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Abstract—A switched-capacitor interleaved bidirectional 

(SCIB) dc-dc converter that combines a three-phase interleaved 

structure with switched-capacitor cells is proposed. The 

converter features a wide-voltage-gain range, low current ripple 

on the low voltage side, low voltage stresses across power 

switches, an absolute common ground between input and output, 

and can be easily extended into a topology family. The operating 

principle and power switch voltage and current stresses are 

analyzed in detail. An 800W prototype with a wide voltage gain 

range (Uhigh=400V, Ulow=30-100V) is described, demonstrating a 

maximum efficiency of 95.8% in the step-up mode and 95.9% in 

the step-down mode.  

Index Terms—Bidirectional dc-dc converter, electric vehicles, 

super capacitor, three-phase interleaved, wide voltage gain 

range. 

I. INTRODUCTION 

Hybrid energy source electric vehicles(EVs), whose power 
system consists of high energy density batteries and high 
power density super capacitors, as shown in Fig.1, are an 
import part of the drive toward lower-carbon and 
lower-pollution transportation systems [1]-[5]. The battery 
bidirectional dc-dc converter (BDC) maintains a stable dc 
bus voltage, and the motor is driven by the power from the dc 
bus through the inverter. The working conditions of EVs 
produce high-frequency dynamic power demands during 
acceleration and regenerative breaking. To reduce stress on 
the battery and improve overall system efficiency, these high 
peak power demands can be serviced by a super capacitor. In 
order to make full use of the power capacity of the super 
capacitor and to exploit its high power density characteristic, 
it is necessary to dynamically match the wide voltage range 
of the super capacitor with the constant dc bus voltage. 
Accordingly, the bidirectional power interface between the 
super capacitor and the dc bus requires a wide voltage gain 
range.  

Bidirectional dc-dc converters can be divided into two 
categories: isolated and non-isolated converters. Isolated 
converters can achieve a high voltage gain by using a 
transformer with a large turns ratio, but usually cannot 
provide a high voltage gain range (i.e. ratio between 
maximum and minimum output voltages) with high 
efficiency. The bridge converters (e.g. dual active bridge) are 
the most common type of isolated converters, where the 
voltage stresses experienced by the power switches are equal 
to the output voltage [6]. 

 
 
 
Manuscript received Feb. 25, 2019; accepted Jun. 1, 2019.  This work 

was supported in part by the National Natural Science Foundation of China 
under Grants 51577130 and 51207104, and in part by the Research Program 
of Application Foundation and Advanced Technology of Tianjin China 
under Grant 15JCQNJC03900. 

Y. Zhang, W. Zhang and S. Gao are with the School of Electrical and 
Information Engineering, Tianjin University, Nankai, Tianjin, China (e-mail: 
zhangy@tju.edu.cn; duanyidelei@163.com; 18811757258@163.com).  

F. Gao and D. J. Rogers are with the  Department of Engineering 
Science , University of Oxford, UK. (email: fei.gao@eng.ox.ac.uk; 
dan.rogers@eng.ox.ac.uk). 

Battery

Super Capacitor

BDC

Proposed Converter

dc bus

Inverter/

Rectifier

Pb

Motor

PSC

Pload

 

Fig.1. Powertrain of hybrid energy sources EVs. 

