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ABSTRACT This paper proposes a new interleaved non-isolated high step-up dc-dc converter for interfacing
renewable energy applications. The proposed converter achieves a very high step-up voltage gain by using
two coupled inductors and a voltage multiplier cell. This topology utilizes the interleaved boost converter
in the input side, and the input current is shared with low ripple. Moreover, a voltage multiplier cell with
the secondary windings of the coupled inductors is employed in the output side to achieve the interleaved
energy storage. The voltage stress on the semiconductor switches and the passive components is significantly
reduced and lower than the output voltage. The aforementioned converter can be operated without an extreme
duty cycle or a high turns ratio. The reverse recovery problem of the diodes is mitigated, and the leakage
energy is recycled. Furthermore, by implementing low-voltage-rated MOSFETs with a small ON-resistance,
the conduction losses can be reduced, and the efficiency can be improved. The topology is fed by a single
input voltage, and the mathematical expression is methodically explored. The operation principle of the
proposed converter and the comparison between the proposed converter with other topologies are discussed.
The design, parameters selection, and experimental results are thoroughly introduced. A 32 to 800V-dc is
verified and simulated by using PLECS. Consequently, a 400W hardware prototype is verified to validate
the theory and the design.

INDEX TERMS Coupled inductors, high voltage gain, high step-up dc-dc converter, high efficiency,
interleaved boost converter, PV, renewable energy systems, voltage multiplier.

I. INTRODUCTION
The demand for renewable energy systems, such as photo-
voltaic systems, fuel cells and wind turbines, has been robust
in recent years. High step-up dc-dc converters are currently
being utilized in many applications, such as dc distribution

The associate editor coordinating the review of this manuscript and

approving it for publication was Derek Abbott .

systems, data centers and telecom centers. Power electronic
converters play a substantial role in power conversion of the
distributed generation and the grid integration [1]. Increasing
renewable energy sources would exceedingly catalyze the
utilize of high step-up dc-dc power electronic converters to
integrate renewable energy systems to electric power grid.
Furthermore, power electronic converters should be highly
efficient and reliable to convert the renewable energies to
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the electric power grid. As a result, using high step-up dc-
dc converts with high efficiency is required, and it is the
main goal to ensure the reliability. PV system technologies
are still the most favorable technologies for a huge portion
of renewable energy generation [2]. Nowadays, PV systems
have the largest growth and installation between other renew-
able energy systems. Moreover, PV systems are receiving
higher power ratings, and the grid side would request the
PV inverter to steady the grid voltage. The grid connected
PV systems have the advantage over the off-grid PV systems
in terms of the growth and the installed PV systems. Since
the output voltage of a PV panel is low (from 15V to 50V),
a high dc-dc converter is compulsory to lift and regulate the
output voltage of a PV panel to the voltage level of the DC-
bus, which would be transferred to an AC voltage through an
inverter to the load as shown in Fig. 1. Therefore, integrating
a PV panel to a 800V dc is perceptibly a rigid duty and entails
a high step-up dc-dc converter.

FIGURE 1. High step-up dc-dc converter for a PV system.

High step-up dc-dc converters with high efficiency have
been proposed in [3]. These converters have utilized active
clamps to recycle the leakage energy and mitigate the out-
put diode reverse recovery issue. Diminishing the resonance
between the leakage inductance and the capacitance of the
devices plays a vital role in alleviating the voltage stresses.
In 2013, a novel high step-up dc-dc converter for distributed
generation systems has been introduced, and the voltage con-
version ratio has been increased due to utilizing a coupled
inductor and two capacitors [4]. The proposed converter in [5]
has achieved a very high step-up voltage gain by integrating
two coupled inductors and switched capacitor techniques.
Moreover, the conduction losses have been alleviated due
to the low resistance, which would result in increasing the
efficiency and reducing the reverse recovery of the diodes.
In [6], high efficiency with high step-up dc-dc converter and
dual coupled inductors for grid-connected photovoltaic sys-
tems has been presented. In addition, this proposed converter
has used an integrated regenerative snubber to recycle the
leakage energy to the output and has also employed active
clamp circuits with a shared clamp capacitor on the active
switches. The proposed converters in [7] and [8] have offered
a high step-up dc-dc converter by using coupled inductor and
voltage-lift technique. In addition, the voltage stress has been

