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ABSTRACT A novel high-gain isolated two-switch boosting resonant switched-capacitor (ITBRSC) con-
verter for sustainable energy is presented in this paper. It concludes a two-switch boosting resonant switched-
capacitor (TBRSC) converter unit, an isolated transformer unit, and a load voltage regulation unit. There are
two small value inductors in the proposed topology. They are, respectively, injected into the charge loop
and the discharge loop. As a result, the pulsating input current is highly decreased. In this way, it could
achieve the continuous input current in the primary side of ITBRSC converter. The TBRSC converter unit
boosts the input voltage with the high gain ratio. In combination with the transformer, the ITBRSC converter
could provide a good isolation performance by adopting the transformer. The proposed converter in this paper
could be used in the variable input voltage and wide operation area. It could be acted as the high-gain isolated
power supply for sustainable energy systems, such as electric vehicles and wind energy. The SC converter-
based high-gain isolated converter could achieve the high power density and simple topology. A 500-W
power-rating ITBRSC converter is constructed. The function of the ITBRSC converter is demonstrated and
tested with the simulation and experiments. The high gain ratio and robust performance of the proposed
converter are totally verified. It could facilitate the application of SC converters for sustainable energy.

INDEX TERMS Isolated two-switch boosting resonant switched capacitor (ITBRSC) converter, high gain,
sustainable energy, high-power density.

I. INTRODUCTION
The isolated high voltage gain ratio DC-DC converters have
been widely used for the power supply applications. The
sustainable energy applications such as the solar photo-
voltaic (PV), full electric and hybrid vehicles applications
which require the high voltage gain ratio DC-DC convert-
ers [1], [2]. In the automotive applications, the battery voltage
should be boosted with the high gain ratio to provide the
voltage for the inverter of the motor unit [2], [3]. The same
thing will have happened in the solar energy system. The
output voltage of the fuel cell stacks, the photovoltaic arrays,
and the supercapacitors are low. As a result, the low output
voltage should be increased to a high voltage for the normal
applications [4]. For the traditional charger of the electric
vehicles, the inductor-based DC-DC converter is used for
the DC voltage adjustment and the full-bridge or half-bridge

circuit is acted as the inverter unit. However, for the tradi-
tional inductor-based DC-DC converter such as boost con-
verter, the bulky and large volume magnetic elements have
been added in the circuit. As a result, the power density of
the traditional DC-DC converter is low. What’s more, for the
high-power application, the price is high. To reduce the noise
and to satisfy the safety requirements, the power system will
use the isolation element. The isolation element is usually the
transformer. The voltage conversion ratio always depends on
the turns ratio between the primary side and the secondary
side of the transformer.

As no participation of magnetic components such as
the transformer and the inductor [5]–[7], switched capaci-
tor (SC) converters has been widely used for the advanced
requirements of high-power density, light weight and so on.
Compared to the traditional inductor-based converters,
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this special characteristic inspires the capacity for full mono-
lithic integration and small volume [8]–[10]. SC convert-
ers employ only switches and capacitors, with the rapid
development of the wide-band gap devices and the capaci-
tors, the advantages of SC converters will be boosted. The
power transfer of SC converters is achieved by controlling
the charging process and discharging process of the flying
capacitor [6]. SC converters have the wide applications area
which ranges from mW chip integration [11]–[18] to kW
high-power applications [19]–[26]. In order to achieve the
output voltage regulation, several kinds of control method
have been used on SC converters such as pulse width modula-
tion (PWM), variable frequency control, phase-shift control
and variable structure control. SC converters have the wide
range of applications including the LED driver [27]–[30],
battery balancing applications [31], energy buffering [32],
electric vehicles [20], [26], [33], [34], and energy harvesting
systems [33]. Paper [29] presents a 2W SC converter based
LED driver with the frequency modulated control method.
The average current of SC converters has a directional rela-
tionship of the input voltage and the LED forward voltage as
shown in [29]. The SC converter-based LED driver in [30]
adds an inductor in the SC circuit. As a result, the LEDs
load power which is transferred from the power source does
not depend on the forward voltage of LEDs. The energy
efficiency of the traditional converter is highly increased.
When it comes to the high-power applications, a 55-kW
variable 3X SC converter for automotive vehicles is invented
and demonstrated in paper [20]. These four variable level SC
converters could highly improve the power density of the
converter by dramatically reducing the inductance require-
ment, compared with the general inductor-based converter.
This converter could be operated in wide voltage conversion
ratio range with the high energy efficiency.

