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Analysis and Design of a Two-Phase Series Capacitor
Dual-Path Hybrid DC-DC Converter

Yijie Wang

Abstract—In this article, a two-phase series capacitor dual-path
hybrid dc—dc converter with the step-down ratio of less than 1/6
is proposed for the first time. In this converter, the output current
is divided into capacitance- and inductance-path, so the average
value and ripple of inductance current are reduced. On the same
time, the conduction loss caused by inductance equivalent series
resistance (ESR) is also reduced. The addition of series capacitor
leads to desirable characteristics, including lower switching
stress, switching loss, parasitic output capacitance loss on MOSFET,
automatic phase current balancing, duty ratio extension, etc. A 120
W prototype has been designed to demonstrate theoretical analysis.
Obtained efficiency was up to 93.18% at full load. Experimental
results show good agreement with theoretical analysis and high
feasibility of proposed converters.

Index Terms—Dual-path, hybrid converter, series capacitor
converter, step-down converter.

I. INTRODUCTION

ITH the rapid development of data center and telecom-

munications applications, dc—dc converters with large
step-down ratio are needed in more and more occasions. Google
proposed a 48V bus architecture, which usually requires one or
two-stage conversion, and the voltage drops to about 1 V. Among
them, many scholars have done relevant work. Lee proposed
sigma converter, which is a hybrid topology composed of LLC
converter and buck converter. Minjie proposed linear extendable
group operated (LEGO) switched capacitor combined with buck
converter.

The above hybrid topology has the advantages of two topolo-
gies and significantly improves the performance of the converter.
Hybrid step-down dc—dc combines buck converter and switched
capacitor de—dc converter, which can have the advantages of
switched capacitor topology and buck topology at the same
time. Compared with the traditional buck converter, the hybrid
topology proposed by [1] reduces the voltage of the inductor, and
the capacitor bears part of the output current, which reduces the

Manuscript received December 17,2021; revised February 27, 2022; accepted
March 3, 2022. Date of publication March 15, 2022; date of current version April
28,2022. This work was supported by the National Natural Science Foundation
of China under Grant 52007041. Recommended for publication by Associate
Editor S. Kapat. (Corresponding author: Yijie Wang.)

The authors are with the School of Electrical Engineering and Automation,
Harbin Institute of Technology, Harbin 150001, China (e-mail: wangyijie@
hit.edu.cn; 215006055 @stu.hit.edu.cn; hitguanyueshi@163.com; xudiang@
hit.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2022.3158728.

Digital Object Identifier 10.1109/TPEL.2022.3158728

, Senior Member, IEEE, Jinfeng Zhang, Student Member, IEEE, Yueshi Guan
and Dianguo Xu

, Senior Member, IEEE,
, Fellow, IEEE

loss of the inductor, which is very favorable for the application
when the inductor loss is dominant. Considering the size of
the converter, when the output LC parameters and switching
frequency are the same, the peak current ripple is only 1/4 of
that of the three-level buck converter, which can significantly
reduce the inductance value, which means smaller converter size
and higher power density. At the same time, it has the character-
istics of large step-down ratio compared with traditional buck
converter.

Interleaved multiphase buck converters [5] have been mostly
adopted for point-of-load regulation below 3.3 V and above 10
A from input voltage exceeding 12 V. The voltage stress and
switching loss of the switch can be reduced by connecting the
capacitor in series in the two-phase buck converter. At the same
time, it has the functions of automatic phase-to-phase current
balance and duty cycle expansion.

Texas Instruments proposed a monolithic integrated series
capacitor buck (SC-buck) converter in [3], with a switching fre-
quency of 5 MHz and high power density. However, capacitors
and inductors are not integrated inside the chip and its switching
loss and inductance loss are large.

SC converters with soft switching function are proposed in
[4-13], but the voltage and current peak generated during reso-
nance is large, which requires a high stress MOSFET. To solve
above problem, many advanced hybrid topologies are proposed
[14-27]. Such as in [14], a virtual intermediate bus structure is
proposed which greatly improves the converter performance.