Non-isolated bidirectional dc-dc converters include the 
conventional two-level Buck/Boost converter, 
Cuk/Sepic/Zeta converters, multi-level converters, 
coupled-inductor converters, switched-capacitor and 
switched-inductor converters, etc. The conventional 
bidirectional Buck/Boost converter can realize bidirectional 
power flows between the low voltage side (LVS) and the 
high voltage side (HVS), but the converter is subject to 
extreme duty cycles when a wide voltage gain range is 
required. In addition, the voltage stresses across power 
switches are as high as the voltage on the HVS. Although the 
Cuk/Sepic/Zeta converters can achieve a wide voltage gain 
range without operating under extreme duty cycle conditions, 
the power conversion efficiency is limited by their cascaded 
structures [7], [8]. Multi-level dc-dc converters greatly 
reduce the voltage stresses across power switches by 
employing more power switches, however, additional 
hardware as well as more complex control strategies are 
required [9]-[11]. Coupled-inductor dc-dc converters can 
achieve a high voltage gain by adjusting the turns ratio of the 
coupled inductors, but the order of the converter will be 
higher, which demands a more complicated control system 
[12]. In some cases, transformer leakage inductance results in 
voltage spikes across the power switches, requiring 
additional components to absorb the leakage inductance 
energy [13]. Coupled inductors can also impose complex 
requirements on the design of the magnetic elements [14]. 
Switched-inductor bidirectional dc-dc converters can achieve 
a wide voltage gain range without extreme duty cycles. 
However, the use of multiple inductors limits the power 
density of the converters [15], [16].  

Switched-capacitor dc-dc converters are simple in 
structure and relatively easy to extend; in these converters, 
the capacitors transfer energy through different paths during 
charging and discharging processes to obtain a high voltage 
gain [17], [18]. The voltage gain can be increased by 
cascading basic switched-capacitor cells in [17], but the 
range of the voltage gain is limited: it can only be an integer 
multiple and has no dependency on the duty cycle. Two 
output capacitors are connected in series to increase the 
voltage gain range in [18]. However, the input and output do 
not share a common ground and the required output 
capacitance is relatively large. Coupled inductors are charged 
in parallel and discharged in series in [19] to improve the 
voltage gain of the converter, however, the leakage 
inductance can cause voltage spikes across power switches if 
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snubber circuits are not included. In addition, this type of 
converter does not have a common ground between the input 
and output. In [20], a structure in which a switched-inductor 
and a switched-capacitor are connected in series is proposed 
to increase the voltage gain. However, the series structure of 
the inductor and capacitor can generate oscillating current, 
and a large inductance is required to reduce the current ripple 
on the LVS. A hybrid bidirectional dc-dc converter serving as 
an interface between two dc voltage buses in dc microgrids is 
proposed in [21]. Although the switched-capacitor cell gives 
the advantage of a high voltage gain, the power switch 
between the input and output grounds generates a 
high-frequency potential difference. In addition, the voltage 
stresses across the power switches remain high which limits 
its applications. 

In order to tackle some of the shortcomings of previously 
proposed circuits, this paper proposes a three-phase 
interleaved bidirectional dc-dc converter suitable for use as 
the super capacitor interface in hybrid energy sources EVs. 
This circuit has a wide voltage gain range and so can provide 
the dynamic matching between the super capacitor voltage 
and the constant dc bus voltage. Additionally, a three-phase 
interleaved structure based on switched-capacitor cells 
greatly reduces the current ripple on the LVS, as well as 
reducing the voltage stresses across the power switches. The 
SCIB converter is easy to extend and has an absolute 
common ground between the input and output. Thus, the 
main advantages of the SCIB converter include wide range of 
voltage gain, reduced current ripple and voltage stress of the 
power switches and good topology scalability. 

The structure of the paper is organized as follows: In 
Section II, the topology of the SCIB converter is introduced 
and its operating principle is illustrated in detail. Section III 
analyzes the steady-state characteristics of the converter and 
performs a comparative analysis with competing converters, 
and shows an extended topology. Experimental results are 
presented in Sections IV and finally Section V draws the 
conclusion. 

II. OPERATING PRINCIPLE AND PARAMETERS DESIGN  

A. Operating Principle 

The configuration of the SCIB converter is depicted in 
Fig.2, which consists of a basic Buck/Boost network (L1、Q1、

Q4 and Ch1) and two extended Buck/Boost networks (L2、Q2、

C1、Q6、Ch2 and L3、Q3、C2、Q8、Ch3), power switches Q5、

Q7 and energy storage/filter capacitor Clow on the LVS. The 
SCIB converter can operate either in the step-up or 
step-down mode, enabling bidirectional power flow between 
the HVS and LVS. 