The resonant switched capacitor (RSC) converters are
invented to overcome the disadvantages of SC converters (the
high pulsating currents and the high switching loss) in the
charge loop and discharge loop of SC converters [26], [27].
The pulsating charging current and the voltage stress of
circuit could be reduced by injecting the inductive ele-
ment such as the small value inductor [30]. A 1kW power
level two-switch boosting switched-capacitor (TBSC) con-
verter is presented in [35]–[38]. It provides high efficiency
(97.5% peak efficiency). What’s more, it provides soft ris-
ing edge input current to increase the energy efficiency and
reduce the EMI noise. In paper [35], the charge-balance
transient-calculation (CT) modeling method is adopted to
build themodel for SC converter. To regulate the load voltage,
the proportional–integral (PI) control method is used. With
the linear control method, the regulation performance is not
good enough with the slow dynamic response speed. In order
to improve the output voltage regulation performance for the
TBSC converter, a nonlinear variable frequency one-cycle
control method is proposed in [38].

However, all these SC converters which mentioned in the
above papers are the non-isolated topologies.

Papers [39]–[42] provides different kinds of isolated SC
converters to extend the application range of SC converters.
The isolated SC converter in [39]–[40] is acted as an aux-
iliary power supply in the automotive vehicle applications.
It controls the power which flows from the high voltage part
to the low voltage part. It provides the directional power-flow,
small voltage stress, and small turns ratio of the transformer.
What’s more, the wide bandgap devices are used in this quasi-
SC converter to provide the low switching loss. Paper [41]
presents a high energy efficiency, high voltage conversion
ratio SC converter. The proposed converter in [41] has con-
sisted of a fly-back circuit and an isolated SC converter
cell. It achieves high cost-effective advantage for the extreme
operation. However, its high voltage gain ratio of topology
in [41] depends on the high or low turns ratio of designed
transformer. What’s more, the high pulsating input current
will be occurred in the charging loop. In order to solve the
aforesaid problems of the isolated high gain ratio converter,
this paper proposes a high gain ratio isolated two-switch
boosting resonant switched-capacitor (ITBRSC) converter.
The research in this paper is based on the previous work
on the TBSC converter as shown in [35]–[38] and [43]. The
proposed converter includes three stages. The first stage is
the high gain TBRSC converter. The second stage is the
isolated transformer, and the third stage is the load voltage
regulation circuit. The proposed high gain ratio ITBRSC
converter could be used in the high gain ratio and isolation
condition. With the small value inductor, the input current is
operated in the continuous condition. With the SC converter
which is composed only the switches, capacitors and small
value inductor, the power density of isolated converter could
be highly improved. The isolated SC converter proposed in
this paper could work in the wide operation range with the
robust performance. It could be wildly used for the sus-
tainable energy system with the requirements of high-power
density, high voltage gain ratio and good isolation. In this
paper, the detailed operation analysis and the performance
verification of the ITBRSC converter is presented in this
paper. The rest of this paper is organized as follows: the
topology and operation theory of the ITBRSC converter is
provided in section II. In section III, themodel and calculation
are presented. The simulated and the experimental results are
shown in section IV. Section V shows the conclusions and
discussions.

II. DESCRIPTION AND OPERATION PRINCIPLES
Fig.1 shows the designed ITBRSC converter. It can be seen
timing waveforms in Fig.2. Fig.3 shows the four equivalent
operation states in the different timing periods. The operation
analysis will be conducted in the wide input voltage range
and different load power levels. The left part of the pro-
posed isolated SC converter is the resonant TBSC (TBRSC)
circuit. It is derived by optimizing the TBSC converter
in [35]–[38] and [43]. It introduces two small value inductors
in the charge loop and the discharge loop for TBSC converter,
respectively. As a result, this SC converter could work stably
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FIGURE 1. Topolog of the proposed converter.

