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ABSTRACT In this paper, a novel topology of switched-capacitor converter is proposed. Compared with
the existing switched-capacitor topologies, such as the Dickson-based switched-capacitor converter or the
ladder switched-capacitor converter, it limits both voltage stress and current stress of components under
lower level, which reduces the volume of capacitor banks and the conduction loss. These characteristics can
help high-power density and high-efficiency design, especially in high-voltage-gain applications. The phase
shift modulation strategy corresponding to the proposed switched-capacitor converter is also presented in this
paper. With phase shift modulation, voltage gain can be adjusted as continuous value. The voltage regulation
ability makes up the defect of conventional switched-capacitor converters, and the ZVS operation of all the
switching devices is also achieved with the proposed modulation method so that the WBG devices can play
more strength in the converter with higher switching frequency. The derivation of the circuit topology and
phase shift modulation will be introduced in this paper. The steady analysis and performance comparison
will prove the advantage of the proposed converter. A 600-W prototype is built, and the experiment results
are presented to validate the proposed converter.

INDEX TERMS High-voltage-gain converter, switched-capacitor converter, high power density, high
efficiency, phase shift modulation, voltage regulation ability, zero-voltage switching (ZVS).

I. INTRODUCTION

Nowadays, high-voltage-gain DC-DC converters [1] are
required in many industrial fields, such as solar photovoltaic
system, data center, battery formation and so on [2], [3].
Anisolated converter is typically applied in these applications
to connect two different voltage rates. However, switched-
capacitor converters (SCC) attract more considerable atten-
tion because of its magnet-less feature. The SCC realizes
high voltage gain by changing the topologies of a series
of capacitors instead of transformers that used in isolated
converters. And the energy is stored in capacitors rather than

Multilevel modular SCC [5-9] —

Double-wing Multilevel
modular SCC [10-17]
Dickson-based
SCC [4] Automatic interleaved
Dickson SCC [18]

Switch Tank Converter [2,19-21] —]

Cockcroft-Walton

Single-Wing Ladder SCC [22-24] —
Voltage Multiplier {

Double-Wing Ladder SCC [23] —

Marx Genetator Serial-Paralle]l SCC

| Switched-Capacitor
Converter

magnetic materials. Without bulky magnetic components like
inductor and transformer and incidental magnetic loss, SCC
can easily achieve high power density and high efficiency and
is within the trend of high frequency and integration.

The development of SCC experiences three major stages.
First, the rudiment of SCC came from voltage multiplier,
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Flying Capacitor SCC [3, 25-27] —

Fibonacci SCC [28-30]

Stacked SCC [31-33]

FIGURE 1. Review of switched-capacitor converter.

which utilizes diode and capacitor network to generate high
voltage pulse like Cockcroft-Walton voltage multiplier and
Marx Generator. Then, from 1970s, Ladder SCC [27]-[29]
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and serial-parallel SCC are invented by replacing the diodes
in the voltage multiplier with MOSFET. New SCC topologies
are also proposed, such as Dickson SCC [4] and Fibonacci
SCC [27]. The Dickson SCC eliminates unexpected voltage
drop in Ladder SCC caused by parasitic capacitance. And
Fibonacci SCC can realize the highest voltage gain with the
least components among all kinds of SCCs. In this period,
SCC is mainly applied as integrated power source for other
chip with low power. At present, SCC begins to broaden its
application, as various kinds of SCC topologies are continu-
ously proposed, like multilevel modular SCC [5]-[9], double-
wing multilevel modular SCC [6], [10]-[16], flying capacitor
SCC [3], [24]-[26] and stacked SCC [30]-[32]. These novel
SCCs are more suitable for high power application from
hundreds of watts to kilos of watts in industrial fields.

To play a more important role as a high-voltage-gain con-
verter, SCC is supposed to achieve higher efficiency and
higher power density, which almost depends on the loss of
switching device and the volume of capacitor banks. There-
fore, the voltage stress and current stress of switching device
and the voltage stress of capacitor should be the optimization
objects [33], [34]. Current stress directly determines the con-
duction loss and with lower voltage stress, device with lower
conduction resistance can be utilized. As for capacitor, volt-
age stress restricts its minimum volume. Different topologies
will cause different voltage and current stress distribution on
components. For example, although the Fibonacci SCC can
easily realize high voltage gain, the voltage and current stress
on switching device and capacitor both increase rapidly with
the voltage gain, so Fibonacci SCC can take its advantages in
low power application but not in high power stages.

The Dickson-based SCC becomes more popular in these
years. Many new converters like multilevel modular SCC,
double-wing multilevel modular SCC and switching tank
SCC [2], [18]-[20] are all based on the topology proposed
by Dickson in 1970s. In Dickson SCC, the voltage stress of
switching device never exceeds twice of low side voltage no
matter how high the voltage gain is. And the current stress
is evenly shared by all switching devices, so the conduction
loss is also acceptable. The defect of Dickson SCC is that the
voltage stress of capacitor rises linearly with the high side
voltage, which means larger capacitor banks should be used
in high voltage applications.

