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Abstract

High-voltage-gain and wide-input-range DC-DC converters are widely used in various electronics and industrial products
such as portable devices, telecommunication, automotive, and aerospace systems. The two-stage converter is a widely adopted
architecture for such applications, and it is proven to have a higher efficiency as compared with the single-stage converter. This
paper presents a modular-cell-based morphing switched-capacitor (SC) converter for application as a front-end converter of the
two-stage converter. The conversion ratio of this converter is flexible and can be freely extended by increasing more SC modules.
The varying conversion ratio is achieved through the morphing of the converter’s structure corresponding to the amplitude of
the input voltage. This converter is light and compact, and is highly efficient over a very wide range of input voltage and load
conditions. Experimental work on a 25 W, 6 V=30 V input, 3.5 V-8.5 V output prototype, is performed. For a single SC module,
the efficiency over the entire input voltage range is higher than 98%. Applied into the two-stage converter, the overall efficiency

achievable over the entire operating range is 80%.

I. INTRODUCTION

High-voltage-gain DC-DC converters are widely applied in various electronics and industrial products such as portable
devices, telecommunication systems, automotive systems, and aerospace systems, where the common power bus voltage (e.g.
12 V, 24 V, 48 V) is much higher than the voltage of the loads required (e.g. 1V-1.8 V for point-of-loads [1], [2], 0.4 V
for processor’s supply voltage by 2026 [3]). To increase the power reliability of the system, a battery backup sub-system is
typically required in the system to ensure continuous power provision. On the other hand, the output voltage of a battery can vary
widely according to its state-of-charge, e.g. 18 V=58 V for 42 V automotive system [4], [5], 36 V=72 V in telecommunication
applications [6]. Therefore, systems with battery as their main/backup power source will require their converters to work with
a wide input voltage range. Additionally, the converters should be of high power density due to the limited size and weight
allowance given in portable devices, automotive systems and aerospace systems. A higher weight of the power converter will
in turn lead to more transport energy being required in the automotive and aerospace systems. Therefore, the design of a
high-voltage-gain, wide-input-range, high-power-density, high-efficiency converter is important.

A conventional solution applied to high-voltage-gain conversion is through the use of single-stage non-isolated converters,
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e.g. the buck converter. This, however, will require the buck converter to work at an extremely low duty ratio, i.e. D =
which leads to many issues. First, the on-time of the high-side switch is extremely low at high switching frequency (necessary
for the reduction of the converter’s size and weight). This extremely low on-time necessitates the use of a high-performance
switch. Second, operating the converter at a very low duty cycle gives a low efficiency [7], [8]. Third, the extremely low duty
ratio also limits the dynamic respond as the room of reducing the duty ratio is limited [5]. Fourth, there is a limit to the
operating input voltage range of the converter [9]. This is similar for other single-stage converters, such as the buck-boost,

Cuk, Sepic, and Zeta converters.



Recently, the series-input-parallel-output (SIPO) connected converter, which is composed of many DC-DC converter modules,
has been sought after as a possible candidate for high-voltage-gain conversion [1], [3], [6], [10]-[12]. The input voltage of
each converter module in the SIPO converter is only a fraction of the actual input voltage since the inputs of the modules are
serially connected. The SIPO converter has two advantages. First, the conversion ratio of each converter module in the SIPO
converter is lower than that conventionally required as the modules are sharing the input voltage, while the output voltage
is unchanged. Second, the power level of each module in the SIPO converter is a fraction of the total output power since
they are sharing the task of the power processing. Both these advantages are critical for the efficiency improvement of each
converter module. Therefore, the overall efficiency of the SIPO converters can be high [1], [3], [6], [10]-[12]. On the down
side, however, the dynamic response of these converters will be poor, and they suffer from being bulky and heavy due to the
need for multiple inductors in the converter.