FIGURE 2. Steady-stat waveforms of proposed circuit.

without the high peak spikes in the input current. The middle
part of the proposed converter is the transformer which could
be used as the isolation unit. The right part of the proposed
isolated SC converter is the regulation circuit to provide the
load power. S1 − S4 and Q share the same duty-cycle D.
One cycle time is set Tsq. Switches S1, S3 and Q share the
same driving signals (Us1 = U s3 = Uq). While, the driving
signals for switches S2, S4 are Us2 and Us4(Us2= U s4). The
two groups control signals work complementarily with each
other. There are four equivalent operation states as shown
in Fig.2 and Fig.3.

Fig.1 shows the State 1 during the time period t0−t1. In this
time period, the control signal turns on the S1, S3 and Q.
While, S2 and S4 are turned off. The power source transfers
the energy to the capacitor C4 duringDTs time period. On the
other hand, capacitor C1 is charged by the capacitor C1. The
power source, capacitors C1 and C2 are connected in series

FIGURE 3. Equivalent operation states of proposed circuit
(a) State 1[t0, t1]. (b) State 2[t1, t2]. (c) State 3[t2, t3]. (d) State 4[t3, t4].

in the proposed topology. They continuously deliver their
energy to transformer Tr in state 1. In the same time period,
the load power is maintained by Ls.
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Fig.1(b) shows the State 2 during the time period t1 − t2.
In this time period, the control signal turns off all switches.
The load power is maintained by the filter capacitor Co.
Fig.3(c) shows the State 3 during the time period t2 − t3.

In this time period, the control signal turns on S2 and S4.
While S1, S3 andQ are turned off. The power source transfers
its energy to capacitor C3 in the DTs time period. On the
other hand, capacitor C2 is charged by capacitor C4. Lm is
continuously charged by Lp during this time period. The load
power is maintained by Lt .
Fig.3(d) shows the State 4 during the time period t3 − t4.

In this time period, the proposed isolated SC converter works
similarly as State 2.

The operation states and the circuit calculation are com-
plex. To make the simple analysis, the assumptions are made
as follows: (a) S1, S2, S3, S4and Q are the ideal switches.
They share the same internal resistance (Rs1 = Rs2 = Rs3 =
Rs4 = Rsq). (b) Capacitors C1, C2,C3 and C4 are ideal. They
share the same capacitance (C1 = C2 = C3 = C4 = C).
What’s more, they also have the same equivalent series resis-
tance(ESR) in the charging and discharging periods (Rc1 =
Rc2 = Rc3 = Rc4 = Rc). (c) D1,D2,D3,D4,D5 and D6 are
identical with the same internal resistance (Rd1 = Rd2 =
Rd3 = Rd4 = Rd5 = Rd6 = Rd ) (d) In the calculation,
the forward voltage of diodes D1,D2,D3,D4,D5 and D6 is
set zero. The internal resistance of power source is ignored.
(e) There are two groups control signal. One is for S1, S3 and
Q and the other group is for S2 and S4. When S1, S3 and
Q are turned on, S2 and S4 should be turned off and vice
versa. (f) The one cycle time of transistors is set Tsq and
fsq is the corresponding switching frequency. (g) The duty-
cycle D of switches S1 − S4 and Q is less than 0.5. (e) In the
Fig.1 and Fig.3, Lm represents the magnetic inductance of
transformer, Lp represents the equivalent inductance of pri-
mary side of transformer, Ls and Lr are respectively rep-
resent the equivalent inductance of two different secondary
side of the transformer. The turns ratio of the transformer is
set NLp:NLs:NLt = N1:N2:N3.

III. MODEL AND ANALYSIS OF THE PROPOSED
ISOLATED SC CONVERTER
Different modeling methods have been proposed for SC
converter [44]–[48]. Papers [44] and [45] present a state-
space averaging (SSA) model. It is usually used for the
inductor-based converter. Based on the model of equivalent
output resistance, the prediction of SC converter is reached.
By including the duty-cycle and frequency, the equivalent
output impedance is constructed in [46] and [47] which
is called the average-current based conduction loss model.
Paper [48] proposes a slow and fast switching limit model.
It builds the equivalent output impedance model in the slow
switching frequency area or fast switching frequency area. By
considering different parameters, a charge-balance transient
calculation model is derived in [37]. However, all the models
mentioned above are the steady-state model. In the opera-
tion of SC converter, it also needs to consider the dynamic