Another kind of SCC like Ladder SCC is based on the
topology proposed by Cockcroft-Walton. This kind of SCC
limits the capacitor voltage stress at low side voltage, so it can
achieve higher power density. However, the current stress is
not even and will increase linearly with voltage gain, which
reduces the efficiency of the converter.

There are also some improvements of basic SCC. For
example, the double-wing multilevel modular SCC cuts the
increasing voltage stress of capacitor by half, but the non-
command-ground characteristic restricts its range of use.
It is suggested that there is an inner contradiction among
the voltage stress and current stress of switching device and
capacitor in existing SCCs. Therefore, it is meaningful to
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combine the advantages of Dickson-based SCC and Ladder
SCC to achieve both high efficiency and high power density,
especially in high-voltage-gain application.

Besides, there are some inherent disadvantages of SCC.
First, the voltage gain of SCC is fixed by its circuit structure
like a transformer, which makes it not suitable for wide-
voltage-range applications and have poor voltage regulation
ability. Second, the absence of inductor means that the tran-
sient current is out of control. At start-up process the charging
current will be sharp and large. And if the capacitor volt-
age is not balanced when devices switch, current spike will
also appear. Third, the devices operate in hard-switching,
which causes EMI noise and switching loss. It’s important
to achieve soft-switching so that the switching frequency can
be increased.

The key to avoid these shortcomings is inserting some
inductors in basic SCC. The additional inductors have low
inductance at the level of nanohenry, so these inductors can
be applied as stray inductor or air-core inductor which still
keeps magnet-less characteristic of SCC. This kind of SCCs
that utilizing few inductors are also called hybrid SCC. With
the help of inductors, the current spike can be choked. And
with the ability of controlling current, several modulation
strategies are proposed to improve the performance of SCC.

Resonant SCC such as resonant multilevel modular
SCC [5], [6], [8] applies inserting inductors and original
capacitors to make up resonant loops. The switching fre-
quency is equal to the resonant frequency. Therefore, in each
switching state, the current drops to zero at the end of the
state. The resonant SCC realizes ZCS operation and can
reduce the inductance and capacitance by increasing switch-
ing frequency. However, the resonant SCC still has fixed
voltage gain. Besides, if wide-band-gap devices like SiC and
GaN are applied in the converter, the switching-off loss will
automatically vanish because of the WBG device’s zero-tail-
current characteristic. Therefore, it is more helpful to achieve
zero-voltage-on.

Phase shift modulation strategy is first applied to SCC by
Hideaki Fujita in flying capacitor SCC [39]. Then this strat-
egy is developed to be used in multilevel modular SCC and
double-wing multilevel modular SCC [9], [13], [40], [41].
By shifting one group gate signal with a certain phase from
another, two new switching states are added to the basic SCC
switching sequence to achieve ZVS operation. Besides, the
energy delivery through the converter in one switching period
can be controlled by the shift phase so that the output voltage
can be also controlled by the phase to realize adjustable volt-
age gain and voltage regulation ability. However, the existing
phase shift method is not applicable for all kinds of SCCs,
such as ladder SCC. And the input current of power sup-
ply has a rapid change when circuit state switching, which
requires a larger input capacitor bank.

This paper proposes a novel topology of switching-
capacitor converter. The new topology combines the advan-
tage of Dickson-based SCC and ladder SCC. The voltage
stress and current stress can both be limited under certain
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level, so the proposed converter can indeed achieve high effi-
ciency and high power density in high-voltage-gain applica-
tions. Then the corresponding phase shift modulation strategy
is also proposed to realize ZVS operation and voltage regula-
tion ability. The second section will first introduce the circuit
configuration and basic operation principle. Then the phase
shift strategy and how ZVS operation can be realized will
be exhibited in section III. The quantitative analysis of the
converter will be presented in the section IV and will compare
with other SCCs. At last section, experiment result will be
given out to validate the proposed topology and modulation
method.
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FIGURE 2. Dickson-based SCC.
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FIGURE 3. Two switching states of Dickson-based SCC.

Il. CIRCUIT DERIVATION AND BASIC CONFIGURATION

Figure 2 shows the conventional multilevel modular SCC
with indication of voltage stress distribution. And two switch-
ing states of multilevel modular SCC is shown in Figure 3.
In state a, Cy is charged by low side voltage source, and C;3 is
charged by V; and C; in series. Then in state b, C; is charged
by Vi and Cj in series. And C3 connects with V in series to
charge the output capacitor Cy4 in high voltage side. The low
side voltage will be series-connected with capacitor Cy_; to
charge the capacitor Cy. Therefore, the voltage of capacitors
boosts with Vp in each step. Capacitors charge and dis-
charge in turn with adjacent capacitors to keep charge balance
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and deliver power from input to output. The mechanism of
SCC determines the voltage stress of capacitor will increase
linearly with voltage gain as (1).