reduced, and the conversion efficiency has been improved.
In [9], a high step-up voltage gain active-network converter
with switched-capacitor but without using a high duty cycle
has been provided, and the low voltage components can be
utilized to reduce the conduction loss and cost. A cascade
cockcroft–walton voltage multiplier has been applied to a
transformerless high step-up dc-dc converter, and then the
proposed control strategy comprises two different frequen-
cies, one of which has operated at high frequency to mitigate
the size of the inductor, and the other one operates at a
low frequency to reduce the output voltage ripple [10]. The
conventional boost converter theoretically can achieve a high
output voltage by using a very large duty cycle. However,
operating at the extreme high duty cycles would result in
high conduction losses and would make the semiconductors
suffer the voltage stress [11]. In [12], a high step up quasi
z-source dc-dc converter with coupled inductors has been
presented, and the main benefits of the aforementioned con-
verter are low normalized voltage stress on semiconductors
compared to the quasi z-source and continous input current.
Furthermore, the conventional boost converter experiences a
low efficiency due to the instability, power dissipation and
complexity of the control part. Cascaded boost converter
could be used to increase the output voltage since it consists
of two conventional boost converters without using extreme
duty cycles. However, using cascaded boost converter would
increase the components size and result in high ripples on the
input current, and the output diode may experience extreme
voltage stress on the switches. In addition, the energy will
be processed twice and that would eventually compromise
the efficiency. A switched capacitor dual switch high step-
up dc–dc is introduced, the waveforms have been explored in
the continuous conductionmode and the discontinuousmode,
and the conduction losses have been reduced due to the small
duty cycle [13]. The aforementioned proposed topologies
may suffer from diode reverse recovery and electromagnetic
interference problems.

On the other hand, using isolated dc-dc converters is
another voltage boost technique to lift the voltage gain
which would utilize the coupled inductors and transformers
[14]–[19]. Employing high frequency transformers can boost
the input voltage and offer the electrical isolation to protect
the circuit [20]–[24]. But using a transformer can cause the
leakage inductance and reduce the power density [25]–[28].
Coupled inductors have the flexibility compared to trans-
formers to boost the output voltage [29]–[32]. Consequently,
achieving a high voltage gain requires an increase in the turns
ratio, whichmay cause the leakage inductance and the voltage
spikes in isolated dc-dc converter. Zero current-switching
(ZCS) turn-ON soft-switching performance for the switches
is utilized, which would reduce the electromagnetic inter-
ference (EMI) noises and the switching losses. This paper
presents the operational principle of the proposed converter
in section II, modes of operation in part A of section II,
voltage gain analysis and performance comparison in part B
of section II, design consideration and simulation results in
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FIGURE 2. The proposed high step-up dc-dc converter.

section III, voltage and current stress on the switches in part A
of section III, inductor design in part B of section III, voltage
and current stress on the diodes in part C of section III,
voltage and current stress on the capacitors in part D of
section III, efficiency analysis in part E of section III,
experimental results in section IV, and conclusion in
section V.

II. OPERATIONAL PRINCIPLE OF THE PROPOSED
CONVERTER
The proposed converter primarily consists of two parts; the
first part is the interleaved boost converter with coupled
inductors, and the second part is the voltage multiplier cells
and the secondary windings, which can extend the voltage
gain and mitigate the current ripple. A high step-up inter-
leaved boost converter with coupled inductors and voltage
multiplier is shown in Fig. 2. The interleaved boost converter
has two coupled inductors, themagnetizing inductorsLm1 and
Lm2, the leakage inductances Lk1 and Lk2 and two switches
connected to a single source. The secondary windings of the
coupled inductors are connected with the voltage multiplier.
Voltage multiplier cells have some diodes and capacitors,
and they are connected to the load to overcome the voltage
discrepancy that may occur. The proposed converter works
only in the continuous conduction mode (CCM)since the
inductor current does not reach zero and based on that,
the operational principle and the steady state analysis are in
CCM. The diode reverse recovery can be mitigated by the
leakage inductance of the coupled inductors. The proposed
converter shares the primary side of the coupled inductors
and integrates them to the secondary side. By increasing the
phases of the interleaved converter, the ripple on the input cur-
rent will decrease. Fig. 3 shows the switching signals of the
proposed converter, and the phase shift between the switches
is 180 degree. In addition, there are some assumptions in
order to simplify the circuit; the semiconductor devices are
ideal, both inductor currents are operated in the conduction
continuous mode, the coupled inductors are modeled ideally
with a magnetizing inductor and a leakage inductor and an
ideal transformer with a turns ratio of

N =
N1y

N1x
=
N2y

N2x
(1)

FIGURE 3. The Switching signals of the proposed converter.

FIGURE 4. Mode-I of operation for the proposed converter.

A. MODES OF OPERATION
The operation modes and the typical performance of the pro-
posed converter are presented in the continuous conduction
mode (CCM).