behaviors [49]. A new dynamic modeling method is shown in
in [50]–[52]. It is invented based on the switching ‘‘on time’’
and the switching ‘‘off time’’ instead of duty-cycle of a tran-
sistor. In the wide operation range, it could provide the accu-
rate transient and steady-state prediction of TBSC converter.
By adopting this modeling method, a novel variable fre-
quency one cycle control method is proposed, which highly
improves the dynamic response speed in the wide operation
range [51], [52]. The dynamic volt-second balance principle
is adopted in this paper. The different dynamic parameters
of ITBRSC converter are considered. The primary side of
the transformer and the secondary side of the transformer are
calculated, separately.

In one cycle, the input voltage, voltage of capacitor C3 and
voltage of capacitorC4 have an instantaneous relationship as:

Vin + Vc (t) = Vc3 (t)+ Vc4 (t)

= Vc3max + Vc3min = Vc4max + Vc4min (1)

where Vc(t) is the real time voltage of C1 or C2,Vc3(t) is real
time voltage of C3,Vc4(t) is real time voltage of C4. In one
cycle time period,Vc3max represents the maximum voltage
of C3,Vc3min represents the minimum voltage of C3,Vc4max
represents the maximum voltage of C4, and Vc4min represents
the minimum voltage of C4.
Van is the tested voltage between the point a and point n as

shown in Fig.3. It can be derived as:

Van = Vc3max + Vc3min + Vin = Vc4max + Vc4min + Vin (2)

During the state 1[t0 − t1] as shown in Fig.3 (a), there
are three loops of the left part of the proposed isolated SC
converter as shown in Fig.3(a). By considering the KVL,
the equations could be written as:

−L1
diL1 (t)
dt

+ Vc3 (t)− Vc1 (t) = 0 (3)

Vin − L
diL1 (t)
dt

− Vc4 (t) = 0 (4)

Vin + Vc1 (t)+ Vc2 (t)− Lm
diLm (t)
dt

= 0 (5)

where Vc1(t) is the real time voltage of C1.
The capacitance of capacitor C3 is equal to capacitance of

capacitorC4. Based on theKCL, the following equation could
be achieved.

C3
dvc3 (t)
dt

= C4
dvc4 (t)
dt

= −0.5iL1 (t) (6)

By submitting (3), (5) and (6) into (4), it can get the
relationship as:

Vc4 (t) = Vin − (Vin − Vc4 (t0)) cos 2π f lc (t − t0)

+

√
L1
C4
IL1 (t0) sin2π f lc(t − t0) (7)
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By submitting (3)-(5) into (6), the equation can be
derived as:

iL1 (t) = (IL1 (t0) cos 2π f lc (t − t0)

+ (Vin − Vc4 (t0))

√
2C4

L1
sin 2π f lc (t − t0)) (8)

where flc is the resonant frequency flc = 1
2π
√
L1C4

.
When it comes to the secondary side of the proposed

isolated SC converter, considering the KVL and the KCL,
the two equations can derive as:

Vo + Vd − Ls
diLs
dt
= 0 (9)

iLs (t) = I0 =
Vo (t)
RL

(10)

where iLs (t) represents the real time current which flows
through inductor Ls.

During time period [t0 − t1], the magnetic flux ∅ of the
transformer can be written as:

N1
d∅
dt
= Vin (11)

The magnetic flux increases in State 2 and it can be
derived as:

1∅p =
Van
N1

D2T sq (12)

where Tsq is one cycle time.
The real time current of inductor Lp in the primary side of

transformer can be presented as:

ip(t) =
Van

(L2 + Lm)
t (13)

The voltage of Ls is derived as:

Vo1 =
N2

N1
Van (14)

During the time period [t1−t2], considering theKVL, it can
derive the following equation as:

Lm
diLm (t)
dt

= −Lp
dip (t)
dt

(15)

what’s more, by using KCL, the real time current of Lm and
the real time current Lp have the relationship as:

iLm (t) = −iLp (t) (16)

During the State 3 [t2, t3] as shown in Fig.3 (c), by consid-
ering the KCL, the following equations can be written as:

Vc4 (t)− Vc2 (t)− Vd = 0 (17)

Vin − L1
diL1(t)
dt
− Vc3 (t)− Vd = 0 (18)

In the discharge loop of capacitorC4, it can get the equation
based on the KCL as:

C4
dV c4(t)
dt

= −C2
dV c2(t)
dt

(19)

When switch S4 is turned on, in the discharge loop of
secondary side of transformer Lt , the following two equations
can be written as:

Vo + Vd − Lt
diLs(t)
dt
= 0 (20)

iLt (t) = I0 =
Vo (t)
RL

(21)

where iLt (t) is the real time current Lt .