Alternatively, transformer-based converters, such as LLC resonant converter, and dual-active-bridge (DAB) converter, etc.
[13]-[15], have also been used for the high-voltage-gain conversion application. For these converters, the transformer is the core
component used for achieving the high-voltage conversion. To increase the converter’s compactness, high-frequency operation
is required to reduce the reactive components’ size and weight since they are the bulkiest components in these converters. To
reduce the switching losses caused by the high switching frequency, zero-voltage-switching (ZVS) and zero-current-switching
(ZCS) techniques are often applied [13]-[16]. However, converters that are applied with ZVS and ZCS techniques are generally
unsuitable for applications requiring a wide input voltage range as they will lose the soft switching function if the input voltage
deviates away from the nominal input voltage. Moreover, the leakage inductance of the transformer can lead to significant
power losses [17]. A simple approach of reusing the energy from the leakage inductance is by retrieving it to achieve ZVS for
the switches [13]-[16]. Another approach is to insert an active clamp circuit to recycle the leakage energy [18]. Furthermore,
for applications with a wide input voltage range, the control loop design of the converter is difficult. The feed-forward control is
necessary for eliminating the effect of a large input variation. This increases the complexity of the control circuit [5]. Besides,
for low power applications where galvanic isolation is not mandatary, the use of transformer will be excessive and costly as
compared to non-isolated solutions.

The two-stage converter, which is found capable of having an overall higher efficiency than that of a single-stage DC-DC
converter in high-voltage-gain applications [7], [8], [19]-[25], is the trend moving forward and has been applied in industry. In
the two-stage architecture, the first-stage converter is typically used for stepping down of the input voltage to an intermediate
bus voltage efficiently, and the second-stage converter performs both the stepping down of the input voltage and the regulation
of the output voltage with high efficiency and tight regulation. Note that the first-stage front-end converter can output a regulated
or unregulated intermediate bus voltage.

In this paper, the architecture of the two-stage converter is adopted for the high-voltage-gain and wide-input-voltage range
application, where the output of the front-end converter is unregulated. Here, a variable-conversion-ratio morphing switched-
capacitor (SC) converter is proposed for application as the front-end converter. This morphing SC converter is composed of
many highly-efficient modules of SC cells, of which the variable conversion ratio is achieved through the morphing control
of the SC converter. The principle is to morph the operating number of modular SC cells according to the amplitude of the
input voltage of the front-end converter to achieve the highest possible conversion efficiency. This variable-conversion-ratio
morphing SC converter has many advantages.

(a) The conversion ratio of this converter is adapted to the input voltage to give a specified range of output voltage. For

conventional SC converter used for performing only voltage transformation, the conversion ratio is typically fixed. When the



input voltage varies, the output voltage will also vary [26]-[46].

(b) Each SC module is optimally design to achieve a very high efficiency. The efficiency of a single SC module is higher than
98%.

(c) The converter is easily extendable with the additional cascade of more SC modules. The maximum conversion ratio can
be freely increase by the incorporation of more SC modules.

(d) It is highly compact with low weight and small size. SC converters are composed of switches and capacitors, and does not
contain any magnetic element. It can be easily fabricated as an integrated-circuit (IC) chips [47]-[49].

(e) The modular design leads to many advantages, such as availability, maintainability, flexible system structure, and layout [2].

II. PROPOSED MORPHING SC CONVERTER
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Fig. 1. (a) Topology, (b) timing diagram and (c) block diagram of the SC cell.

Fig. 1(a) shows the topology of a module of the SC cell of the proposed morphing SC converter. It contains three input and
three output ports. The power source is connected to ports Inl (+ve) and In3 (-ve), and the load is connected to ports Out2
(+ve) and Out3 (-ve). Ports In2 and Outl are extension ports for the connection of an additional SC module to the morphing
SC converter. The SC cell has two operation modes, which are shown in Fig. 2. In Mode 1, the voltage conversion ratio is 1,
which is shown in Fig. 2(a). In this mode, only switch S is turned on, and all other switches are off. The output is directly
connected to the input via the switch Sy. In Mode 2, the voltage conversion ratio is 0.5, which is shown in Fig. 2(b). In this
mode, switch Sy is off, switches S;4 and S;p are turning ON, and switches S11y, S114, S10u and Sypq are operated with the

timing diagram shown in Fig. 1(b). Therefore, there are two operating states in Mode 2, as shown in Fig. 3.



In State 1 of Mode 2 (see Fig. 3(a)), the flying capacitor Cf; is connected in parallel with the bypass capacitor C1;. At the

end of this state, V1 = Vi1. In State 2 of Mode 2 (see Fig. 3(b)), the flying capacitor C; is connected in parallel with the

bypass capacitor Cyg. At the end of this state, Vig = V1. Here, Vig = Vi1 = V1 = V2 The output voltage equals to V.