Mode-I: S1 and S2 are ON and, they are conducting in the
mode as shown in Fig. 4. Lm1 and Lm2 store the energy. More-
over, the magnetizing inductors Lm1 and Lm2, the leakage
inductances Lk1 and Lk2 are charged by the dc input voltage.
The magnetizing inductor currents are linearly increased.
It can be observed that the diodes of voltage multiplier cells
do not conduct, and they are reverse biased. In addition,
the output diode Dout is reverse biased, and the capacitor
voltages of the voltage multiplier cells remain fixed. Finally,
the load energy is supplied by the output capacitor Cout.

Mode-II: In this mode, S1 is OFF and S2 is ON as shown
in Fig. 5.D1,D4 andD5 do not conduct, then they are reverse
biased. Lm2 stores the energy, and Lm1 release the energy.
However, D2, D3, D6 and the output diode Dout are forward
biased and conduct in this state. The magnetizing inductance
Lm1, the leakage inductance Lk1 and the source charge C2, C3
and C6. On the other hand, Lm2 and Lk2 are charged by the dc
input voltage.

Mode-III: S1 is ON and S2 is OFF as shown in Fig. 6. D2,
D3, D6 and the output diode Dout are reverse biased, and they
are OFF. But D1, D4 and D5 are conducting, and they are
forward biased. Lm2 and the input voltage charge C1, C4 and
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FIGURE 5. Mode-II of operation for the proposed converter.

FIGURE 6. Mode-III of operation for the proposed converter.

C5. Lm1 stores the energy, and the magnetizing inductance
Lm2, and the leakage inductance Lk2 transfers the energy.

B. VOLTAGE GAIN ANALYSIS AND PERFORMANCE
COMPARISON
The mathematical expression of the voltage gain is calculated
in this part. For the second mode, the steady state equations
can be expressed as

〈VLm1〉 = 0 (2)

Vin =
dILm1

dt
(3)

Vin =
dILm2

dt
(4)∫ DTs

0
VLm1dt +

∫ Ts

DTs
VLm2dt = 0 (5)

The capacitor voltages for C1 and C2 are equal, the magne-
tizing voltages are identical and can be derived as

VLm1 = VLm2 = Vin + VC1 − VC2 (6)

VLm1 = VLm2 = Vin (7)

For mode-III, the capacitor voltages for C1 and C2 can be
given as

VC1 = VC2 = Vin ×
1

(1− D)
(8)

The capacitor voltages for C5 and C6 are twice the capacitor
voltages for C1 and C2. By applying the volt-second balance

principle, the ideal voltage gain can be written as, the number
of turns ratio is 3 and can be computed as

M =
Vout
Vin
= 2(N + 1)×

1

(1− D)
= 8×

1

(1− D)
(9)

The voltage gain conversion can be written as

Vout = Vin ×
8

(1− D)
(10)

The performance comparison between the proposed con-
verter and other topologies is shown in TABLE 1. The
main characteristics include voltage gain, voltage stresses on
switches and diodes, total number of components, such as
switches, diodes, capacitors and inductors, sharing ground
connection and the input current. It can be noted from
TABLE 1 that the voltage stresses and the voltage gain of the
proposed converter are equal to [6]. In addition, the voltage
stress across switches and diodes in [10] are identical to the
voltage stress across switches for the proposed converter.
However, even though the voltage stress across devices in
[10] are identical and reduced, the number of switches is
four, which results in increasing the cost and the size of
the converter. The converter in [15] suffers from the high
voltage stress across switches and diodes, and the stresses
across semiconductors are equal to the output voltage, and as
a result, the performance of the converter becomes very low,
and the input current is discontinuous. The duty cycle in [9] is
low, the voltage stresses across power devices are alleviated,
the number of components is small, and then the reliability
of this converter is high. However, the voltage gain for the
converter is low compared to the proposed converter. The
topology in [11] has a high voltage stress on diodes compared
to the proposed converter, and it is identical to the output
voltage. Thus, this converter is not suggested for high step-
up applications. Converters in [12], [13] and [14] have a very
small duty cycle, which leads to decreasing the power losses,
but in [13] the voltage gain ratio is small compared to the
proposed converter.

Fig. 7 illustrates that the relationship between the voltage
gain (M ) and the duty cycle (D) with several turns ration,
and it can be observed that as the turns ratio (N ) increases,
the voltage gain proportionally increases. In addition, the pro-
posed converter offers a high voltage gain without an extreme
high duty cycle. The derivation of the turns ration formula
will be discussed in part B of section III.

FIGURE 7. Voltage gain (M) vs. duty cycle (D) of the proposed converter
with several turns ratio (N).
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TABLE 1. Performance comparison between the proposed converter and other topologies.