Ve, =KV (1)

As for switching devices, they can be divided into two
groups. The switching devices in low voltage side make up
a series of half bridges, so their voltage stress is just equal to
low side voltage Vr. And the switching devices connected
to the positive ends of capacitor together are clamped by
capacitors. Except the switching devices directly connect to
input and output, voltage stress of other devices in this group
is 2Vy,. The current stress is same of all the switching devices.
To maintain the charge balance of each capacitor, the average
current through each charge or discharge loop should be twice
the average output current /,,; in one switching state. Uni-
form distribution of current stress and low voltage stress of
switching devices contribute to less conduction loss and high
efficiency, which is the advantage of Dickson-based SCC, but
growing voltage stress of capacitor requires more capacitor
volume, especially in high-voltage-gain applications.
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FIGURE 4. Ladder SCC.

State (b)

FIGURE 5. Two switching states of ladder SCC.

Figure 4 shows the basic ladder SCC, and corresponding
switching states are shown in Figure 5. The charge and dis-
charge modes of ladder SCC in two states is the same as
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the Dickson-based SCC. However, the high side voltage is
produced by connecting the capacitors with same parity in
series (V, C1, C3, Cri—1 and C3, C4, Cy;). The two groups
of capacitors in series are just like the two handrails of a
ladder, and the switching devices made up of the ““stairs™.
Therefore, the voltage stress of capacitor in ladder SCCis 2V,
(voltage of C is V1) no matter how much the voltage gain is,
which helps high power density design. However, because
each group of capacitors is connected in series to the low side
voltage source through the switching devices in low voltage
side, all the charge or discharge current will flow through the
low voltage side switching devices at the same time, which
can cause a large current stress as described by (2). G is the
voltage gain.

Iy, = GIout (2)

For a high voltage gain, the current stress can be reason-
ably large. As conduction loss is proportion to the current,
the efficiency performance of ladder SCC is poorer than
Dickson-based SCC. And another weakness of ladder SCC is
that the phase shift modulation method cannot be applied to
ladder SCC, so that the ZV S operation and voltage regulation
cannot be realized, which is important in some applications.

k Cr Vi

FIGURE 6. Redrawn ladder SCC.

To combine the advantages of these two SCC topologies,
a novel topology is proposed. Figure 6 redraws the ladder
SCC to present the ‘“ladder” structure more clearly and
reveal the common points with Dickson-based SCC. Each
two capacitors and the switching devices connected with
them consist of one stage of the converter. The output of
each stage is connected to the next stage as input. And it
is evident that the structure of the low side components and
the first stage is similar to Dickson-based SCC. By adding a
switching device and output capacitor for each stage as shown
in Figure 7, the first stage of ladder SCC is reformed to a
Dickson-based SCC, and the stages above can be regard as the
extension of the Dickson-based SCC. Figure 7 is an example
of the proposed SCC topology. By expanding the switching
devices and capacitors in one stage and the number of stages,
a general proposed SCC is shown as Figure 8. With N,
the number of capacitors in each stage, and M, the number
of stages, the nominal voltage gain of the proposed SCC can
be calculated by (3).

G=(N-DM+1 3)
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FIGURE 8. M-Stage proposed SCC with N x M capacitors.

The basic operation with two switching states is shown
in Figure 9. The two switching states are just like Dickson-
based SCC. The difference is that in state a, the output
capacitor of the first stage Cy 3 will charge the first capacitor
(3,1 in the second stage in series with V}, so that the voltage
among C» 1 is 2Vy. Then in state b, Cy 1 charges C2 2 to 2V,
through two switching devices. By this way, each capacitor
in the second stage will be charge to 2V, which is just the
difference of the output of the first stage and low side voltage
V¢, — V. Then the output voltages of the first and the second
stages connect in series to obtain 5V, which realizes a higher
voltage gain. And the maximum voltage stress of capacitor
in the circuit is just 3V, which is nearly half of the voltage
stress in Dickson-based SCC with the same voltage gain.
For more stages, the output voltage of the second stage will
be sequentially transmitted to the stages above. The voltage
among the first capacitor in the next stage will also be charge
to V¢, — Vi. Therefore, the voltage stress of each capacitor
in the proposed SCC can be described by (4).