Hence, the conversion ratio is “,/—0 = 0.5. A simplified block diagram of the SC cell is shown in Fig. 1(c).
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Fig. 2. Operation modes of basic SC cell at conversion ratio (a) 1 and (b) 0.5.
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Fig. 3. The two operating states of Mode 2. (a) State 1 and (b) State 2 of the basic SC cell at conversion ratio of 0.5.

The proposed morphing SC converter is composed of N number of SC cells connected in cascade as shown in Fig. 4.
The three input ports (Inl, In2, and In3) of k-th cell is connected to the three output ports (Outl, Out2, and Out3) of the
(k — 1)-th cell, where k = 2--- N. The power source is connected to the input ports Inl and In3 of the first cell, and the load
is connected to the output ports Out2 and Out3 of the N-th cell. This N-module morphing SC converter has N + 1 conversion

ratios, which are 0.57, where j =0--- N.
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Fig. 4. Proposed morphing SC converter with N SC cells.

III. OPERATION OF THE TWO-MODULE MORPHING SC CONVERTER

For convenience sake, a two-module morphing SC converter as shown in Fig. 5(a) is hereon used for the detailed discussion
of the operation and properties of the morphing SC converter. Fig. 5(b) shows the pair of complementary PWM signals for
cell 1 and cell 2. Figs. 6(a)-6(c) show the three operation modes of the two-module morphing SC converter, which gives the

conversion ratios of 1, 0.5 and 0.25, respectively.

(@ (b)

Fig. 5. (a) Topology of two-module morphing SC converter and its (b) control PWM signals.

A. Three Operation Modes of the Two-Module Morphing SC Converter

(1) The first mode (Mode 1) is shown in Fig. 6(a), of which the conversion ratio is 1. Here, only Sy of cell 2 is turned on,
while all other switches are off. As only Sy of cell 2 is working, the only conduction loss is on Sy. Therefore, the converter
is of high efficiency.

(2) In Mode 2 as shown in Fig. 6(b), the conversion ratio is 0.5. Here, cell 1 is shut down. Switch Sy of cell 2 is off, while
switches S14 and Sip of cell 2 are turned on. The switches Si14, S114, S10u and Sigq of cell 2 are driven by the control
signal of ®1; o, and ®19 2 given in Fig. 5(b).

(3) In Mode 3 as shown in Fig. 6(c), the conversion ratio is 0.25. Here, both cell 1 and cell 2 are in operation. Switch .S
of cell 1, and switches S14, S1g and Sy of cell 2 are off. The switches S14 and Sip of cell 1 are turned on. Switches S114,
S11ds S10u and Sipq of cell 1 are driven by the timing diagram of ®;; .1, and @1 1 given in Fig. 5(b). The switches S11,
S11d> S10u and Sioq of cell 2 are driven by control signals ®1; .9, and ®1¢_.o which are complementary to that of cell 1, and
are shown in Fig. 5(b).

The control signal required for driving the two-module morphing SC converter is summarized as shown in Table I.
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Fig. 6. Three operation modes of two-module morphing SC converter. (a) Mode 1, (b) Mode 2 and (c) Mode 3.



B. Control Methodology

TABLE I
CONTROL SIGNAL OF TWO-MODULE MORPHING SC CONVERTER.

Cell 1 Cell 2
Mode
So | $14,81B | S11u,S114 | Siou,S10d | So | S1a4,51B | Si1u,S114 | S10u;S104
Mode 1 OFF OFF OFF OFF ON OFF OFF OFF
Mode 2 OFF OFF OFF OFF OFF ON D11 2 P10 _c2
Mode 3 OFF ON P11 c1 P10_c1 OFF OFF DP11_c2 P10_c2

The mode selection control diagram of the two-module morphing SC converter is shown in Fig. 7(a), and Fig. 7(b) shows

the converter’s operating mode at different input voltage. The two-module morphing SC converter has four mode transition

voltages. When the input voltage of the two-module morphing SC converter is increased to V. 12, the converter is changed

from Mode 1 (Miipcrease) 0 Mode 2 (Majnerease), and when the converter’s input voltage is increased to Vg 23, it is changed

from Mode 2 (M2;increase) t0 Mode 3 (M3ipcrease). When the converter’s input voltage is decreased to V¢ 32, the two-module

morphing SC converter is changed from Mode 3 (M3gecrease) t0 Mode 2 (Magecrease), and when the converter’s input voltage

is decreased to V. 21, it is changed from Mode 2 (Magecrease) to Mode 1 (M gecrease). By adopting this control approach,

the output voltage will be in a small range as shown in Fig. 7(c).