III. DESIGN CONSIDERATIONS AND SIMULATION
RESULTS
A. VOLTAGE STRESS ON THE SWITCHES
The voltage stress on the switches is significantly reduced to
100V, the input current is 24.25A, and the output current is
0.97A as depicted in Fig. 8. The voltage stress on the switches
can be derived as

Vsw1 = Vsw2 = Vin ×
1

(1− D)
(11)

The peak current stress across the active switches can be
expresses as

Isw1(peak) = Isw2(peak) =
2(N + 1)Iout
(1− D)

(12)

The average current stress on the active switches can be given
as

Isw1(avg) = Isw2(avg) =
(N + 1)Iout
(1− D)

(13)

The benefit of having MOSFETs switches is that MOSFETs
can magnificently run at high frequencies. The average cur-
rent stress across the active switches is 12.125A. Since the
voltage stress across switches is reduced, the low on-state
resistance MOSFETs can be used to improve the efficiency.

FIGURE 8. The voltage stress on the active switches, the input current
and the output current.

B. INDUCTOR DESIGN
The turns ratios of the coupled inductors play a significant
role in determining the voltage and current stress across
the power devices. The average magnetizing inductor cur-
rents rely on the turns ratio (N ). It can be observed that
the magnetizing inductor currents of the coupled inductors
are balanced because of the charge balance of the capac-
itors. The average magnetizing inductor currents can be
calculated as

ILm(avg) = ILm1(avg) = ILm2(avg) =
(N + 1)Iout
(1− D)

(14)
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The average input current is twice the average magnetizing
inductor currents and can be written as

Iin = 2× ILm1(avg) = 2× ILm2(avg) (15)

Iin =
2(N + 1)Iout
(1− D)

(16)

For the second mode, the second leakage inductor current

ILk2 = ILm1(avg) + ILm2(avg) (17)

For the third mode, the first leakage inductor current

ILk1 = ILm1(avg) + ILm2(avg) (18)

The magnetizing current ripple can be given as

1ILm = 0.15× ILm(avg) (19)

The magnetizing inductances are designed based on the input
current and can be calculated as

Lm1 = Lm2 =
DVin

fsw1ILm
(20)

Determining the turns ratio plays a significant role in obtain-
ing the voltage gain, voltage stress on the switches and volt-
age stress on the diodes. Therefore, since the duty cycle is
0.68, the output voltage is 800V, and the input voltage is
32V. The duty cycle D during the steady state is larger than
0.5. The magnetizing voltages and the average magnetizing
inductor currents are illustrated in Fig. 9. Each magnetiz-
ing voltage is 32V, and each average magnetizing inductor
currents is 12.125A.

FIGURE 9. The magnetizing voltages and the average magnetizing
inductor currents.

C. VOLTAGE AND CURRENT STRESS
ON THE DIODES
The voltage stress across diodes is twice the voltage stress
on active switches. The maximum voltage stress across the
diodes can be expressed as

VD(max) = Vin ×
2

(1− D)
(21)

The average currents stress on the diodes can be derived as

ID(avg) = Iout =
Vout
R

(22)

FIGURE 10. The voltage and current stresses on the diodes.

FIGURE 11. The voltage stress on capacitors.

The voltage stress across diodes is alleviated to 200V, and
the average currents stress on the diodes is 0.97A as shown
in Fig. 10. It can be noted that the voltage stress across diodes
increases when the turns ratio increases. However, it is lower
than the output voltage.

D. VOLTAGE STRESS ON THE CAPACITORS AND
CAPACITOR DESIGN
The current stress across capacitors can be written as

IC(rms) = Iout (23)

It can be seen that due to the leakage inductances,
the reverse recovery problems of the diodes are mitigated.
The voltage stress onC1 is 100V, onC2 is 100V,C3 is 200V
and on C4 is 200V, C5 is 300V, C6 is 300V, and the output
voltage is boosted to 800V as illustrated above in Fig. 11.

The capacitor design is controlled by the voltage ripple of
the capacitors, x is the number of any desired capacitors, and
then the output voltage ripple, and the capacitor design can
be derived as

1Vout =
(1− D)Iout(rms)

Cxfsw
(24)

Cx =
(1− D)Ic(rms)

1Vcxfsw
(25)

E. EFFICIENCY ANALYSIS
When both switches S1 and S2 conduct at the same, power
loss would occur. There are two power losses; conduction
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TABLE 2. Simulation of component parameters.

losses and switching losses. The conduction losses are caused
by the parasitic resistance of the components. In addition,
the conduction loss in switches is caused by the resistance
of MOSFETs during conduction time and can be given as