13%7 0 < k <N, in 1% layer

4
N-DVL @

Ve, =
Ck N < k,in m™ layer

And the maximum voltage stress is always born by the
output capacitor of the first stage, which can be calculated
by voltage gain G and the number of stages M as (5).
With larger M, the voltage stress on capacitor can be
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FIGURE 9. Two switching states of proposed SCC.
further reduced.
G-1
Vemax = NV = —M +1) VL (5)

As for switching devices, the voltage stress in proposed
SCC is the same as the Dickson-based SCC and ladder SCC,
which is just V7 and 2V .

sz.max = 2VL (6)

And the current stress can also be calculated by the charge
balance of capacitors. Figure 9 presents the current distribu-
tion in two switching states. It can be seen that the switching
devices at low voltage side bear the maximum current stress,
which involves with the number of stages and can be calcu-
lated by (7).

G—-1

Ly max = 2Ml oy = mlout

)

For N larger than 3, the current stress in proposed SCC
is less than ladder SCC. For a certain voltage gain, both
low voltage stress and current stress can be achieved with
elaborately selected N and M, which makes it possible to
optimize the efficiency and power density for different design
goals.
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IIl. PHASE SHIFT MODULATION AND ZVS OPERATION

A. PHASE SHIFT MODULATION

Figure 10 shows the switching states of phase shift modula-
tion applied on a two-stage 5X proposed SCC as an instance.
Several inductors are inserted into the circuit to control the
slope of current as the requirement of phase shift modulation.
The inductances are small enough to be applied as stray
inductance or air-core inductor, which will be proved in the
following section, so the magnet-less characteristic of SCC
can still be maintained. And the corresponding waveforms are
presented in Figure 11. The switching devices are divided into
three groups as low voltage side, the first stage and the second
stage. Accordingly, the signals of their gate drive are shifted
by a certain phase from each other. The time interval between
the signals of the low voltage and the first stage is 7', and the
interval between the first stage and the second stage is 7.
Phase shift ratio is defined as (8), where T is the switching
period.

Dy =2T, /Ty Dy =21 /T ®

From f¢ to t1, the equivalent circuit is similar to the basic
state (a) in Figure 9. The voltage in each loop is close to
balance and the values of current through inductors change
slowly. Then from #; to #,, the states of switching devices in
the low voltage side toggle first, which breaks the voltage
balance in the first stage. The absence of Vi in the loops
of the first stage causes considerable voltage difference on
the inductors in the first stage. As a result, the currents in
the first stage change fast and even change their direction.
However, the operation of switching devices at low voltage
side does not affect the equivalent circuit loop in the second
stage.

From 1, to t3, the states of switching devices in the first
stage toggle. As the current direction of the first stage has
already changed before #,, which is now the same as the
direction in basic state (b) in Figure 9. The voltage balance
sets up again and the change rate of current in first stage slows
down. But now the equivalent circuits of the second stage
change because of the switching actions in the first stage.
The currents in the second stage begin to change fast and turn
its direction over in the same way as the first stage. At f3,
the second stage also turn into the basic state b like the first
stage.

In another half switching period, the operation is similar.
At 14, the states of switching devices in the low voltage side
toggle again and the current values in the first stage enter into
fast-change state again. From 75 to #¢, the equivalent circuits
of the first stage turn back to basic state (a) and the current
values in the second stage begin to change fast. Finally, at z¢,
the second stage turns back to basic state (a) to finish a
switching period.

The phase shift operation creates two different switching
states for each stage. From #; to 12, #4 to 15 for the first stage
and from 7, to 13, t5 to te for the second stage, the slope
of current becomes significant and change its direction. The
change of current directions in these states joins the two basic
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FIGURE 11. Waveforms of phase shift modulation.

states in Figure 9 together and make the transient process
more gently. This operation is also the key to achieving ZVS.
As shown in Figure 11, when the output voltage is the nominal
value calculated by (4), the current waveforms in these states
are almost symmetrical about zero, which means there is little
charge or energy transferred during these states. Therefore,
these time phases are defined as current commutation states
for the corresponding circuit stages. The shift time interval
Ty and T, labeled in Figure 11 are just the duration time of
current commutation states.

From t¢ to t; and from #, to 4, current values in the first
stage change slowly so that charge and energy are transmitted
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According to (8), output voltage can also be adjusted by
D1 and D5. Therefore, the proposed SCC can realize voltage
regulation ability with close-loop control of phase shift ratio,
and the voltage gain can also be continuous regulated, which
overcomes the inherent shortcomings of SCC.