The overview of the control method is shown in Fig. 8. The input voltage range detector is to detect the input voltage range,

which will be used to determine the operation mode of the two-module morphing SC converter and it will also determine the

PWM signals of the two module cells.
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IV. EFFICIENCY ESTIMATION OF THE MORPHING SC CONVERTER

(a) Efficiency estimation of Mode 1.

For Mode 1, the efficiency of the converter is

Vén - Rdson . Io

‘/7: n

x 100%,

where Rgsor, is the on resistance of the MOSFET of Sy and I, is the output current of the converter.

Mode morphing diagram of the two-module morphing SC converter. (a) Mode selection diagram, (b) operation mode at different input voltage, and

(D
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Fig. 8. Control block diagram of the two-module morphing SC converter.

(b) Efficiency estimation of Mode 2.
By adopting the discrete-time ananlysis approach introduced in [25], the voltage of the capacitor is assumed to be linear in
a short interval At, and there are N short intervals within a period T, i.e. At = % Therefore, the capacitor voltage in a
period can be expressed as a sequence of V(0), V(1),---,V (i), -+, V(N), with the capacitor voltage in the i-th interval being
v(E+t) = V(i—l)—i—Wt. Therefore, the current can be expressed as a sequence of 1(1),1(2),--- ,I(i), -+, I(N),

and in each interval the capacitor current is a constant following the equation

I(i) = c% _ Y@ -Ve-1) _T;/N(z -1 2)
Therefore,
V(@) =V (i —1)+ RegI(i), 3)
where
Rey = 55 “

Therefore, by adopting this discrete-time analysis, the capacitor at the i-th interval (refer to Fig. 9(a)) can be equivalent to
the model shown in Fig. 9(b), which is a voltage source series connected with a resistor, where the value of the voltage source

is the capacitor’s voltage of previous interval V(i — 1) and the resistor value is calculated by (4).

A A
1() 1(i)
R,

Fig. 9. (a) A capacitor and (b) its equivalent model.

By substituting the capacitor model shown in Fig. 9(b) to all states of the basic SC cell shown in Fig. 3 give the equivalent
circuits as shown in Fig. 10. For the capacitors in the SC cell, the relationship of their voltages and currents can be obtained
as

V(i) = V(i = 1) + Reg (i), ()

where

V(i) = [Vm(z‘), Vi1 (i), Vfl(z')r and ©)

1) = [Ro(). 1 (). In(0)] ™
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Fig. 10. Equivalent model of basic SC module of (a) state 1 shown in Fig. 3(a) and (b) state 2 shown in Fig. 3(b).

are the state-column vectors at time %, and
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is the equivalent-resistance diagonal matrix with element R¢qz, = %, where the subscript zx = 10,11 and f1. According

to the equivalent model shown in Fig. 10, for each state kK = 1,2, a general state equation can be calculated as

V(i) = Ay V(i — 1) + B, Uy, where

Ak 11
Ay = ag,21

ak,31

b 11
By = |bg 21

br31

Uy =

‘/in(i)
1o (i)

ag,12  Gk,13
Qk22 GE23| >
ag,32 0,33
bi 12

22| » and

br.,32

(€))

(10)

Y

12)

The single SC cell is operated at duty ratio of 0.5, which means the lasting time of the two states shown in Fig. 10 are the

same. Assume that the lasting time of each state is M intervals, hence, N = 2M. According to (9), the capacitors’ voltage of

the last interval in k-th state is

V(EM) = AYV((k—1)M) + (Ax —I) "} (AY —1)B,U,.

At steady state, the initial voltage of the first state equals the final voltage of the last state, i.e.

V(2M) = V(0).