FIGURE 4. Equivalent primary side inductor of the proposed isolated SC
converter.

As shown in Fig.4, the equivalent primary side inductance
of the proposed isolated SC converter could be drawn as:

Lr =
(Lc + L2 + Lm)Lp
Lc + L2 + Lm + Lp

(22)

where Lc is the equivalent inductance of the TBRSC con-
verter, and Lp is the inductance of primary side of the
transformer.

It can be seen in Fig.4, the resonant frequency of equivalent
primary side can be written as:

fr =
1

2π
√
Lr (C3 + C4)

(23)

and,

Tr= 2π
√
Lr (C3 + C4) (24)

Based on equation (24), the following conclusions could
be made:

If the Tr > DTs, the proposed converter works under the
CCM operation mode.

If the Tr = DTs, the proposed converter works under the
BCM operation mode.

If the Tr < DTs, the proposed converter works under the
DCM operation mode.

A. CCM CALCULATION
In the CCM, the secondary side voltage of the proposed
isolated SC converter could be derived as:

Vs = Vt =
N2

N1
Van =

N3

N1
Van (25)

VOLUME 7, 2019 23059



L. Yang et al.: High-Voltage Gain Ratio Isolated Resonant Switched-Capacitor Converter for Sustainable Energy

whereVs andVt respectively represents the voltage of the sec-
ondary side Ls of the transformer and the voltage of secondary
side Lt of the transformer.

The current of Lp and the input voltage have the relation-
ship as:

dip
dt
=
Vin
Lm

(26)

The maximum current of Lp could be derived as:

Ipmax = Ipmin +
Vin
Lm
×D× Tsq (27)

The current of Lt and the load voltage have the relationship
as:

dit
dt
=
Vo
Lt

(28)

The maximum current of Lt is presented as:

Itmax = Itmin +
Vin
Lt
×D×Tsq (29)

During the time period of State 1, the increase of magnetic
flux of the primary side Lp is written as:

1∅p(+) =
(Vin + Vc3 + Vc4)

N1
DTsq (30)

In the first half switching cycle (stage 1 and stage 2),
the load voltage of the proposed isolated SC converter can
be simply presented as:

Vo1= 2D
N2

N1
(Vin + Vc3 + Vc4) (31)

During the time period of State 3 and State 4, the decrease
of magnetic flux of the primary side Lp is written as:

1∅p(−) =
(Vin + Vc3 + Vc4)

N3
(Tr − DTsq) (32)

In the second half switching cycle (stage 3 and stage 4),
the load voltage of the proposed isolated SC converter is
calculated as:

Vo2= 2
(Vin + Vc3 + Vc4)

Tsq
(Tr − DTsq) (33)

The average output voltage of the proposed isolated SC
converter in one switching cycle could be written as:

Vo =
(Vo1 + Vo2)

2
= (Vin + 2V̄c)(Trfsq + D

N2

N1
− D) (34)

where V̄c represents the average voltage of capacitorC3 orC4
in one switching cycle.

It can be seen from (34), in the CCM condition, the voltage
gain ratio of the proposed converter is in the direct proportion
to the switching frequency of switch Q.