In [2], the SC-buck converter is quantitatively compared with
the traditional buck converter, the detailed loss analysis of SC-
buck under high frequency is given, and the advantages of SC-
buck under high frequency are proved.

In order to have the advantages of hybrid buck topology
and SC-buck topology at the same time, a two-phase series
capacitor dual-path hybrid dc—dc converter with at least 1/6
step-down ratio is proposed. Whether compared with hybrid
buck topology or SC-buck topology, the new topology has some
kind of superiority.

The characteristics of this topology are as follows.

1) Large Step-Down Ratio, Equivalent Duty Cycle Expan-
sion: Under the same step-down ratio, the duty cycle
of hybrid dc—dc buck converter is larger than that of
traditional buck converter, and the new topology also
has the double step-down ratio characteristics of SC-buck
converter, which further expands the duty cycle.
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2) Smaller Inductance Current Ripple and Current RMS:
Due to the dual-path hybrid structure and the addition of
series capacitor of the new topology, part of the output
current is provided by the fly-capacitor, which reduces the
voltage and current of the inductor, reduces the size of the
inductor and improves the power density.

3) Reduced Voltage Rating for Switches: The series capacitor
bears half of the input voltage, which reduces the voltage
stress of most switches, and the ON resistance of MOSFET
increases with the withstand voltage, which means that the
on loss of the new topology can be significantly reduced,
because MOSFET with low withstand voltage and low on
resistance can be used. At the same time, due to the reduced
voltage before the MOSFET is turned ON, the switching loss
is also reduced, so the new topology can achieve relatively
higher efficiency at high frequencies.

4) Automatic Phase Current Balancing: In the steady state,
the voltage on the series capacitor satisfies the ampere-
second balance, which provides a balanced loop between
the two phases. This current sharing mechanism is inherent
to the topology and acts like a damped harmonic oscillator.
Especially in the case of high frequency, the additional
high frequency current sampling circuit and control circuit
are eliminated, making the control simpler.

In this article, a two-phase series capacitor dual-path hybrid
converter is proposed and analyzed. Section II introduced the
principle of operation, including control methods and modal
analysis. Section III analyzed the performance of the converter,
compared with other converters, and clarified the superiority of
its performance. Section IV and Section V are the experimental
results and the conclusion.

II. PRINCIPLE OF OPERATION

A single dual-path hybrid converter is used as the basic unit,
two basic units are interleaved in parallel, and a series capacitor
and two switches are added to form a two-phase series capacitor
dual-path hybrid converter.

In this topology, the voltage of C; remains unchanged at steady
state and can be regarded as a constant voltage source. Switches
Sa.2 and S o are connected to Cy, respectively. The direction of
S,2 cannot be changed, otherwise when S.; is turned ON, the
output voltage will be clamped to ground, causing the converter
to produce an abnormal working mode.

The capacitance value of the capacitor C; is much larger than
the capacitance value of the capacitor Cyy1, which can ensure
that in the series mode, the capacitor C, is equivalent to a voltage
source, and its voltage fluctuation is small and approximately
unchanged.

The control method adopted by the proposed topology is duty
cycle control, and its duty cycle cannot exceed 50%, otherwise
the working mode of the converter will change, which makes
the step-down ratio of the topology at least 1/6.

In order to simplify the analysis and derivation of the theory,
the following assumptions can be made:
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Fig. 1. Proposed two-phase SC dual-path hybrid converter.

1) The power switches S,1-S42 are ideal with no voltage
drop. When the driving signal is not applied, the reverse
conduction resistance is infinite.

2) The value of the capacitor C, is very large, and its voltage
is considered constant in the steady state.

3) The value of the Cgy capacitor is very small relative to Cy,
so when the Cy,, capacitor is charged in series with the C;
capacitor, itis assumed that the voltage of C; will not drop.

4) The inductance is large enough to ensure that it works in
the continuous conduction mode (CCM) mode.

There are four working modes of the proposed converter as
shown in Fig. 2, and the main voltage and current waveforms
are shown in Fig. 3.