13)

(14)



Hence, using (14), the steady-state solution can be obtained as
V(0) =(I- AYAL) T AY (A~ DTN AY ~DBIUL + (A, — D) 7H(AY ~ DBoU . (15)

The time points of state variables within a switching cycle at steady state can be readily calculated using (9) and (15), and the

calculated results will be used for the calculations of the loss in each resistor and the output power:

1) Loss in each resistor:

N T 1 N
Er=1f.) RI2(n)= ==Y RI%Z(n). 16
R fngl R(”)N Nn; r(n) (16)
2) Output power:
N T 1 N
E, = fs;mo(n)loﬁ = N;Iovw(n). (17)

The overall efficiency can be calculated as

E,
= — % %100 18
n F.+S Fn x 100%, (18)

where ) Eg is the sum of all resistive losses including the losses of Rgson of the switches.

B. Efficiency estimation of the morphing SC converter with N modules

For the morphing SC converter with N modules, the first step is to determine the working mode of the converter. According
to (18), the efficiency of each working module can be calculated. Therefore, the overall efficiency of the morphing SC converter
is

k
Mo = [ [ mi» (19)
i=1

where k is the number of working modules and 7); is the calculated efficiency of i-th module according to (18).

V. EXPERIMENT RESULTS

A prototype is built to verify the performance of the proposed morphing SC converter. The components used are shown in
Table II. Fig. 11 is the schematic of the control circuit. The control parameters of the two-module morphing SC converter are

shown in Table III. A single module of the SC cell is shown in Fig. 12.

TABLE I

COMPONENTS USED IN THE MODULE OF SINGLE SC CELL.

Component Part no.
Cio 2 x 47uF (two GEM32ER61C476K paralleled)
Ci1 2 x 47uF (two GEM32ER61C476K paralleled)
Cr1 6 x 47uF (six GEM32ER61C476K paralleled)
So SIS443DN

S14, 51B SIS443DN

S11us S11d FDMC7660

S10us S10d FDMC7660
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Fig. 11. Control circuit schematic of the two-module morphing SC converter.

TABLE III
CONTROL PARAMETERS OF TWO-MODULE MORPHING SC CONVERTER.

Component Part no.
Vi 6 V=30 V
Vo 35 V-85V
fs 100 kHz
Vaet,12 8.28 V
Vaet,23 17.06 V
Vact,32 1525V
Vact,21 59V

A. Size of the Morphing SC Converter

The power stage of a single module SC cell is shown in Fig. 12. The PCB size is 1.704 inches in length, 1.562 inches in
width. The total volume of the power stage is 0.43 in® including the thickness of the PCB, but not including the driver and
control circuits in the back side. The PCB used is standard thickness, 0.063 inches, and the maximum component height is
determined by the capacitor, which is 0.098 inches. The volumetric breakdown is shown in Fig. 13. The components only take
up 4% of the total power-stage volume, and the PCB takes up 39%. This indicates that further reduce the volume is possible

by reducing the thickness of the PCB. The total volume of the converter including the driver circuits is 0.61 in>.

B. Performance of the Two-Module Morphing SC Converter

(a) Waveforms of two-module morphing SC converter



Fig. 12. Power stage of a single module of the SC cell.
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Fig. 13.  Converter power stage volume breakdown without considering driver circuit.

The voltage waveforms of the two-module morphing SC converter at 15 W output is shown in Fig. 14. The morphing

waveforms of Mode 1 to Mode 2 and Mode 2 to Mode 3 at 15 W constant output power are shown in Figs. 15(a) and 15(b),

respectively. The waveforms show that the mode morphing is smooth and the dynamic response is fast at around 4 ms. Fig. 16

shows the plot of output voltage of the two-module morphing SC converter with an input voltage of 6 V — 30 V at 25 W load.

The output voltage is converted to a relatively smaller voltage range of 3.5 V — 85 V.
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Fig. 14. Input and output voltage waveforms of the two-module morphing SC converter in (a) Mode 2 and (b) Mode 3 at 15 W output 100 kHz switching

frequency.

(b) Efficiency of two-module morphing SC converter
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Mode 2 of the two-module morphing SC converter at 15 W output 100 kHz switching frequency.
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Fig. 16. The output voltage of the two-module morphing SC converter at 25 W load and 100 kHz switching frequency.