B. BCM CALCULATION
In the BCM, the maximum current of Lt can be written as:

Itmax =
N1

N2

Van
Lmfs

D (35)

Considering the equation (35), the output current is
written as:

Io= 0.5Itmax × D (36)

Based on the equations (35) and (36), the boundary load
current can be derived as:

IoG = Io =
Vin

2Lmfsq

N1

N2
D2 (37)

When D = 0.5, the maximum output current could be
written as:

IoGmax =
N1

N2
×

Vin
8Lmfsq

(38)

By considering equations (35)-(38), the maximum output
current could be rearranged as:

IoG = 4IoGmax × D (39)

In State 1, the increased magnetic flux of Lp could be
written as:

1∅p(+) =
(Vin + Vc3 + Vc4)

N1
DTsq (40)

In the first half switching cycle (State 1 and State 2),
the output voltage of the proposed isolated SC converter could
be derived as:

Vo1 = 2D
N2

N1
(Vin + Vc3 + Vc4) (41)

In State 3 and State 4, the decreased magnetic flux of the
primary side Lp could be written as:

1∅p(−) =
(Vin + Vc3 + Vc4)

N3
Tr (42)

In the second half switching cycle (State 3 and State 4),
the load voltage of the proposed isolated SC converter can be
presented as:

Vo2= 2
(Vin + Vc3 + Vc4)

Tsq
Tr (43)

The average load voltage of the proposed isolated SC
converter in one switching cycle is presented as:

Vo =
(Vo1 + Vo2)

2
= (Vin + 2V̄c)(

Tr

Tsq
+ D

N2

N1
) (44)

As shown in (44), in the BCM condition, the load voltage
gain ratio increases with the rising of fsq and D.
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C. DCM CALCULATION
In the DCM, the voltage conversion ratio has a relationship
to the D and Io. The increased magnetic flux of the primary
side is equal to the decreased magnetic flux of the secondary
side. In part of the DTs time period, the current of Ls or Lt is
zero. Setting the time period that the current of Ls or Lt over
zero is1DTs. The magnetic flux balance could be written as:

1∅p = 1∅t =
Van
N1

D =
Vo
N3
1D (45)

Then the duty-cycle 1D could be derived as:

1D =
Van
Vo
×
N3

N1
D (46)

The maximum current of Lt in one switching cycle is
shown as:

Itmax =
Vo
Lt
×1D× Tsq (47)

The load current of the proposed isolated SC converter
could be drawn as:

Io= 0.5×Itmax ×1D (48)

In the loop of the load regulation circuit, the load current
of the proposed isolated SC converter could be presented as:

Io =
Vo
RL

(49)

Submitting (46)-(49) into (45), the equation (45) could be
arranged as:

Vo1 = Van×
N3

N1
D

√
RL

2Lt fsq
(50)

Assuming the transformer Tr is ideal. As shown in [43]
and [44], the power of TBSC converter will be firstly stored
in C3. Then, it will be transferred to the load. As a result,
the following equation could be derived as:

C3 (Vc3max − Vc3min) =
Vo
RL
×

1
fsq

(51)

Considering the volt-second balance principle, in second
half switching cycle, the load voltage can be presented as:

V02 = Van × (
N2

N1
D+

N3

N1
D

√
RL

2Lt fsq
) (52)

and the voltage Van could be presented as:

Van=Vin + Vc3max + Vc3min = Vin + Vc3max + Vc3min (53)

Letting Vc3max + Vc3min= 2V̄c, the equation (53) could be
rearranged as:

Van = Vin + 2V̄c (54)

TABLE 1. Circuit parameters for ITBRSC converter.

FIGURE 5. Vout with variable frequency and 500� load resistance.

FIGURE 6. Vout with variable frequency and 250� load resistance.

where Vc is the voltage of capacitor C1 or C2,Vcmax is the
maximum voltage of capacitor C1 or C2, and Vcmin is the
minimum voltage of capacitor C1 or C2.
Considering equations (50)-(54), the average output volt-

age of the proposed isolated SC converter can be shown as:

Vo = (Vin + 2V̄c)× (
N2

N1
D+

N3

N1
D

√
RL

2Lt fsq
) (55)

It can be seen from (55), in the DCM condition, the load
voltage gain ratio of the proposed isolated SC converter is in
the inverse proportion to the switching frequency of switchQ
and in the direct proportion to the duty-cycle of D.
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FIGURE 7. Waveforms of Vout, Iin, Io, PWM3 and PWM4 signals, under
RL = 500ohm and RL = 250 ohm. (a) fsq = 1kHz and RL = 500ohm.
(b) fsq = 6kHz and RL = 500ohm. (c) fsq = 10kHz and RL = 500ohm.
(d) fsq = 1kHz and RL = 250ohm. (e) fsq = 6kHz and RL =

250ohm. (f) fsq = 10kHz and RL = 250ohm.