1) Mode 1 (t9-t1): S, and S, are turned on, and S and S are

turned OFF, so phase A works in charging mode and phase
B works in freewheeling mode. For the working mode of
phase A at this time, the input voltage charges C;, Cy1
and L., and the voltage of the inductor L is:

Vii—on = Vin—Veay1 —Ver—Vo. ey
The voltage of the inductor Ly is

Vio—ott = — V0. (2)

2) Mode 2 (t;-t3): Both S, and S, are turned OFF, and both
Sy and S are turned ON. At this time, both phases A and
B are working in the freewheeling state, and the voltages
of the inductors L; and Ly are both -V,,.

3) Mode 3 (5-13): S, and S, are turned OFF, and S; and S,
are turned ON. At this time, phase A is in the freewheeling
state, and the capacitor C; charges Cyy2 and Ly of phase
B. The voltage of Ly in this mode is

Vea-on = Voir—Veny2—Vo. 3)

4) Mode 4 (t3-14): The state of the switch of this mode is the
same as that of mode 2, and the voltage of the inductor Lo
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is -V,,. The voltage of the inductor L, is
Vii—oir = —Vo. “)

The voltage of the two fly-capacitors in this article is actually
a spiked waveform, as shown in Fig. 3, but its peak value
decreases with the increase of the capacitor value. At the same
time, the voltage of this part is relatively small compared to the
average voltage. The calculation is concise, thinking that the
fly-capacitor voltage is equal to the output voltage V,. In fact,
the expression for delta Vg, can be derived

AVegy= (I, /Cqy) DTs. (5)

III. PERFORMANCE ANALYSIS

A. Voltage Conversion Ratio

Inductor L; is charged in mode I and discharged in other
modes. Using the volt-second balance, and then according to
(1) and (4), we can get the following equation:

(Vin—=Veay1—Ver—Vo)(t1 — to) = Vo(ta —t1).  (6)

Here, Vg, is the voltage of the capacitor Cqy 1, Viy, is the input
voltage, and V¢ is the voltage of the series capacitor.

In the same way, apply the volt-second balance to Lo, and then
according to (2) and (3), the following equations are obtained

(Ver—Veny2a—Vo)(ts —ta) = Vo(ta —to +ta —t3). (7)

The duty cycle control method is adopted, and the duty cycle
D is defined as
ti—ty l3—ta tg4
ty—ty ti—to Ty
where 74 is the ON-time and T is the switching period. Com-
bining (6)—(8), and the relationship between the fly-capacitor
voltage and the output voltage mentioned above, the series
capacitor voltage can be obtained as

1
Ver = 5V 9

Then according to either of (6) and (7), the voltage conversion
ratio M can be calculated

D= (8)

Vo D

Vi 200+ D)
The comparison of the voltage conversion ratio of different

topologies is shown in Fig. 4. Due to the limitation of the control

method, D<0.5, according to Fig. 6 It can be seen that the

conversion ratio M<1/6.

M= (10)

B. Inductor DC Current Analysis

According to the parameters defined in Fig. 3, the currents of
inductor L, and inductor Ly can be expressed as:

Ih =Ic11D+ (Ici2+ Io1)(1 — D)
Its =Ico1 D+ (Ic22 + Io2)(1 — D).

The definition of /o7 is shown in Fig. 1, it represents the
output current of the A-phase converter, the definition of /oo
is similar, and it represents the output current of the B-phase

Y
(12)
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converter. /¢ 11 is the current when Cgy is charging, and /¢ 12
is the current when Cgy; is discharging. The same is true for
Ic 21 and I 22, that is, the current when Cyyo is charging and
discharging, respectively.

The flying capacitors Cqy1 and Cqyo meet the ampere-second
balance in the steady state, that is, in the periodic steady state,
the average current of the capacitor is 0, and we get

IC711D + Ic712(1 — D) = 10721D + IC,QQ(]. — D) =0.
(13)
The obtained (13) is then substituted into (11) and (12). The
average currents of the inductors Ly and Lo are, respectively,

Ith =1I01(1—
Ito =102(1 —

Define the average value of the total inductor current as

D)
D).