There are five variables in (9), D1, D2, Vu, Vi n, P, and
only three of them are free. Define G = Vg / Vi as the
voltage gain, m; = Vi n / NV as the conversion ratio of the
first stage. There are also some constraint conditions of these

VOLUME 7, 2019



H. Xie, R. Li: Novel Switched-Capacitor Converter With High Voltage Gain I E E EACC@SS “

variables as described in (10). be calculated as (11).
DDy <05.G> Lim > — 1oy P
B ’ N VuD; (1-Dy)
In Figure 12, m is set to be 1. The curved surface exhibits 8fsL1
the relation between D, G and P, under the constraint con- y VL (Vl,N -V L) H?i 1 VN k=1
filthns. D, can be determined by (9). and is not presentgd (VI,N—VL + VZ,N) l—[ili—ll (Vi,N T Vi+1,N)
in Figure 12. It suggests that the maximum output power is _ M
always achieved when D; = 0.5. And for each value of Dy, ViDy (1-Dy)  (Vin =V, ) [TiZs Vi k=2
the output power first increases linearly with voltage gain 8fsLa WN-DITE (Viv +V, 1N)
and reaf:hes a maximum point. Then P, begins to drop as G VuDy (1—Dy) ]—[ili Vil N
further increases. 7] k>?2
8fsLi WN=DTTZ (Viv + Vi)
(11)

B. ZVS OPERATION AND CONSTRAINTS

Phase shift modulation also realizes ZVS operation of the

proposed SCC. Figure 14 presents the waveforms of the ZVS

3 commutation process of half switching period from #; to 3.
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FIGURE 14. Waveforms of ZVS commutation states.

Voltage Gain

FIGURE 13. The relationship between m1, G and P,,.

When m is also adjusted, the boundary of output power
will change together. Figure 13 presents the output power
range with different m;. The color areas are the projections
of Figure 12 to P, — G plane. It can be seen that the higher
my is, the more power can be delivered through converter.
And the maximum output power always reaches when G =

Ly(N—1)/L+ 1. ti2~ti-3
For a proposed SCC with M stages, the phase shift modula- FIGURE 15. ZVS operation of low voltage side devices.
tion can also be applied by shifting the signal of the k™ stage
from the (k — 1) stage with Ty. There will be 2M + 2 Figure 15 shows the deadtime of switching devices of low

switching states in one switching period. And the relationship voltage side. The switching devices S1; and Sy, shut down
between output power and the shift ratio of the k" stage can at ;1. The current stored in the inductor L; | and L1 > begins
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FIGURE 16. ZVS operation of the first stage devices.
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FIGURE 17. ZVS operation of the second stage devices.

to charge and discharge the C, of the switching devices at
low voltage side. At #1_5, the charge or discharge process
of C,ss completes and the currents make the anti-parallel
diodes of S, and S, conducted, which clamps the voltage
of S1, and Sy, to zero. Therefore, when gate drive signals of
S14 and Sy, rise at t1_3, ZVS of S, and Sy, is realized.

Figure 16 shows the ZVS operation of the switching
devices in the first stage. S1,1 and S 3 turn off at #,_;. The
current of inductors in the first stage charges or discharges
Coss of the switching devices Sy.1, S1,2 and S1,3. The Cyg of
S1.1 and Sy 3 are charged to V, at 25 and anti-parallel diode
of §1 > clamps the voltage of S > to zero until it realizes ZVS
at r_3 when S » turns on.

The ZVS operation of switching devices in the second
stage achieves in the same way like the first stage from #3_
to t3_3. At 131, S2,1 and Sz 3 turn off and C, of switching
devices in the second stage begins to be charged or discharged
by the inductors in L, and L/Z. Then the anti-parallel diode of
S22 clamps the voltage of Sz to zero at 13 and ZVS is
realized at 13_3.

With the same mechanism, the ZVS operation of another
half switching period can also be realized. As the tail current
and diode reverse recovery loss of WBG device are negligi-
ble, zero-voltage-turn-on can minimize the switching loss in
a WBG-based converter, which is helpful to raise switching
frequency, solve EMI problem and increase efficiency.

In order to fully charge or discharge the C,;, the direction
of inductor current is supposed to turn over in correspond-
ing current commutation states, and there should be enough
energy stored in inductors. Therefore, the current value at the
edge of current commutation state and power delivery state
decides whether the ZVS operation can be completed. The
scope of current in the k" stage can be described by (11)
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and (12), where ki , is the current scope of power delivery
state and ki , is the scope of current commutation state.