IV. SIMULATION AND EXPERIMENT VERIFICATION
In this paper, the simulation and experiments are both con-
ducted to test the performance of the proposed isolated

FIGURE 8. Waveforms of Vout, Io and PWM signal of S3with variable
switching frequency (1kHz, 6kHz and 10kHz) and 500� load resistance.
(a) 1kHz. (b) 6kHz. (c)10kHz.

SC converter. The power level of the experimental ITBRSC
converter is 500W. The input voltage is set 24V which is pro-
vided by a 1kW DC power source. The detailed parameters
of the proposed converter can be seen in Table 1. The
steady-state performance and the dynamic performance are
respectively presented in this paper with the open-loop con-
trol method. The proposed isolated SC converter works in the
different load resistance conditions and switching frequency.
The switching frequency of transistors S1 − S4 and Q is
set between 500Hz-10kHz. The duty-cycle D of transistors
are 0.5. The voltage conversion ratio is measured with the
variable switching frequency. The experimental results are
compared with the simulated results. The boundary switching
frequency is set 6kHz (the boundary condition equivalent
primary side inductance of the proposed ITBRSC converter
is 3.52uH). The primary target of this paper is to propose a
novel high gain ratio isolated SC converter and to verify the
theory analysis, as a result, the switching frequency is not
high enough. The high switching frequency and high-power
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FIGURE 9. Waveforms of Vout, Io and PWM signal of S3 with variable
switching frequency (1kHz, 6kHz and 10kHz) and 250� load resistance.
(a) 1kHz. (b) 6kHz. (c) 10kHz.

high gain ratio isolated SC converter will be presented in the
future work.

A. COMPARISON OF SIMULATION
AND EXPERIMENTAL RESULTS
The experiments and simulation are conducted with variable
switching frequency and load resistance. Considering the
parameter of ITBRSC converter, the 6kHz boundary switch-
ing frequency is set. The comparison results are shown as
Fig.5 and Fig.6. It shows that, at the same switching fre-
quency, the voltage gain ratio will be lower than at heav-
ier load. Below the boundary switching frequency 6kHz,
the voltage gain ratio of the proposed isolated SC converter
will climb with the growing of the switching frequency.
In contrast, if the proposed isolated SC converter works over
the boundary switching frequency, with the rising switching
frequency, the voltage gain ratio of the proposed isolated
SC converter will decrease. The measured maximum volt-
age gain ratio is close to 10. Being affected by the circuit

FIGURE 10. Waveforms of Vout, Io and PWM signal of S3 with variable
switching frequency (1kHz, 6kHz and 10kHz) and load resistance
step-down 500-250�. (a) 1kHz. (b) 6kHz. (c) 10kHz.

stray inductance, the simulated voltage gain ratio line of the
ITBRSC converter is little different from the experimental
results with the same load power and same switching fre-
quency. The simulated results generally have a good match
with the experimental results.

B. SIMULATION VERIFICATION OF THE ITBRSC MODEL
The steady-state performance of ITBRSC converter is tested
in the load resistance 250� and 500�, respectively. The
tested switching frequency are 1kHz, 6kHz and 10kHz.
The simulated results of the load voltage, input current,
load current, control signals of PWM3 for switch S3 and
PWM4 for switch S4, and the load voltage are presented
in Fig.7. As shown in Fig.7 that, with the same switching
frequency, the voltage gain ratio in the 500� load resistance
condition is higher than that in the 250� load resistance
condition. The output voltage ripple could be reduced by
increasing the switching frequency of switches S3 and S4.
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FIGURE 11. Waveforms of input current with variable switching frequency
(1kHz, 6kHz and 10kHz) and 500� load resistance. (a) fsq=1kHz,
RL=500�. (b) fsq=6kHz, RL=500�. (c) fsq=10kHz, RL=500�.