(14)
(15)
It = Ity + Ipo. (16)

Then finally get the relationship between output current and
inductor current

I, = Io(1 - D). (17)
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Ensure that the conversion ratio and load are the same. Com-
pared with the traditional two-phase SC-buck converter, the
conversion ratio and the inductor current are

M = Msc = =~ (18)
IS =I5+ s = Io. (19)

Calculate the ratio Ky and express it with the conversion ratio
M

I 1-4M

YT 1—2M

1. (20)

Second, comparing the two-phase dual-path hybrid converter
[1], the conversion ratio and the average value ratio of the
inductor current are

Dp
M=Mp=—"-— 21
D=1, 2D

17, 1-D
Ky= k-~ 2 2

According to the condition that the conversion ratio and the
load are equal, the relationship of the duty cycle is further derived

D

Dp = ——.
P=9o4D

(23)
Then the inductor current ratio Ks can be expressed as a

function of D
(1-D)2+ D)

Ky=—"—"——.

5 (24)

Due to the limitation of D, it can only take a value between 0
and 0.5, and the value range of K» can be simply analyzed.

As shown in Fig. 5, the change trend and range of the current
ratio Ky are shown, which is always less than 1, indicating that
the inductor current of the proposed converter is always less than
the two-phase dual-path hybrid converter.
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Substituting again, denoting D with M, we can get

(1—4M)(1— M)
(1—2M)*

Ky = (25)

Under the same load condition, Fig. 6 shows the changes of
the two current ratios K1 and K- with the voltage conversion
ratio M.

The comparison of the inductor current in different topologies
is shown in Fig. 7.

This shows that in the case of equal load, the average value of
the inductor current of the proposed topology is smaller than the
average value of the output current. This is because the output
current is no longer completely provided by the inductor, but
part of it is provided by the fly-capacitor.

This is of great significance for reducing the inductance loss,
especially the conduction loss, which makes this topology more
advantageous in high output current applications.

C. Inductor Ripple Current Analysis

Since the series capacitor shares half of the input voltage, and
the flying capacitor further shares part of the inductor voltage, the
inductor current ripple is much lower than the inductor current
ripple in the traditional converter.

For a single inductor L, to analyze, in the mode I, the inductor
L, is charged, you can get

0.5V —2V0) 1 Vo

Al =
L1 I I

(1-D)Ts.  (26)

This equation can be expressed in the form of conversion ratio
M and V,,

M(1—2M), Ts

Al =—— """
BT a-M) M

(27
Ensure that the conversion ratio and load are the same. Com-

pared with the traditional two-phase SC-buck converter, the

inductor current ripple is

V}nTS

MTS = M(1-2M)2==,

A[SC _
L1 L, L

(28)
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Calculate the current ripple ratio K3 as
Alrq 1
K3 = = . 29
3T ALC T 2(1- M) (29)
Secondly, comparing the two-phase dual-path hybrid con-
verter, the inductor current ripple is
Vo(1 — Dp) Dp
AP = Ts = 1—Dp)—Ts. (30
I I S 1+DD( D)L1 5. (30)

Substituting the result of (21) into the above equation, the
equation for M is obtained

Vin

M(1 = 2M) Vin
AIP = — — 2 T, 31
L 1-M L ° S
Calculate another current ripple ratio K4 as
Alr; 1
Ky = = —. 32
1= A =3 (32)

Fig. 8 shows the relationship between the two current ripple
ratios and the voltage conversion rate M, and Fig. 9 shows the
relationship between the current ripple of the inductor L; and
the voltage conversion rate M.