Vy — NV, .
2(N =1L o
Vo — (Vy =V,
PR (Vv — VL) k=2 (12)
’ 2(N -1 Ly
Vin — V-
kN (k=1)N k2
2(N — 1) L
VL
— +k k=1
L] + l,a
Vn = Vi
krp=31——+k k=2 13
k.b (N—l)L2+ 2.a (13)
Vie—N
k k>2
NI e £

Then the current expressions of each time state can be listed
as following.
The first power delivery state of k" circuit stage:

kia (1 =D ki D, 1-D
_ Kl k) + Kb K et 0<t< k

4fs ' 2fs
(14)

i

The first current commutation state of k" circuit stage:
. —kic,a (1 — D) + ki s Dy
u, =
4fs
k (z I_D") L S
— Kk,b - =1 < =
2fs 2fs 2fs
Another power delivery state of k™ circuit stage:
i = —ki,a (1 — D) — ki p D
k 4‘]%
2— Dy

1 1
+kk1a ([ — Z_f:v> Z_fy <tr< f:y (16)

Another current commutation state of k™ circuit stage:
_ ki,a (1 — D) — ki, p D

s

+kka<t— 2_D") 27D Ly
’ 2fs 2fs Js

The current values of states edge which are tagged in

Figure 14 as ix , and i; 5 can be calculated by current scopes

and phase shift ratios.

k.o (1 — Dy) + ki p Dy,

i,

lka = 4fv

. —ki,a (1 — D) + ki pDy.

lk,b = a 4f (18)
N

As shown in Figure 14, the criteria of ZVS operation can
be described by (19).

i,p >/ Cm/Ll Vi low voltage side
ik + ik+1,6 > /2Coss [LiVL  k™'stage (19)
it.a > \/2Coss [Lm VL M"stage
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IV. STEADY STATE ANANLYSIS AND COMPARISON

A. SWITCHING DEVICE STRESS

As the Vpg of switching device is clamped by nearby
capacitors, the voltage stress of switching device will also
change when phase shift modulation modifies capacitor
voltage. Voltage stress of switching devices in one circuit
stage is related to the output capacitor voltage of that stage
as described in (11). The voltage stress of device is still
around 2V}, which ensures the low withstand voltage and low
R, devices to be used for a better conduction loss.

Vsiap = VL low voliage side
Vin—=V
SLN T TL k=1,j=1orN
N—-1
2(Vin—V
(;N—IL) k=1,1<j<N
Vs, = Vin (20)
: 1<k, j=1lorN
Ben
k.N l<k,1<j<N
N-1

The current stress of switching device can be obtained
by expressions of inductor current as (14) ~ (17). For the
switching devices at low voltage side, the current is just the
corresponding inductor current in the first circuit stage.

{isk,a = _iLl,k (21)

ISty = Wi

For the switching devices from the first circuit stage to
the (M — 1)™ circuit stage, the current stress is the current
difference of the two adjacent inductors.

1<j<N

. i, — 1L ;
lSkj — i k+1.j .k,j . (22)
Iy gy J=N

And for the switching devices in the M™ stage, the current
stress is just the current of corresponding inductor.

. _iLM i

Ly N-1

1<j<N

e 23)

Consider for a converter based on WBG devices, the power
loss on the device can be breakdown to the conduction loss,
gate drive loss and the loss on the C,g. The switch-off loss
can be ignored because of the negligible tail current. The gate
drive loss can be calculated by the datasheet and the designed
switching frequency as (24).

P gate_drive = nVgs QGfA (24)

where # is the number of the switching devices. And the loss
on the C,; is caused by the hard switch-on, which is related
to the voltage stress of the switching device.

Peoss = osxfszvgs (25)

As ZVS operation has been realized by phase shift method,
this part of loss is eliminated from the proposed converter,
which helps to increase efficiency and switching frequency.
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With the expressions of switching device current as
(21) ~ (23) the current stress of switching devices in k™" stage
can be described by the inductor current.

And conduction loss can be expressed as the integration of
square of the current.

Peon = Ra’SZig‘k,j (26)

A 600W, 12V low voltage and 60V high voltage converter
is taken as a design example. EPC2023 eGaN FET is applied
as power devices for a lower conduction resistance in this
voltage rating. Table 1 lists main parameters of EPC2023.

TABLE 1. Main parameters of switching devices.

Model# | Vps(V)| Ves(V) | Qe(nC)| Rps(mQ)| Cpss(pF)
EPC2023 30 5 19 1.45 1850

B. CAPACITOR STRESS AND REQUIREMENT

As the voltage of output capacitors of each stage can be
adjusted with the phase shift ratio as (11), each capacitor in
the circuit will change with the adjustment as (27).

Ve,
Q-DVin=-Q-NV -
2(N—1)

_ @DVt - Viv Vi)

B 2(N - 1) -
QG-DVin+ 2N —)—UVe-nn k> 2

2(N — 1)

27

The ripple voltage on the capacitors is in proportion to
the largest variation of the charge in one switching period,
which is decided by current stress of capacitor. Except output
capacitors of each circuit stage, other capacitors all connect in
series with corresponding inductors, so that their charge cur-
rent is just the current of inductors. As for output capacitors,
their charge current can be obtained by KCL theorem.

