratio without the use of coupled inductors. In comparison with the conventional interleaved
DC-DC converters such as boost, buck-boost, SEPIC, ZETA and CUK, the presented converter has higher voltage gain
that is obtained with a suitable duty cycle. Despite the high voltage gain of the proposed converter, the voltage stress of
the power switches and diodes is low. Therefore, switches with low conduction losses can be applied to improve the
converter efficiency. Moreover, due to utilization of interleaving techniques, the input current ripple is low which makes
the suggested converter a good candidate for renewable energy applications such as PV power system. Operation
principle and steady-state analysis of the proposed converter in continuous conduction mode (CCM) and discontinuous
conduction mode (DCM) are discussed in detail. Also, theoretical efficiency of the proposed converter is calculated.
Finally, in order to evaluate the proposed converter operation by a renewable energy source such as a PV, the
simulation results are presented. Moreover, a 220W prototype of the presented DC-DC converter is designed and
implemented in the laboratory to verify its performance.
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efficiency. To solve these problems, a step-up DC-DC

1. INTRODUCTION converter is required [1-3]. Fig. 1 shows the general

Renewable energy sources such as photovoltaic (PV),
wind power and fuel cell (FC) are being extensively
used for power generation due to the shortage of fossil
fuels and environmental pollution concerns. PV power
system is one of the most available and popular
renewable energy sources, which are used in industrial
applications. PV has important advantages such as
accessibility, noise-free operation, lack of actuators and
mechanical, environmentally friendly and non-
contamination. Generally, the output voltage of the PV
panel is not large enough for connecting to the utility
grid also, their output voltage is variable, which depends
on radiation and temperature. Some methods have been
proposed to increase PV voltage level such as the series
connection of panels. However, due to shading and
panel mismatch, maximum power point tracking
(MPPT) is not achieved which reduces the system
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structure of the PV power system, which includes a DC-
DC converter to step up the PV generated voltage, and
an inverter to deliver power to the grid [2]. Moreover, in
order to track the maximum power point in PV systems,
the input current of the DC-DC converter should be
continuous with low ripple [4].

Several DC-DC converters with high voltage gain
have been introduced in the literature survey for PV
power application. Due to operational limitations and
parasitic elements, the voltage gain of conventional
boost, buck-boost, SEPIC, ZETA and CUK can't be too
high. Moreover, in these converters, the voltage stress of
switches and diodes are equal to the output voltage
which increases the switches costs for applications with
high output voltage [5, 6]. High voltage gain can be
achieved by using coupled inductors in DC-DC
converters [7-10]. These types of converters can provide
a high voltage gain by using a proper turn ratio of the
coupled inductor. However, in these converters, the
efficiency is reduced due to losses associated with
leakage inductance and high switching frequency in the
transformer. Also, using a higher turn ratio to achieve a
higher voltage gain causes higher EMI noise and power
losses.
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Fig. 1. General structure of a photovoltaic power system.

Furthermore, in these converters, the input current ripple
is high, especially when the turn ratio of the coupled
inductor is increased [11, 12].

Among various types of high step-up DC-DC
converters, non-isolated converters have received
significant attention due to their relatively lower size,
losses, and cost [13-16]. In [17-23] voltage-boosting
converters are proposed, named KY converters. In these
converters, the voltage of switches is lower than the
output voltage and the output voltage ripple is low.
Also, these converters are very suitable for supplying
power to devices that must operate under low-noise
conditions. Besides, unlike the conventional boost
converter, KY converter offers very fast transient load
response, similar to the buck converter behavior. Also,
the output current is non-pulsating in these converters.
However, the voltage gain of these converters is still
low which can be enhanced.

Recently, some novel structures of high step-up
interleaved DC-DC converters are presented in [24-29].
This paper proposes a new high step-up interleaved DC-
DC converter that is composed of two modified KY
converters, in order to increase conversion voltage gain.
The voltage conversion ratio of the proposed converter
is higher than the interleaved configuration of
conventional DC-DC converters such as boost, ZETA,
CUK and SEPIC converters. The overall features of the
proposed interleaved DC-DC converter are; high
voltage conversion ratio, high conversion efficiency,
low voltage stress of semiconductors, low ripple in the
input current, low conduction and switching losses.

The remainder of this paper is organized as follows.
Configuration and operation principle of the proposed
converter are studied in Section 2. Steady state analysis
of the converter operations in continuous conduction
mode (CCM) and discontinuous conduction mode
(DCM) are given in Section 3. In Section 4, design
guidelines of the proposed converter are presented.
Section 5 is devoted to calculation of theoretical
efficiency for the suggested converter. In Section 6,
comparison of the proposed converter with some similar

step-up DC-DC converters is performed. Section 7
presents simulation results of the proposed converter
operation by a PV source and the experimental
measurement results of laboratory prototype of the
proposed converter in CCM and DCM operation. As a
final point, Section 8 concludes the paper.