Fig. 10 shows the changes of the four current ratios with
the voltage conversion ratio M. Among them K;, K3 are the
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TABLE 1
SWITCH STRESS OF PROPOSED CONVERTER

Switch Voltage Stress Current Stress
M Vin/2 Mi,
M) MVi, M,
S; (172-M) Vi, {MI(1-2M)},
Sy (12-M)Vin {(1-2M-4M*M)/(2-4M)} 1,
Ss Vin/2 Mi,
Ss (1-M)Vin Mi,
N (172-M)Vin {MI(1-2M)} 1,
S (172-M)V3, {(1-2M-4M*M)/(2-4 M)} I,

parameters of SC-buck converter, Ks, K4 are the parameters of
two-phase dual-path hybrid converter. Assuming that the output
current, switching period, inductance, and input voltage are the
same, then the relative magnitude of K can represent the relative
magnitude of the current. It can be seen that considering the
ripple current and the dc current comprehensively, the equivalent
ripple current coefficient and the dc current coefficient relative
to SC-buck can be obtained at about 0.146.

D. Switch Stress and Ratings

Switch stress is one metric for comparing switch size (which
is tied to cost), and total switch stress for a converter is defined as
n
S = Z Vilrwms,i (33)
i=1
where V; is the steady-state voltage blocking requirement of
switch i, Irms i is the steady-state RMS current through switch
i, and n represents the number of switches in a converter. This
is also referred to as the voltage ampere (VA) product.

Table I gives the switch stress in the proposed converter. By
comparing the results in the article [2], it can be seen that only
the switch S¢ has a larger stress. Even so, the stress of each
switch can still be smaller than that of the SC-buck converter.

Normalize the switching stress, the normalization basis is the
product of input voltage and output current(each switch stress
is divided by Vi, /,). The normalized maximum voltage stress
comparison is given in Table II. The maximum switch stress for
each converter occurs at the highest conversion ratio explored.
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TABLE II
NOMINAL MAXIMUM SWITCH STRESS COMPARISON

Converter Maximum Normalized Switch Stress
Buck

(steady state)

1.33(M =0.167)

Series capacitor buck

(steady state) 0.95(M=0.167)

Series capacitor buck

(hot-plug compliant) L11(M=0.167)

Proposed converter

(steady state) 0.78(M =0.167)

Proposed converter

(hot-plug compliant) 0.86(M=0.167)

Without any additional circuitry, the phase A switches need to be
rated for the full input voltage to withstand a hot-plug event [2].

E. Automatic Current Balancing

A unique benefit of the proposed converter is automatic induc-
tor current balancing. Since sampling of high-frequency currents
is very challenging, this feature makes the converter particu-
larly advantageous in high-frequency applications. Furthermore,
there is no longer a circulating current problem between the two
phases, and a current-sharing control loop does not need to be
added to the converter, which improves the power density of the
converter and simplifies the control strategy.

The following briefly introduces the principle of automatic
balance of two-phase currents [28]. The key point is the addition
of capacitor C;. In different modes, the capacitor C; is charged
and discharged separately. For phase B, the capacitor C; is equiv-
alent to the intermediate power supply and supplies power to the
load. Assuming that in a certain situation, the A-phase current
is greater than the B-phase current, it will cause the capacitor
C; voltage to increase, which will reduce the average voltage
of the A-phase switch node and increase the average voltage of
the B-phase switch node, thereby reducing the A-phase current
and increasing the B-phase current. The opposite is the same. It
should be noted that as long as the converter works, this feedback
relationship will always exist, so that the two-phase currents
always change in the same trend direction. The specific feedback
process can be clearly shown in Fig. 11.

IV. EXPERIMENTAL RESULTS

A 100 kHz, 6 V/120 W with 48 V input voltage prototype
is built based on the proposed design method, which helps to
verify the performance of the above proposed converter. The
specific circuit parameters are given in Table III. The picture of
the prototype is shown in Fig. 12.

The model of the oscilloscope used in the experiment is
MSO 5204B, the voltage probe is P5205, and the current probe
is TCPOO30A. The main power supply is 62150H-600, the
auxiliary power supply is RIGOL DP832, and the load is a dc
electronic load IT8514B+.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 8, AUGUST 2022
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J—
Fig. 11.

Automatic current balancing feedback block diagram.