L, l<j<N
l’ck‘j = —iSka +isk+l,1 +ick+1,N j=N,1<k<M
—isy v —In j=N,K=M

(28)

The charge current can be described as (28). And Figure 18
shows the charge current waveforms of capacitors in the 5X
proposed SCC. Then, for a certain ripple voltage level AV,
the capacitance required can be expressed as (29), where
t;1 and t,» are two zero-crossing points of the charge current
waveforms.

2
/ ic,,dt (29)

Iz1

Crj=
“ AVpp

The minimum voltage of capacitor bank is limited by the
energy stored as Ec = 1 / 2CV§. Therefore, the sum of CVé
for all capacitors in circuit can be a quota to evaluate the
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FIGURE 18. Waveforms of capacitors’ charge current.
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FIGURE 19. Comparison of different SCCs with fixed G.

power density of SCCs as capacitor banks take over most of
the volume.

C. COMPARISON WITH OTHER SCCS
To compare the proposed SCC with other conventional SCC,
a unified index which combines efficiency and power den-
sity performance together should be set up. Figure 19 and
Figure 20 show the comparison among proposed SCC,
Dickson-based SCC and Ladder SCC. The output power of
converter is set as 600W, the low voltage is 12V, and the ripple
voltage of capacitor is supposed to be less than 5% of V.
EPC2023 is still applied as the power device. As presented
in Figure 19, the voltage gain of the SCCs is fixed as 10.
By trimming the switching frequency, the efficiency and the
total energy stored in capacitors, which reveals the volume of
converter both change. It suggests that the proposed SCC can
realize higher efficiency with the same volume limitation.

Then in Figure 20, situation that CV? = 1] is further
selected and power loss of three kinds of SCC is broken down
to three parts to compare power loss feature in different output
power. And in Figure 21, the efficiency goal of three kinds
of SCC is set to 98%. For different voltage gain situation,
the proposed SCC can realize the least capacitor volume and
the advantage is more evident in higher voltage gain.

To further illustrate the strengths of proposed SCC with a
practical way, the number, cost and size of components are
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FIGURE 21. Comparison of different SCCs with fixed 7.

TABLE 2. Specification of components.

Components Model # Company | Cost Size
25V, 10pF Cap C2012X5R1E106K125AB TDK $0.09 0805/3.6mm?*
50V, 10pF Cap CGASL3XSRIHI06M160AB | TDK $0.27 1206/9.7mm?
100V, 10puF Cap CGA9IN3X7S2A106M230KB TDK $1.21 2220/65mm?
eGaN FET EPC2023 EPC $5.08 11.73mm?3
HB Driver LMGI205YFXR TI $1.74 1.94mm?
Isolated Driver Si8271GB Si Lab $1.54 30mm?

compared comprehensively. The 12V input, 60V output 5X
converter with 600W output power and 98.5% efficiency is
set as the design goal. Voltage ripple is still set as 5%Vy.
Table 2 lists the specifications of the main components.

Then Table 3 shows the capacitor requirement, cost and
volume of three kinds of SCCs, under the switching fre-
quency satisfied efficiency goal.

The comparison result reveals the proposed SCC can sig-
nificantly reduce the capacitor volume and cost by adopting
lower voltage capacitors, even the proposed SCC have one
more capacitor than conventional topologies. And the pro-
posed SCC also has one more switching device than conven-
tional topologies, but the additional cost and volume of this
switching device is much less than the strengths on capacitor,
especially in a higher voltage gain converter.
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TABLE 3. Comparison of capacitors’ cost and volume.

SCC Topology

Dickson-based

Ladder

Proposed

fs

634kHz

289kHz

867kHz

Capacitance and

Voltage

C;,26.24F, 25V

C;,115pF, 25V

Cy,1,19.54F, 25V

C,,26.21F, 50V

€, 115pF, 50V

€12, 19.50F, 50V

C3,26.24F, 50V

C3,57.7uF, 50V

Cy3,15.2F, 50V

C4,26.2uF, 100V

C,,57.7uF, 50V

Cy,1,13.1pF, 50V

Cs, 26.2yF, 100V

Cs,57.7F, 100V

Cy,2,13.1pF, 50V

Cy,3,7.694F, 50V

Total Volume 496.743mm® 335.34mm’ 94.802mm®
Total Cost $9.18 $9.19 $2.61
TABLE 4. Specification of the prototype.
Parameter Value
Input voltage V;,, 12V
Output voltage 1/, 60V
Output Power P, 600W
Inductor in 1% layer Ly 110nH
Inductor in 2" layer L, 220nH
Capacitor in 1% layer C;~C5 300uF
Capacitor in 2" layer C,~Cg 150uF
Switching frequency f; 100kHz
Switching Device EPC2023
‘ , Ts/2 o, D
S2a,1b 4 ‘ ‘ ‘ ‘ ‘ ' ‘
10,25 | : | : 1 | : :
1T ‘ ‘ ‘ ‘ ‘ . ‘ .
Sia | I ! ! I ! ‘ | !
52;1/3 N | | : ! | ! ! | ¢
S22 | . | | | ] | . |
1
gy A ‘ S ‘ . ‘ t
. : | //| ! v |
; e : : Lt
‘ to h ta ty ty ts to

FIGURE 22. Waveforms of input current.