2. CONFIGURATION AND OPERATION
PRINCIPLE OF PROPOSED DC-DC
CONVERTER
Fig. 2(a) indicates a step up non-isolated interleaved
double dual boost converter that is presented in [29].
The voltage gain of this converter is not high enough
and equals to (1+D)/(@—D). Moreover, configuration

of modified step-up KY converter is shown in Fig. 2(a).
In this converter, the voltage of switches is lower than
the output voltage, and the output voltage ripple is low.
Also, the output current is non-pulsating in this
converter. According to this figure, the voltage gain of
this converter is obtained as follows:
1+D

=D (D
It is obvious that the voltage gain of this converter is not
high enough for some practical applications. The
configuration of proposed DC-DC converter is obtained
by interleaving two modified step-up KY converters to
achieve a high voltage gain. As shown in Fig. 2(b), the
proposed converter, named as interleaved modified KY
converter, consists of two power switches S; and S,
along with anti diodes, four diodes Di, D>, D; and Da,
four capacitors Ci, C», C3 and Cs; which are large
enough to keep the voltage across itself constant, four
inductors Li, L», L3 and L4, and two output capacitors
Coi and Cop,. In the equivalent circuit, the input and
output voltages are indicated by V;, and Vo, and the
input and output currents are represented by /i, and /o,
respectively. The switching frequency and switching
period are represented by fs and Ts, and duty cycle is
denoted by D. The voltages across capacitors Ci, (s, Cs,
C4, C01 and Coz are signiﬁed by VC1, ch, Vc3, Vc4, VC()I
and Voo, the voltages across diodes D1, D,, D3 and Dy
are indicated by Vpi, Vpo, Vps and Vpa, and the voltage
across inductors Li, Ly, L3 and L4 are denoted by Vi,
Vis, Vi3 and V4, respectively.

M

The suggested DC-DC converter can be operated in
both continuous conduction mode (CCM) and
discontinuous conduction mode (DCM) which are
analyzed in the following. In order to simplify the
analysis, the following assumptions are considered:

1) The value of input voltage, V;,, is constant.
2) All capacitors are large enough as the voltages across
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them are constant in one switching period.
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Fig. 2. (a) Base version of proposed interleaved double dual boost
converter in [29], (b) Structure of modified step up KY converter,
and (c) proposed interleaved DC-DC converter power circuit.

3) All components are ideal and all parasitic parameters
are ignored.

2.1. Continuous conduction mode (CCM) operation
Following discussion is confined to CCM operation of
proposed DC-DC converter in one switching period.
The CCM can be divided into two operation modes.
Key waveforms of the converter operation in CCM are
illustrated in Fig. 3, and the corresponding equivalent
circuits are shown in Fig. 4. Analysis of the converter
operation in CCM is given in the following.

Mode 1 [t, #1]: At the beginning of first mode, both

power switches S; and S, are turned on, and diodes D;-
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Fig. 3. Key waveforms of proposed converter operation in CCM.

i

Dy are in off-state (blocked). The current flow path of
this mode is indicated in Fig. 4(a). According to Fig.3,
the current of inductors Li-L4 are linearly increased with
the input voltage (Vi,). During this time interval, the
capacitors C; and Cs are charged and the capacitors C,,
Cs, Co1 and Cp» are discharged. Moreover, the energy of
output capacitors Co1 and Cp» transferred to the output
load and supplied it. This mode ends when both power
switches turned off at /=¢#;. During the first mode, the
voltages across the inductors Li-Ls are derived, as
follow:

v L1(model) =V L 3(model) =Vin (2)
Vi 2(moder) =Vc2Vei 3)
V| 4(moder) =Vca V3 4)

Mode 2 [f, #2]: During the second mode, power
switches S; and S, are turned off, and diodes D;-Ds
starts conducting as shown in Fig. 4(b). The stored
energies in inductors Li-Ls are decreased and their
current is declined linearly to their minimum value.
Moreover, the capacitors C; and Cy are charged in this
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time transition. The output capacitors Coi and Co, and

LCh

(b)
Fig. 4. Current flow path of operating modes during one switching
period in CCM operation, (a) Mode 1, and (b) Mode 2.

load, Ro, are supplied from the capacitors C; and Cs and
input source V;, through diodes D, and Da, respectively.
This mode of operation finishes when both switches S
and S are turned on at the next switching period. Also,
the voltages across inductors Li-Ls4 during the second
mode are determined, as follow:

Vi 1mode2) =Vin Vc 2 ®)
V| 2(mode2) =Vc1 (6)
Vi 3mode2) =Vin Vca (M
V| 4(mode2) =Vc3 C))

2.1. Discontinuous conduction mode (DCM)
operation

The key waveforms of proposed converter operation in
DCM are shown in Fig. 5. There are three main modes
during one switching cycle in DCM operation. The first
mode operation in DCM is the same as the first mode in
CCM. In the second mode, the current of the diodes are
decreased, and in the third mode, the diode's D;-Ds
currents are zero and so, diodes and switches turn off.
The equivalent circuit of the third mode at DCM
operation is shown in Fig. 6. In the third mode, the
inductors L;-Ls currents are constant. Therefore, the
voltages of the inductors are equal to zero.