TABLE III
EXPERIMENTAL PARAMETERS OF THE PROTOTYPE

Label Ttem
50V,(10uF*8),
GRM21BR61H106KE43L (Murata)
50V,(10uF*3),
GRM21BR61H106KE43L (Murata)
25V,10yF,
GRJ21BR61E106KEO1L (Murata)
10V,(22uF*3),
C2012X5R1A226KTO00ON(TDK)
10uH, DCR:2.6mQ,
SER2918H-103KL,Coilcraft
80V,100A,R gs(onymax=3.7m€2,
BSC057N08NS3G(Infineon)

Value

C 80uF

Cin 30uF

10uF

Cy 176uF

10pH

(b)

Fig. 12.  Photographs of the designed prototype. (a) Top side. (b) Bottom side.

In the experiment, the connection loss was not measured,
that is, the loss on the wires connected from the main power
supply to the converter and the wires connected to the load from
the converter, so the efficiency obtained will be lower than the
actual efficiency.

Fig. 13 shows the key voltage waveforms. The theoretical
value of node voltage V11 is Vi, to V,, and the theoretical
value of node voltage V1 2 is Vin-V,, to 0. Their amplitudes are
the same, which is equivalent to that the node voltage V, 1 has
an amplitude of V,, offset relative to the node voltage V1 ;.
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Fig. 14.  Inductor current and synthetic current waveform.

Fig. 14 shows the waveforms of the two-phase inductor
currents. In order to clearly show the phase relationship of the
two-phase inductor currents, they are measured at the same time.
It can be seen that the two-phase inductor current has a staggered
characteristic, which reduces the current ripple. Since the current
flowing into the RC terminal of this converter has a large current
spike, which exceeds the test range of the probe, the current
flowing into the RC terminal is not measured directly, but is
approximated by the addition of two-phase currents. It should
be noted that this part of the peak current has a very low impact
on the output voltage, which is related to the shunt ratio of the
capacitor and the inductance, as well as the duty cycle. Simply
put, the larger the duty cycle, the more the capacitor shunt, the
smaller the inductor current, the larger the RC terminal drop
current spike, and the larger the output voltage ripple.

The verification of the dc current is shown in Fig. 15. Among
them, the contract of two-phase current is 5 A, and the output
current is 7.69 A, and the duty cycle is 33%. It is consistent
with the formula (17) in the theoretical analysis. This verifies
the correctness of the previous theoretical derivation.

Fig. 16 shows the drive signal, with a 1% dead time reserved,
during which the inductor current flows through the MOSFET
body diode. If the dead time is too long, the loss of the MOSFET
body diode is too large and the converter efficiency is too low. If
the dead time is too short, a pass- through problem may occur.
The conduction strategy of phase shifting 180° makes the two
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phases work alternately. When the conversion ratio is 8/1, the
duty cycle is 33%.

Fig. 17 shows the waveform of the output voltage. When a
driving signal with a 33% duty cycle is used, the theoretical
step-down ratio is 8:1. Under the condition of 48 V input, the
output is 6 V, which verifies the correctness of the previous
theoretical analysis. Properly increasing the output capacitor can
reduce the output ripple.

Figs. 18 and 19 show the response of the output voltage and
current to a step load in the open loop state. The experiment
is obtained by increasing the load from 25% to 50% and then
dropping it to 25%. It can be seen that the time of the transient
process is about 5.5 ms, whether it is a sudden load increase



9500

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 8, AUGUST 2022

TABLE IV
PROPERTIES COMPARISON BETWEEN DIFFERENT STEP-DOWN TOPOLOGIES

Voltage conversion Power . Switching Power .
Symbol . Power density . Efficiency
with 0.5 duty cycle level frequency transistors
Proposed 1/6 120W 169W/in® 100kHz Si 93.18%
48V-5V direct conversion IMHz DC-
. 12 30W / 1MHz GaN 85.23%
DC Converter in [10]
48V-12V 1/16 Brick DC-DC -
. 12 300W 730W/in / GaN 95%
Converter in [11]
48V-2V Flying C itor Multilevel
ying Tapactior VuTieve Fixed-ratio 20W / 83.3kHz GaN 85%
Converter in [12]
48-to-6 V Multi-Resonant-Doubler
Switched-Capacitor Fixed-ratio 240W 1675W/in® 70kHz Si 95.9%