Psw(con loss) = (Isw(rms) × Isw(rms))RDS(on) (26)

where RDS(on) is the drain source when the switch is ON,
the switching loss in the switches can be derived as

Psw(loss) =
Vsw1Isw(Ton,sw1 + Toff,s1)fsw

2

+
Vsw2Isw(Ton,sw2 + Toff,s2)fsw

2
(27)

The losses in diodes are equal to 2.91W and include the
forward voltage, and the average diode currents, which are
identical to the output current and can be expressed as

PD(loss) = ID(avg) × VF (28)

where VF is the forward voltage of the diodes. The power
losses in capacitors are caused by the equivalent series resis-
tance of the capacitor and can be derived as

PC(loss) = (IC(rms) × IC(rms))× ESR (29)

The conduction loss of the coupled inductors in the DC
resistance can be calculated as

PL(Cond loss) = (IL(rms) × IL(rms))× RL(DC) (30)

The core losses of the coupled inductors can be explored by
using Steinmetz coefficients.

PCore(loss) = K × f α × Bβmax × Ic × Ac (31)

The total power loss of the proposed converter can be written
as

Ploss(total)=PSW(cond)+PSW + PD + PC+PL + PCore(loss)
(32)

Consequently, the efficiency of the proposed converter can be
calculated as

η =
Pout

Pout + Ploss(total)
(33)

FIGURE 12. The input current, the input voltage, the output current and
the output voltage.

TABLE 3. List of components for the experimental parameters.

FIGURE 13. The voltage stress on the capacitors.

FIGURE 14. The voltage stress on the switches.

IV. EXPERIMENTAL RESULTS
A hardware prototype has been built to validate the design
and the simulation results. TABLE 3 shows the components
and the description of the experimental results.

The switching frequency is selected to be 118 kHz, and
the load resistance is chosen to be 825�. The components
used to implement the prototype are shown in TABLE 1. The
converter is rated at 400W with input voltage of 32V and
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FIGURE 15. The power loss breakdown.

FIGURE 16. The output power (Pout) and the efficiency.

output voltage of 800V. The active switches are performed by
using MOSFETs IAUT300N08S5N014 for their low Rds(on)
and low switching power loss. The high performance and fast
recovery DPG20C300PN diodes are selected to achieve the
voltage blocking on diodes. The capacitors are accomplished
by using film capacitors C4ATMBW5100A3NJ to implement
the voltage blocking and the output capacitor on the load.
The magnetizing inductor is attained using coupled induc-
tor and magnetic core of EDT31 ferrite core, B66397 and
N87 material.

The input current is 24.25A, the input voltage is 32V,
the output current is 0.97A and the output voltage is 800V as
shown in Fig. 12. The voltage stress on capacitors is depicted
in Fig. 13. Fig. 14 shows the voltage stresses on the active
switches, which are reduced to 100V.

The power loss breakdown of the proposed converter is
illustrated in Fig. 15, and it can be observed that the dom-
inant power losses are the coupled inductor loss, the diode

loss, the capacitor loss and the switch loss. To enhance the
efficiency of the proposed converter, more coppers are highly
recommended. Fig. 16 illustrates the output power (Pout)and
the efficiency (η) of the proposed converter.

The peak efficiency of the proposed converter is 96.7% at
the output power of 400W in diverse loads. In addition, it can
be noted that the maximum efficiency occurs at 400W.

V. CONCLUSION
An interleaved high step-up dc–dc converter with coupled
inductors and voltagemultiplier has been proposed for renew-
able energy applications. The proposed converter has been
successfully designed to achieve a very high step-up voltage
gain without an extreme duty cycle or a high turns ratio. The
aforementioned converter was considerably implemented to
lift a 32V to 800V. The structure of the proposed converter
could be extended for a higher step-up voltage gain, and
the turns ratio could be increased for further voltage gain.
The voltage stress across semiconductors was considerably
decreased. The input current ripple was remarkably reduced
due to the interleaved structure in the primary side. The
reverse recovery problem of the diodes was alleviated, and
the leakage energy was recycled. The MOSFETs with a
small ON-resistance and low-voltage-rated were utilized to
mitigate the conduction losses and the voltage stress on the
switches. The analysis of the operational principle for the
proposed converter was implemented, and the comparison
between the suggested converter and other topologies was
introduced. Moreover, the design consideration, simulation
results and the experimental verifications were presented
thoroughly. A 400 W hardware prototype was tested to ver-
ify the theoretical analysis and the design. The maximum
efficiency was measured to be 96.7%. Therefore, the pro-
posed converter was greatly suitable for interfacing renew-
able energy applications, which required high voltage gain
and high efficiency.
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