By injecting the 10uH inductor in the charge loop of the
proposed SC converter, it achieves the continuous input cur-
rent. The theory analysis is verified by the simulated results.
The voltage conversion ratio is about 10 at the load resistance
500� and the switching frequency 6 kHz. As a result, the high
conversion ratio and good performance of the proposed con-
verter is verified in the variable operation conditions. What’s
more, the high voltage ripples in the low switching frequency
condition in the proposed circuit could be avoided by apply-
ing the feedback loop control method and optimizing the
circuit. By adjusting the switching frequency, it can get the
different voltage conversion ratio. For the proposed isolated
SC converter, the boundary switching frequency should be
considered for the regulation. If the switching frequency is set
under the boundary switching frequency, the higher switch-
ing frequency can produce the higher voltage gain ratio as
shown in Fig.7. However, if the switching frequency is set
over the boundary switching frequency, the higher switching

FIGURE 12. Waveforms of input current with variable switching frequency
(1kHz, 6kHz and 10kHz) and 250� load resistance. (a) fsq=1kHz,
RL=250�. (b) fsq=6kHz, RL=250�. (c) fsq=10kHz, RL=250�.

frequency will get the lower voltage gain ratio as shown
in Fig.7.

C. EXPERIMENTAL RESULTS
The experiment and simulation share the same parameters of
the proposed isolated SC converter as shown in Table 1. The
steady-state and the dynamic experiments are done. Fig.8 and
Fig.9 show the performance of the proposed isolated SC con-
verter with the switching frequency 1kHz,6kHz and 10kHz
and the load resistance 500� and 250�. Fig.10 shows the
dynamic response with the load current step-up and load
power step-down. Fig.11 and Fig.12 respectively show the
input current under load resistance 500� and 250� with
the switching frequency 1kHz,6kHz and 10kHz. As shown
in Fig.8 and Fig.9, the experimental results demonstrates
the high conversion ratio and the stable performance of the
proposed isolated SC converter with variable operating con-
ditions. By changing the switching frequency, the different
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FIGURE 13. Efficiency of 8X and 10X proposed converter with the variable
power levels.

voltage gain ratio can be achieved. The output voltage and
the load current are maintained stable. It can be seen from
Fig.8 and Fig.9, the maximum gain ratio of the proposed
ITBRSC converter is about 10 under the load resistance
500 � and switching frequency 6kHz. The experimental
result is same to the simulated result. As shown in Fig.10,
with the variable load resistance, the output voltage will
change immediately at the transient point. Fig.11 and
Fig.12 show that the proposed isolated SC converter achieves
the continuous input current with the help of the small value
inductor L1. In the higher switching frequency condition,
the ripple of the input current will be lower. As a result,
the experimental results agree very well with the simulated
results.

D. EFFICIENCY
In this paper, the energy efficiency of the proposed isolated
SC converter is measured with the 8X and 10X voltage gain
ratios. The maximum power of the proposed isolated SC
converter is 480W. The switching frequency is set 10kHz.
Fig.13 shows that, it achieves the high energy efficiency in
both the 8X model and 10X model. The peak efficiency
of the proposed converter is 96.5% under all tested data.
It is achieved at 98W condition with the 8X isolated SC
proposed converter. By adopting the high band-gap devices
and optimizing the transformer and power circuit, the energy
efficiency of the proposed ITBRSC could be further improved
in the future work. The output voltage regulation or load cur-
rent regulation could be reached with the closed-loop control
method.

The proposed isolated SC converter is built with the simple
topology. The cost is lower than the inductor-based high gain
isolated converter. This isolated SC converter could be con-
structed with high-power density and small volume. Thanks
to the small value inductors in the charge loop and discharge
loop, the current spikes are much smaller than the general SC
converter with the lower EMI noise.

V. CONCLUSIONS AND DISCISSONS
This paper proposes a high gain ratio isolated ITBRSC
converter. This SC converter is constructed by optimiz-
ing TBRSC converter cell and by pioneering the isolation
function for the TBRSC converter. By injecting the two
small value inductors in the charge loop and discharge loop,

the pulsating current is highly reduced, and the continu-
ous input current is realized. A 500W ITBRSC converter
is constructed for the experimental verification. The high
voltage conversion ratio is verified with the proposed isolated
SC converter. The simulated and experimental results both
demonstrate that the feasibility of design and good perfor-
mance of the proposed isolated SC converter. The ITBRSC
topology could be used in the high gain isolated boosting
converter application areas for the sustainable energy appli-
cations which focus on the high gain ratio and the isolation
function. In the future work, the authors will conduct the
research on the high-power ITBRSC converter with the high
switching frequency and the high-power density.
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