3. STEADY-STATE ANALYSIS OF PROPOSED
CONVERTER

3.1. CCM operation
In order to simplify the analysis, power losses of the
switching devices are not considered. By applying volt-

sec balance law on the inductors L;-L4 and using (2)—
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Fig. 5. Key waveforms of proposed converter operation in

Fig. 6. Current flow path of proposed converter in third mode in
DCM operation.

(8), we have:
DT, T,
\ARY, :J.o (\/Ll)dtJrIDTS Vi pdt=

9
:IDTS(\/- )o|t+jTs Vin Ve o)dt =0 ”
0 in DT, in Cc2

DT, T,
<V|_2>=J.0 (\/Lz)dt"'J.DTS(VLZ)dt: W)

:JDTS Ve —vCl)dt+jTs (Vep)dt=0
0 DT,
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DT, T
Viz) :J.o Vi 3)dt +IDTSWL3)dt = )
DT, T
:J‘O Vin dt+jDTS(\/in —Vc4)dt=0

DT, T,
NL4>=IO (VL4)dt+.[DT (Vig)dt=
° (12)
=IDTS(\/ v )dt+st (Ve3)dt=0
0 C4 C3 DT, C3

By applying KVL in mode 1, the output voltage is
achieved as follows:

Vo =Vco1Vin *Vco2 (13)
In mode 2, according to Fig. 4(b), the following
equations are derived:

Veo1=Vei1+Veo (14)
Veo2=Vca+Ves (15)
By using (9) and (10), the voltages across capacitors Cj
and C; are achieved as follow:

° v, (16)

Vg =
C171°p

1
Vea=1—pVin a7

Also, by using (11) and (12), the voltages across
capacitors C; and Cy are obtained as given in (18) and
(19).
D

1D DV in (18)

1
Vea=1pVin (19)
By substituting (16) and (17) into (18), the voltage
across capacitor Co is determined, as follows:

D +1

\Y =—V;

CO1 (l— D) in
Also, by substituting (18) and (19) into (15), the voltage
across capacitor Co; is equal to (21).

D+1
=——Vin

1-D)
From (13), (20) and (21), voltage gain of proposed
converter in CCM, Mccw, is calculated as follows:

VO _ 1+3D

M =-9 22
ceM =y =10 (22)

Ve =

(20)

Vcoo (21)

3.2. Calculation of currents
Current of inductors L; and L, I, and I;»[], and
capacitors Ci, C; and Cor, ICl(on) ’|C2(on) and 'COl(on)

, during switch on period (Model), are derived as
follow:

lc1g, =12 (23)

Ic 2y = 1C 10 =112 (24)

lco,,, =~lo (25)
The average of currents flow through the capacitors C;,

G and CO], ICl(off) 5 Icz(off) and ICOl(Off) . durlng

switch off period (Mode2), are achieved by using the
following equations:

le1gr, =12 —lecorgy, 1o =lia+leay, — 1 (26)
le 2y =it ey, T2 =1ui—lecoyy,, o (27)
lcotyry =12 —leyy, —lo (28)

By applying KCL on the capacitors Ci, C; and Cop1, the
following equations are expressed:

DT, T

J’O (Icy,, )t +IDTS (I, )dt=0 (29)
DT, T

IO (|C2(On))dt+IDTS (Ic 2,)0 =0 (30)
DT, T

IO (ICOI(OM)dHIDTS (Ico1y At =0 (31)

By substituting (23)-(28) into (29)-(31), the average of
currents flow through the capacitor C; and C, during
switch off period and the inductors L; and L, are
calculated as given in the following:

D

le1gr, =" le2ur, =" p o (32)
IO 1+D

l4=—0 — =2 33

L= _p) e “1_p © (33)
|

I o =—1_0D +1c1y, =lo (34)

According to Fig. (4), in the second Mode, the currents
flow through the inductors L3 and L4, I;3 and [;4, are
equal to [1 and Ipx[], respectively; therefore, the
following equations are obtained:

1+D
I g=—=I 35
L3=1_p 0 (35)
lLa=1lo (36)
The currents flow through the diodes D; and D», Ipi and

Ipo, are determined by using the following equations.

1
— 37
1po (37)

1
lpi=li2-ley,, =750 (38)

Ip1=laitleyy, =

According to Fig. 4, the currents flow through the
diodes D3 and Da, Ip3 and Ips, are equal to Ip; and Ip[ ],
respectively; thus, the following equation is obtained:

1
—I 39
1_p 'O (39)
And the currents flow through the switches S; and S, Isi

Ip3=lps=
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and I, are obtained as given in (40) and (41).

2
|81:|L1+|L2:EIO (40)

2
|82=|L3+|L4=EIO 41)

By using (2), (3) and (4), the integral form of currents
I11-114 can be written as follow:

I, =1 = [ Vit 1, © “2)
v T b
1
T [} e vendt+1,© 43)
1 ¢t
A ATRCOLENC (44)

According to (42)-(44), the currents ripple of inductors,
Alp1-AlL4, are achieved as follow:

DV, D@-DNg
Liafs  Lisfs (@+3D)

DVi, = D@-DNg
Loafs  Laafs(1+3D)

Al =Al =

(45)

Al =Al, = (46)
3.3. DCM operation

There are three modes in DCM operation. The
main waveforms of DCM operation are shown in
Fig. 5. Also, the current flow path of the third
mode is given in Fig. 6. According to Fig. 4(b) and
(37)-(39), the sum of the diodes D;-D4 currents can
be obtained as follows:
Ipi+lpa+lps+ipa=lig+lo+lz+ls  (47)
The average of diodes current, IDl(ave) , IDZ(M) ,

1D 33 and 1D 4 ey - during the switching period,

are derived as follows:

_Vo
1D1me) = 1D 26y = 1D31ae) = D 4aey = R (43)

According to Fig. 5, the sum of the diodes average
currents during one switching period is determined
as given in (49).