The efficiency of two-module morphing SC converter in three modes is shown in Figs. 17-19. The measurement is based on
a constant output power of 25 W, and the input voltage is varying. Fig. 17 show the efficiency curve of Mode 1 for different
input voltage. The efficiency is higher than 99% when the input voltage is higher than 8 V. The efficiency drops when the
input voltage is lower than 8 V. This is because the driver voltage of the P-MOSFET of Sy of cell 2 is decreasing with the
reduction of the input voltage. This leads to a higher R;,,, of Sy of cell 2. Simultaneously, to keep the constant output power,
the output current is also increased when the input voltage is decreased. This current also passes through the MOSFET Sj.
Therefore, the loss on MOSFET S increases, which leads to the drop in efficiency. Fig. 18 is the efficiency curve of the
converter in Mode 2 for different input voltage and switching frequency. The results show that the SC converter working at
150 kHz switching frequency has the highest efficiency when the input voltage is lower than 18 V. When the input voltage is
higher than 18 V, a lower switching frequency leads to a higher efficiency. Fig. 19 is the efficiency curve of the SC converter
in Mode 3 for different input voltage. The results shows that the SC converter working at 150 kHz switching frequency has a
highest efficiency when the input voltage is lower than 20 V, and for an input voltage higher than 20 V, the highest efficiency
is at 100 kHz switching frequency. Figs. 17-19 also verify the accuracy of the calculation results.

Fig. 20 shows the efficiency curve of the two-module morphing SC converter with a 30 V input voltage, 100 kHz switching
frequency and varying output power. The results show that the maximum efficiency is high and closed to 98% over the entire

load range, which is between 20 W to 80 W for Mode 2. The peak efficiency in Mode 3 is as high as 95.9%.
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Fig. 17. The experiment and calculation efficiency curves of two-stage morphing SC converter at Mode 1 with 25 W constant power output (Exp: experiment

result, Cal: calculation result).

C. Two-Module Morphing SC Converter Applied in Two-Stage Converter

One application example of the two-module SC morphing converter is the two-stage converter shown in Fig. 21(a). The
first-stage converter is the morphing SC converter as shown in Fig. 6, and the second-stage is a buck converter, which is shown
in Fig. 21(b). The main parameters are shown in Table IV.

The efficiency of two-stage converter, which comprises the two-module morphing SC converter prototype as the first-stage
converter and commercial IC IR3820 as the second-stage buck converter is shown in Fig. 22. The two-stage converter has a
high efficiency over the entire range of the input voltage between 6 V and 30 V. The efficiency is higher than 80% over the
entire range, which is higher than the buck converter itself. Moreover, the applicable input voltage range is also extended with

the incorporation of the SC converter.
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Fig. 18. The (a) experiment and (b) calculation efficiency curves of two-stage morphing SC converter at Mode 2 with 25 W constant power output.
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Fig. 19. The (a) experiment and (b) calculation efficiency curves of two-stage morphing SC converter at Mode 2 with 25 W constant power output.
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TABLE IV

MAIN PARAMETERS OF THE BUCK CONVERTER.

IC type 1R3820
Input voltage 2521V
Output voltage 1.8V
Switching frequency 300 kHz
Filter inductor 1.7 pH
Output capacitor 2 x 47 uF

A morphing SC converter, which is high-voltage-gain and suitable for wide-input-range application, is proposed. This
morphing SC converter is adaptive to the magnitude of the input voltage as the converter’s conversion ratio is variable through
the morphing of the structure of the converter. The morphing SC converter is easily extendable through the cascade of extra
SC cell. It is experimentally demonstrated that a high efficiency, small volume, and light weight morphing SC converter is
achievable. When the morphing SC converter is applied as the front-end converter in a two-stage converter, the overall efficiency
of the two-stage converter is improved as compared with that of a single buck converter. Moreover, the morphing SC converter

can also extend the input voltage range of the buck converter. Therefore, the morphing SC converter is a good option for the

VI. CONCLUSIONS

high-voltage-gain and wide-input-range application.
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The efficiency curve of the morphing SC-buck converter at 15 W output power in different modes.
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(a) The block diagram of the morphing SC-buck converter and (b) the circuit diagram of the buck converter.
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