Converter in [13]
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Fig. 18. Dynamic response under sudden increase in load.
E L
0
t Ve
o
Y
| I
S Vg
s
@ 2ovidiv MO By 500M - 7T A/ || sosmiaasonsss savmee
- e MO By 120M - 1e2978ms Moms Auto )| stopped
@I 2sme btmaiioms || Qs ‘e ntonon
@0 25 emissons | e A Fobrry 20,322 3421
Fig. 19. Dynamic response under sudden decrease in load.

or a sudden load decrease. Demonstrating the extreme dynamic
performance of the converter is beyond the scope of this article.

Table IV gives the comparison of the characteristics of differ-
ent step-down converters. It can be seen from the table that in
the conversion of adjustable output voltage, the step-down ratio
is the largest when the duty cycle is the same. In a single-stage
converter with an adjustable duty cycle and a large step-down
ratio, the proposed converter has a higher power density and a
good efficiency.

The following is a theoretical loss analysis of the converter.
The loss analysis is based on the rated working state of the
converter, that is, the input voltage is 48 V, the output voltage

is 6 V, the output current is 20 A, and the switching frequency
is 100 kHz.The dead time is very short, and the freewheeling
loss of the MOSFET body diode is negligible. It is considered that
when the switch is turned OFF, the leakage current is zero, that
is, the turn-OFF loss is ignored, too.

First, the switching loss of the switch. The theoretical calcu-

lation formula is
1 Q
P, g=-IxV, |22
"% . ( I, ) /

where Vj is the switch voltage, I, is the drive current, and / is
the average current when the switch is turned ON and OFF. The
drive current is calculated according to the drive circuit

_ V- ‘/plat
R

where V is the drive or turn-OFF voltage, Vpia¢ is the Miller
platform voltage, and R is the turn-ON or turn-OFF resistance.
The conduction loss of the switch is

(34)

I, (35)

Pr_sc = I3 X Rps(on)- (36)
Drive loss of the switch
PL_D = Unggf~ (37)

In the formula, Q, is the gate charge of the power switch, Uy
is the gate-source voltage drop when the power switch is fully
turned ON, and fis operating frequency. Because the switching
frequency is not high, the driving loss is very low, accounting
for less than 1%.

The dc conduction loss of the inductor

P, pc = I3, x DCR. (38)
Magnetic loss of inductance
Pp ac = (AI)? x ACR (39)

Capacitance loss and line loss are relatively small compared
to the above types of loss and are negligible. Calculate the
theoretical value of each part loss and the percentage of total loss
under the rated working condition. The resulting loss analysis
graph is shown in Fig. 20. It can be seen that the conduction
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Fig. 21  System efficiency with changing loads.

loss of the switch accounts for the largest proportion, followed
by the switching loss, and then the ac loss of the inductor.
Driving loss is relatively low. Si material transistors are more
suitable for low-voltage and high-current applications due to
their low ON-resistance characteristics. However, its limited
switching frequency limits the power density of the system.
Considering the system efficiency and system power density
comprehensively, a balance is achieved between the two, and
the power density should be increased as much as possible while
ensuring the efficiency.

Fig. 21 shows the efficiency curve of the system under differ-
ent load conditions, which is measured in experiment. It can be
seen that the efficiency firstincreases and then decreases with the
increase of the load, reaching the peak efficiency at about 40%
of the rated load, and then the efficiency is 93.18% at full load.

V. CONCLUSION

A new type of two-phase series capacitor dual-path hybrid
converter is proposed in this article. The converter has lower
inductor dc current and ripples current, and has the advantages
of two-phase current self-balancing, duty cycle expansion, low
voltage stress, and low switching loss. The topology is analyzed
in detail, and the comparison results with the SC-buck converter
and two-phase dual-path hybrid converter are given. The exper-
imental results are consistent with the theoretical analysis, and
the efficiency of the system reaches 93.18% under full load.
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