_ 1% peak
I Dl(ave) +1 Dz(ave) +1 D3(ave) +1 D4(ave) - ED ! D (49)

where D" is the duty cycle in the second mode in

| peak
D

DCM operation and is the sum of the peak

currents of inductors L-La.
I peak - peak 41 peak 1 peak 1 peak Vln DTS (50)
eq
1 1 1 1 1
where —=—+-—+-—+-—
leg L1 Ly Ls Ly

By applying volt-sec balance law on inductors Li-
La, the switch duty cycle in the second mode in
DCM, D', is expressed as follows:
4DV,

VO _Vin

Since the voltage gain in DCM operation is
Mpem =00 Vi) , therefore by using (49), the
following equation is obtained:

. (52)

Mpcem —1

By using (47)-(52), the voltage gain in DCM is
equal to (53).

2
1+ 1+4D
Vo_ Vo (53)

D" = (51)

M -0 _
DCM =y >
where the parameter z is defined as follows:
2L
= (54)
TsRo

3.4. BCM operation

When the proposed converter operates in boundary
condition mode (BCM), the voltage gain of CCM
operation, Mccwm, is equal to the voltage gain of DCM
operation, Mpcm. Boundary normalized inductor time
constant, =, is derived from (22) and (53), as
determined in (55):

D(1-D)?
2(1+3D)
Variations of #, versus duty cycle are illustrated in Fig.

7. If 7 is larger than =, the proposed converter operates
in CCM.

Ty = (59)

4. DESIGN PROCEDURE OF PROPOSED
CONVERTER

4.1. Voltage stress analysis
In order to choose proper semiconductor devices for a
converter, their voltage stress should be considered.
According to operation principle of the proposed
converter, the voltage stress on power switches can be
achieved as follow:

1
T p'in (56)
Also, the voltage stress of diodes D;-D; is calculated as
follow:

Vtress—s 1 =V stress—s 9 =

Vstress—D1 =_V(22 =——Vin (57)
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1
Vstress—p, Ve, Ve, == Vin (58)
1
Vstress—D3 = _VC4 = _Evin (59)
1
Vstress-p, = Vo, *Ve, =75 Vin (60)

Therefore, one of the main merits of the proposed
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Fig. 7. Boundary normalized inductor time constant versus duty
cycle.

converter is that the voltage stress of switches and
diodes are less than the output voltage.

4.2. Inductors design

To corroborate that the converter always operates in
CCM, the required inductance values is obtained as
given in (61).

Al

== (61)

According to (33) and (45), the minimum values of
inductors L; and L3 to operate in CCM are derived as
follow:

(@+D)lg S D(1-D)Vg 62)
(1— D) - 2(1+3D)L1‘3f5
L=lys D(-D)¥q (63)

~ 2(1+D)(1+3D)f¢ 1o
According to (34) and (46), the minimum values of

inductors L, and L4 to operate in CCM are determined
as follow:

D(1-D)V
o _% (64)
2(1+3D)L2’4fs
L,-1,>20-DNo (65)

~2(1+3D)f 1o

4.3. Capacitors design

Capacitors C;-C4 are designed for proposed converter
by assuming same voltage ripple. According to (16)-
(19), voltages of capacitors Ci-C4 are achieved. Since
the charge absorbed or produced by all the mentioned

capacitors are equal, the sizes of the capacitors are
obtained as follow:

aq =Dlo (66)
fs
_AQ
AVe = c (67)
Ci :(DIO /AVCifS) (68)

where i=1, 2, 3, 4

5. EFFICIENCY ANALYSIS

In efficiency analysis of proposed converter, parasitic
resistances are expressed as follows: 7psi-on and rpsz-on
are switches on-state resistances, and R;i, R, Ri3 and
R4 are equivalent series resistance (ESR) of inductors
Ly, Ly, Ls and La, respectively. Rrpi1, Rrp2, Rrps and Repa
are diodes Di, D,, D; and D, forward resistances,
respectively, and Vepi, Vepa, Vips and Vips are their
threshold voltages. Also, rci, rc2, ¥c3, Fcs, Fcor and reon
are ESR of capacitors Ci, C;, C3, Cs, Co1 and Coo,
respectively. In the analysis, voltage ripple across the
capacitors and the inductors are ignored.