V. PROTOTYPE AND EXPERIMENT

A 600W 12V input and 60V output converter is built to

validate the proposed topology and modulation method. The

main parameters of the converter are listed in Table 4.
Figure 22 shows the input current waveform of low voltage

side. According to the topology configuration, the input cur-

rent can be calculated by current of three switching devices.

iin = iSIa + islb - iS]yl (30)

The requirement of input electrolytic capacitors depends on
the input ripple current. With fourier decomposition of input
current waveform, the ripple current at switching frequency
is 19.45A. For a less number of input capacitors, high-rated-
ripple-current capacitor can be chosen. Conductive polymer
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aluminum capacitor has much higher rated current than ordi-
nary aluminum electrolytic capacitor, for example, 180 CPS
series 330uF capacitor from Vishay can withstand 5A ripple
current with 10.4 x 10.4 x 12.6mm3 volume, so that only
4 of this kind of capacitors are needed. To further reduce
input capacitors and ripple current, two converters can be
connected parallel, and the modulation can be interleaved,
which can reduce the input ripple current to 5.3A and only
one capacitor is needed. For a prototype, ordinary capacitors
are selected with much design margin as shown in Figure 23.

The Second Stage Swi S
2 /

High
Voltage
Output

Low
Voltage
Input

FIGURE 23. Prototype of the proposed SCC.

B e e e ]

Vu 10V/div

e e e e
- Ve 10v/div .

[=aeteat s na s e S e S e e e e
r Vcz3 10V/div 1

e s e
V. 10v/div

FIGURE 24. Low side voltage Vv, high side voltage V y, output voltage of
1% stage V¢, . and output voltage of 2% stage V¢, ,.

The experiment results are presented below. Figure 24
shows the waveforms of low side input voltage V., and high
side output voltage Vg, which reveals the voltage conversion
ratio. V1,3 and Va3 is the output voltage of the first and
the second stage on the capacitor C; 3 and C2 3. And the volt-
age waveforms of other capacitors are shown in Figure 25,
which verifies the capacitor voltage stress distribution.
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FIGURE 26. Waveform of current through Inductors.
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FIGURE 27. The ZVS operation of S,.

Figure 26 exhibits the phase shift modulation and the
current waveforms of inductors. The waveforms tally with
the theoretical analysis in Figure 11 and present power deliv-
ery states and current commutation states of each circuit
stages. The current commutation states of each circuit stages
are interlaced and the duration time of current commutation
states is just the phase shift time as described in Chapter III.

The ZVS operation of the switching devices is shown in
Figure 27, Figure 28 and Figure 29. Figure 27 shows the ZVS
operation of device in the low voltage side and switch Sy;, is
chosen as an example. It can be seen that in the deadtime,
the current of inductor iz is negative, which means the
inductor can discharge the C,g. Therefore, the Vpg of Sip

107842

S21 S
! b 4 -
(> o
Vs22 2v/div i |
i
N
’ e d
L2 4A/div

FIGURE 29. The ZVS operation of Sz o.

drop to zero fast and the little negative voltage means the
anti-parallel diode is conducted. When gate drive signal Sy,
rises up, the ZVS can be realized.

VI. CONCLUSION

A novel switched-capacitor converter is proposed in this
paper. Comparing with existing SCCs, the proposed SCC has
following strengths:

1) The maximum capacitor voltage stress can be limited
even in high-voltage-gain applications. The voltage
stress in a 2-stage proposed SCC is nearly half of the
Dickson-based SCC. Low voltage rate capacitors with
higher capacitance and less volume can be utilized to
achieve high power density.

2) The maximum voltage stress and current stress of
switching devices can also be limited instead of
increasing with voltage gain. Therefore, switching
devices with lower conduction resistance can be
applied and the power loss on devices can be reduced.

3) The proposed SCC is capable of phase shift modulation
and corresponding phase shift strategy is also proposed
in this paper, which realizes voltage regulation ability
of SCC.

4) By adopting phase shift modulation, ZVS operation
of all the switching devices can be achieved, which
is reasonably beneficial to WBG devices as higher
switching frequency, zero turn-on loss and lower EMI
can be achieved.
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The steady state analysis indicates the advantage of the
proposed SCC. With the same limitation of energy stored
in capacitors, the proposed SCC can improve efficiency by
nearly 1%, compared with other conventional SCCs, which is
illustrated in Figure 19. And the experiment on the prototype
proves the realizability of theoretical design.
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