RMS currents of the power switches S1 and S, |yys 51,

I'ms s 2 » can be earned by following equations:

l DTS 2
I'ms.,s1 :\/_Jo (ILg+12)dt

s (69)
1 (DT 21 2. 2loVD
:\/_J‘ ( )2dt =
T. o ‘t-b) 1-D)
1 ¢DTs
Irms,SZZ\/-EJ-O (|L3+||_4)2dt .
1 (PTs 2lg o 2loVD
= =] 2% -
TS 0 (1—D) (1—D)

The conduction losses of switches S; and S, are
achieved as follow:

N , 415D

PVDSHn =Tps1-on *(Ims s1)° = 1- D)2 bsion (71)
. 2 415D

PrDS 2-on — 'DS2-0n (Tms s2)° = m 'bs2-on (72)

The switching losses of the proposed converter, Psp:
and Pgm», are obtained as given in (73) and (74).

V.

Pow1=fsCsV1=FsCs (1_"5)2 (73)
V.

Pow 2 =fsCsV2 =fsCs (1_";:))2 (74)

where fs and Cs are switching frequency and the
parasitic capacitor of the main switches, respectively.
The total power losses of switches S1 and Sa, Psuiren1 and
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Psyircin, are calculated as follow:

P
Pswitch1 = I:)rDSHH + S;v L (75)
Pswitch2 = P Powe (76)
Switch2 = Frpgo_on 2

RMS currents of the diodes, s p1 s Ims.D2
following the ained by , are obt I ;s paand s ps

equation:

|
I'ms,01=1ms,02=1ms,03="ms D4:% (77
' ' ' ' (1-D)

The average of diodes current, IDl(ave) , IDZ(M) ,

, are derived as given in (78). 1 p Bare) and Ip B(ave)

I Dl(ave) =1 D 2(ave) =1 D3(ave) =1 D4(ave) IO (78)
Diodes forward resistance losses, PRF(m) , Pr Foz) °

PRF(D 3 and PRF(D , are expressed in (79)-(82).

4)

2

PRF 01 =RFD1|r2ms,D1=%RFDl (79)
2

PRF o2 =RFD2|r%ns,D21=ﬁRFD2 (80)
2 18

PRF b3 =RFD3|rms,D3=(l_—OD)RFD3 (81
|2

PR = Repalfms 4 = (1_OD) Rrp4 (82)

Diodes forward voltage losses, R,,:(Dl) , R/,:(Dz) ,

R,,:(m) and R,,:(m) , are calculated as given in (83)-

(86).
RiFpy =V o1l D14, =10V FD1 (83)
RiFpz =V 2! D2 =0V FD2 (84)
RiFps =VF3lD3y,,., =10VFD3 (85)
RiFps =VFDalDay,, =10VFD4 (86)

RMS currents of inductors, I'yms 11, ms L2 Ims,L3

and, are determined as follow: | ms,L4

@+D)
Imws,lelmws,L3=ﬁlO (87)
Irms,L2:|rms,L4:|O (88)

The conduction losses of inductors, Py, Py, , Py and

Pr, » are achieved by the following equations:

1+D
P, = Rl fns L1 = ﬁ L1 (89)

2 2
Pr, =RL2lms L2 =10RL2 (90)
2

B 2 _(@+D)" 2

P, =Rislms L3 = 1-DY? I6RL3 1)
_ 2 2

Pri, =RiLalms,La =10RL4 92)

The RMS currents of capacitors, Iysc1»> Imsc2 s

lmsc3 > Imsca s lmsco1r and, are lyyscoo
obtained as given in (93).

D

' Ims co,, = m'o

(93)

ms.Ciosa —

The power losses of capacitors, Prci, Pre2, Pres, Pres,
Prcoi and Preoo, are according (94) and (95).

P =K | ,mz
RC1234=1c1234'msC1234
(94)

D 2
“(-D) I61c1,234

2 D 2
Prco,, = co,, Imsco,, =m|o fco,, 95)

Therefore, the total power loss of the proposed DC-DC

converter, Pross,[ | is simplified as follows:

PLoss = Pswitch1 + Pswitch2 + E PRF(Dn) +
n=1
96
2 96)

4 4 4
+ZR/F(Dn) +ZP”-(n) +Z I:)Rc(n) +ZPRCO(n)
n=1 n=1 n=1 n=1

The efficiency of the proposed converter, 7, is defined
as given in (97).

P
p=—0 L ©7)
P
Po + I:)Loss 14 “Loss.
Po

According to (69)-(97), the efficiency of the proposed
DC-DC converter is formulated as follows:
1 1
n= = (98)
14 Ploss 9 A 5+ B =
Po Ro(1-D)* Ro(@-D) Rg

where,

2
1CeVin

A =4D(rps1+Ips2) + +@+D)?(R 1 +Ry3)

5
B =(Rrp1+Rrp2+Rep3+Repa) +
+(lc1+rco+1c3+ica)+(lco1+1co?)
c - Vep1Vep2 VVeps+Vepa)
lo

+(RL2+RL4).

6. COMPARISON STUDY
In this section, proposed DC-DC converter is compared
with some similar topologies in terms of voltage gain,
normalized voltage stress on power switches, boundary
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inductor time constant, cost and size. Fig. 8(a) shows
comparison results of the voltage gain of the proposed
converter and converters presented in [14, 15, 18, 19, 23]
and [29] for various duty cycles. As shown in this figure,
the voltage gain of the proposed converter is more than the
other topologies for all ranges of duty cycles (even for low
duty cycles). This advantage is due to using of interleaved
configuration of two modified step-up KY converters in the
proposed topology.

The relationship between the normalized voltage stress
across power switches of the proposed converter and other
converters is depicted in Fig. 8(b). According to this figure,
the voltage stress of switches in the proposed topology is
less than the other converters for any value of duty cycles.
Hence, the cost of the proposed converter will be reduced
and the overall efficiency will be increased. The boundary
inductor time constant curves for the proposed converter
and the other converters are shown in Fig. 8(c).

The cost comparison of the suggested converter is
indicated in Table 1. With regarding this table, it is obvious
that the proposed converter has low cost. By increasing the
power rating the number of cores and nominal values of
the power components can be decreased. So, it can be
concluded that, by choosing the suitable cost of the power
components, the proposed converter can be operated in
high efficiency with lower cost. The size comparison of the
proposed converter with other converters is indicated in
table 2. According to this table, the converters presented in
[14, 15, 19, 23] and [29] have lower components count
versus the proposed converter. However, these converters
voltage gain is very lower than the proposed converter.
Also, the suggested converter has less normalized voltage
stress across main power switches versus other converters.
It is important to note that the proposed converter has a
very low input current ripple because of its interleaved
structure.

7. SIMULATION AND EXPERIMENTAL
RESULTS
In order to confirm performance of proposed converter and
evaluate its operation by a renewable energy source such as
a PV, the simulation results are presented in this section.
Simulation results are obtained via PSIM. The overall
structure of the system studied in the simulation is
indicated in Fig. 9. One of the most important factors
related to a PV system is to extract the maximum power
from the PV array. Many MPPT algorithms and techniques
have been presented. Among them, Perturb and Observe
(P&O) technique is a simple and effective method for
MPPT implementation with good tracking factor [30]. The
MPPT is realized by sensing the current and voltage of PV

and implementing the P&O algorithm. Moreover, the duty
cycle for all switching devices is generated through the
P&O algorithm. The specifications of the PV array used in
this study are expressed completely in Table. 3. During the
simulation, the temperature is maintained at a standard
level (25°C)
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Fig. 8. Comparison results of proposed DC-DC converter with
some similar step up topologies: (a) voltage gain of different
topologies for various duty cycles, (b) normalized voltage stress of
switches versus voltage conversion ratio in different topologies,
and (c) curves of boundary inductor time constant.
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and the intense radiation varies from 800 W/m? to 1000
W/m? and eventually changes to a radiation level of
1200 W/m?2. The 1-V and P-V characteristic curves of
the PV array in the intended intensity radiations are
shown in Fig. 10. The simulation specifications of the
proposed converter are given as follow:

Ci, Cy, Cs and Cy4: 47uF; Co1 and Coy: 180uF; L, Lo,
Ls; and L4: 350uH. Simulation results of the converter
operation by a PV source are given in Figs. 11 and 12.
Fig. 11(a) shows the applied changes in intensity
radiation.

Table 1. Costs analysis of proposed converter.

No. of
Components items Parameters Cost
Switches (S) 2 IRFP260n + 2*($1.65) +
(Including 4 2 TLP250 2*($1.13)
driver board) =$5.56
Diodes (Dy,

D,, D3 and D,) 4 MUR1560 4 *($2.25)=$9
Inductors 2%($6) +
(including 4 2*(350uH-6A) + 2%(4)

core and wire) 2*(350uH-2A) =$20
Capacitors

(C1, Cy, Czand 4 (47uF/250V) 4%($0.22)

Cs) =$0.88
Output
capacitors 2 (180uF/400V) 2%($1.32)
(Cor and Coy) =$2.64
Input
capacitor (Ci) 1 470 uF/ 63V $0.17

Table 2. Size comparison of proposed converter with other
presented topologies.

Number of
Reference | Components | Voltage Gain NVS on
Dl C S| Co Switch
Proposed 1+3D M -1
converter | 4 6| 2| 4 1-D M +3
Converter 3D M +3
in [14] 31511 3 1-D 3M
Converter 2D M +2
in [15] 24 1] 3 1-D oM
Converter 2-D M -1
in [19] 1 22| 2 1-D ™
Converter 1+D M +1
in [23] 1 3[ 2] 1 1-D oM
Converter 1+D M +1
in [29] 4121 4| 2 1-D oM

D: Diode; C: Capacitor; S:switch; Co: Core; NVS: Normalized
voltage stress; M= Vol Vi,

DC-DC
ey Converter
nc
o | Output DC
DC voltage
Y
Duty cycle
(D)
Ipy
MPPT
Vv controller

Fig. 9. General structure of simulated system in the PSIM.

Table 3. Specifications of utilized PV array in simulation (1000

60

W/m?, 25°C).
Specifications Values
Number of Cells (Ns) 62
Maximum power of PV (Prax) 104.25 W
Voltage of MPP (Viax) 29.34V
Current of MPP (Imax) 355 A
Open circuit voltage of PV (Voc) 211V
Short circuit current of PV (Isc) 38A
Temperature Coeff of Voc -0.38
Temperature Coeff of Isc 0.065
dv/di at Voc -0.68
108 Pl
' [T
’ N

0
vy v

©
Fig. 10. 1-V and P-V characteristic curves of the PV array, (a) 800
W/m2, (b) 1000 W/m2, and (c) 1200 W/m?,

According to Fig. 11(b), the maximum power of the PV
for each intensity radiation is indicated. The PV array
outputs; power, voltage and current are illustrated in
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Fig. 12(a)-(c), respectively. The PV array voltage is less
and the proposed DC-DC converter boosts PV voltage.
The presented converter boosts PV voltage and extracts
maximum power from the PV array. According to PV
array specifications in Table.3 and Fig. 10, the
maximum power of PV array in 800, 1000 and 1200
(W/m?) irradiance are 83.19, 104.25 and 125.09 (W) in
standard test conditions. Fig. 12(a)-(c) verifies
extracting maximum power from PV array.

SO
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80 |- b [ TSR R
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Time (s)
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Fig. 11. Simulation results, (a) applied changes in intensity
radiation, and (b) maximum PV power diagram for each three
intensity radiations.

Moreover, the output power and voltage of the proposed
converter for the applied changes is shown in Fig. 12(d)
and (e), respectively.
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Fig. 12. Simulation results, (a) output power of PV, (b) output
voltage of PV, (c) current of PV, (d) output power of DC-DC
converter, and (e) output voltage of DC-DC converter.
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In order to verify theoretical analysis of proposed
DC-DC converter, a 220W prototype is implemented in
the laboratory as shown in Fig. 13. The specifications of
the implemented prototype are given in Table 4. The
proposed converter converts 29V input voltage to 325V
in the output. The switching frequency of the prototype
is selected 30KHz. All applied diodes are ultrafast
rectifiers (MUR1560) with low forward voltage drop,
and power switches are selected MOSFET IRFP260n
with low on-resistance. According to Table 4, all of
applied diodes D;-Dy, inductors Li-L4 and capacitors Cq-
Cs are identical in the structure of implemented
prototype.

—Proposed

converter

(b)
Fig. 13. Implemented prototype of proposed DC-DC converter, (a)
overall system, and (b) power circuit.

Table 4. Circuit parameters of implemented prototype.

Specifications Values
Input voltage 29V
Output voltage 325V
Output power 220 Watt
Switching frequency 30 kHz
Cy, Cy, Cs,and Cy 47 uF/ 250 V
Co1, Coz 180 uF/ 400V
Cin 470 uF/ 63V
Inductors, Ly, Ly, Ls, Ls 350 uH
Power switches, S; and S, IRFP260n
D, D;, Dz and D4 MUR1560
Switch gate drivers TLP250
Duty cycle 0.73

Experimental measurement results of the converter
operation in CCM are given in Figs. 14-17. In all of the
figures, time per division is set to be 8ps. Output and
input voltage waveforms are shown in Fig. 14(a). The
input and output voltages are equal to 29V and 325V,
respectively. Also, as shown in this figure, the output
voltage ripple is very low. The measured input current,
lin, is shown in Fig. 14(b). As indicated in this figure,
the input current is continuous, so the proposed
converter is suitable for photovoltaic application.
Voltage stress of switch S; is shown in Fig. 14(c). It is
shown that the maximum voltage on the power switch is

about 100V.
Sl n M) 50005 | WAWIW] 5.00us
it _(50V/diyg :

i (1OV/diV).. i

(@
AL/ n M| _5.00us [FATRTRPRIW] _ 5.00us
lin (6A/diV)
W\J
BB b
(b)
AL/ n M| _8.00us_ [ANTNIWN] W] 5.00us
_(\35 (20V/div)
p
> { Ry \_.?r S«
oV/div [
niien 10
(2 e / ‘ J M “ | el
AEne e

AW 6.00us

DI R R B el

(d)
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MAA# A

M] 8.00us | WWWIWWWWN W]  8.00us
VD1 (SOV/dlv)
(U]

170.000s

56 8% 50.0v

(e)
M2 n M| &.00us |FPWPWIWWNIW]  5.00us
0.000s
Ip1 (15A/d|V)

D

L ? 4
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®
Fig. 14. Experimental measurement results of proposed DC-DC
converter at CCM operation, (a) input and output voltages, (b)
input current, (c) voltage of switch Sy, (d) current of switch Sy, (e)
voltage of diode D1, and (f) current of diode Dx.

Therefore, a switch with low on-resistant can be used.
Also, according to Fig. 14(c), the duty ratio of the power
switch is about 0.73. The switch current waveform is
shown in Fig. 14(d). When the switch is turned on, the
current with a maximum of 7.2A flows through the
switch. Fig. 14(e) represents the voltage stress
waveform of diode D1. The measured voltage across the
diodes D is found to be about 100V. It is clear that the
voltage stress is far lower than the output voltage;
hence, the ultrafast diode is used to completely
eliminate the reverse recovery current. Also, the current
of the diode is depicted in Fig. 14(f). The current with a
maximum of 3.9A flows through the diode when it is
turned on. Voltage and current waveforms of inductors
Li and Lz are shown in Fig. 15. The obtained waveforms
are similar to Fig. 3 that confirms the theoretical
analysis. The voltage waveforms of the capacitors Cy,
Ca, Cs, C4, Co1 and Coq are shown in Fig. 16. As shown
in this figure, the voltages across the capacitors C; and
C, are about 80V and 100V, respectively which are in
good agreement with the results achieved in (15) and
(16), respectively. Fig. 16(c) shows the voltages of
capacitors Co; and Co, which are equal to 180V. This
value confirms the theoretical results obtained from (19)
and (20), respectively.

Fig. 17 shows theoretical and experimental measured
efficiency of the proposed converter for several output

powers. To draw the theoretical efficiency curve, the
on-state resistances of the switches and diodes are
considered to be 0.045Q and 0.02€, respectively. The
experimentally measured efficiency of the proposed
converter under the output power of 220W is equal to
96.2%. The results confirm the high conversion

efficiency of the presented converter.

A/ ] . M] _5.00us [IVWWWYWWIW]  5.00us
11.80Us

VL1 (SOV/dIV)
| | Yo !

Joud

B 8F 50.0v

(@
N/ n M| 5.00us (IWWWAWWWIW]  8.00us
%} (3A/dIV)
6 & 1.00v
(b)
/1] n M| 8.00us | FWVWWWIWAIW]_ 8.00us
0.000s
||_2 (SA/dIV)
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©
Fig. 15. Measured waveforms of (a) inductor L: voltage, (b)
inductor L current, and (c) inductor L. current.

Furthermore, to confirm the theoretical analysis of
proposed converter at DCM operation and validate the
performance of the converter, the experimental results
of the implemented converter during DCM operation are
presented. For the operation of the converter in DCM,
the duty cycle is considered 25% (D = 25%). The
switching frequency is also considered to be 20 kHz and
the output load is chosen to be 320 chms. Experimental
measurement results of the converter operation in DCM
are given in Figs. 18-20. In all of the figures, time per
division is set to be 20ps. Output voltage waveform is
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shown in Fig. 18(a). The measured input current, lin, is
shown in Fig. 18(b). Fig. 18(c) indicates the signal
which is applied to the switch and voltage stress across
it. Fig. 18(d) show the current flows through the switch
in DCM operation. Fig. 18(e) and (f) represent the
voltage stress and current waveform of diode D;. The
obtained waveforms are similar to Fig. 5 that confirms
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Fig. 16. Measured voltage waveforms of capacitors, (a) C1 and Ca,
(b) Cs and C4, and (c) Coz and Coz.
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Fig. 17. Theoretical and experimental measured efficiency of
proposed converter for RL13=40m€, Ri24=30m, rco12=10mQ, rci-
+~=10mQ, fs=30kHz, Cs=603pF, Vrp1234=1.2V, Vo=325V,

Po=220W.

the theoretical analysis. Voltage and current waveforms
of inductors L; and L, are shown in Fig. 19. As it is
shown in this figure, the converter operates in DCM.
Moreover, the voltage waveforms of the capacitors Cy,
Cy, Cs, C4, Co1 and Cozin DCM operation are shown in

Fig. 20.
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Fig. 18. Experimental measurement results of proposed DC-DC
converter operation in DCM, (a) output voltage, (b) input current,
(c) voltage of switch Sy, (d) current of switch Sy, (e) voltage of
diode D3, and (f) current of diode Dx.

Finally, according to the experimental measurement
results, the analysis and feasibility of the proposed
converter in CCM and DCM are validated.
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Fig. 19. Experimental measurement results in DCM operation:
measured waveforms of (a) inductor L voltage, (b) inductor L1
current, and (c) inductor Lz current.

Analysis and experimental tests indicate the suitability
of the presented interleaved DC-DC converter for
applications such as PV power systems.
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Fig. 20. Measured voltage waveforms of capacitors in DCM
operation, (a) C1 and Cz, (b) Cz and C4, and (c) Co1 and Coz
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8. CONCLUSIONS

A high step-up, non-isolated, interleaved DC-DC
converter was presented in this paper. By using two
interleaved modified KY converters, a high voltage gain
is achieved for the proposed converter. The voltage
stress across the power switches is low and so, switches
with low on-state resistance can be applied. Due to low
ripple in the input current, the proposed converter is
suitable for applications such as PV power system. The
converter operation in CCM, DCM and BCM were
discussed in detail. Then, the converter voltage gain,
capacitors and inductors design procedure and voltage
stress of semiconductors in steady-state were analyzed.
The proposed converter is compared with some similar
topologies where the comparison results show that the
proposed converter voltage gain is higher and voltage
stress on semiconductors is lower than the other
topologies. Also, according to comparison section, the
results confirm that the proposed converter has a wide
CCM operation range and can be operated in high
efficiency with lower cost. Moreover, the theoretical
efficiency of the presented converter was calculated in
detail. Finally, simulation results of the proposed
converter operation by a PV source were presented.
Moreover, to validate the theoretical analysis, a
laboratory prototype of the proposed converter was
implemented in 220W of output power with 96.2%
conversion efficiency.
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