To simplify the analysis, it is assumed that all the 
components are ideal: the on-state resistance RDS of the 
power switches and equivalent series resistance (ESR) of the 
inductors and capacitors are ignored, and voltages across 
capacitors are constant. 
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Fig.2 Configuration of the SCIB converter. 

When the SCIB converter operates in the step-up mode, 
Q1-Q3 are the main power switches, and body diodes D4-D8 
of Q4-Q8 are the freewheeling diodes. The duty cycles of the 
gate signals S1-S3 are taken as d1=d2=d3=dBoost, and are phase 
shifted by 120° in turn. When the SCIB converter operates in 
the step-down mode, Q4-Q8 are the main power switches, and 
body diodes D1-D3 of Q1-Q3 are the freewheeling diodes. The 
duty cycles of the gate signal S4-S8 are taken as 
d4=d6=d8=dBuck, as well as d5=d7=1-dBuck. In addition, S4, S6, 
and S8 are phase shifted by 120° in turn. S5, S7 are 
complementary to S6, S8 respectively. The characteristic 
waveforms of the SCIB converter operating in continuous 
conduction mode (CCM) are shown in Fig.3 and Fig.5. It can 
be seen from Fig.3 and Fig.5 that the duty cycle ranges 
include three cases: 0<dBoost(dBuck)≤1/3, 1/3<dBoost(dBuck)≤2/3, 
and 2/3<dBoost(dBuck)<1. Only the case of 1/3<dBoost(dBuck)≤
2/3 will be discussed further, since the others operate in a 
very similar fashion. The corresponding current paths in the 
case of 1/3<dBoost≤2/3 and 1/3<dBuck≤2/3 are illustrated in 
Fig.4 and Fig.6, respectively. The steady-state values of all 
the eight states are listed in TABLE I ,and the steady-state 
characteristics are analyzed in Section III (which are valid for 
all three duty cycle ranges). 

TABLE I STEADY-STATE ANALYSIS OF THE SCIB CONVERTER

Step-up mode Step-down mode 

State S1S2S3 UL1 UL2 UL3 State S4S5S6S7S8 UL1 UL2 UL3 

1 101 Ulow Ulow+UC1-UCh2 Ulow 1 11001 Ulow-UCh1 Ulow Ulow+UC2-Uhigh 

2 100 Ulow Ulow+UC1-UCh2 Ulow+UC2-Uhigh 2 11010 Ulow-UCh1 Ulow Ulow 

3 110 Ulow Ulow Ulow+UC2-Uhigh 3 10110 Ulow-UCh1 Ulow+UC1-UCh2 Ulow 

4 010 Ulow-UCh1 Ulow Ulow+UC2-Uhigh 4 00110 Ulow Ulow+UC1-UCh2 Ulow 

5 011 Ulow-UCh1 Ulow Ulow 5 00101 Ulow Ulow+UC1-UCh2 Ulow+UC2-Uhigh 

6 001 Ulow-UCh1 Ulow+UC1-UCh2 Ulow 6 01001 Ulow Ulow Ulow+UC2-Uhigh 

7 000 Ulow-UCh1 Ulow+UC1-UCh2 Ulow+UC2-Uhigh 7 01010 Ulow Ulow Ulow 

8 111 Ulow Ulow Ulow 8 10101 Ulow-UCh1 Ulow+UC1-UCh2 Ulow+UC2-Uhigh 
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Fig.3 Characteristic waveforms in the step-up mode. (a) 0<dBoost≤1/3. (b) 1/3<dBoost≤2/3. (c) 2/3<dBoost<1.  
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Fig.4 Current-flow paths in the step-up mode(1/3<dBoost≤2/3).(a)State 1. (b)State 2. (c)State 3. (d)State 4. (e)State 5. (f)State 6. 

B. Design of Inductors and Capacitors 

The inductance of the inductors L1-L3 can be obtained as: 
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Note however that the three-phase interleaving reduces the 
current ripple further on the LVS as follows: 
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The maximum increase of the charge stored in capacitor 
Clow in step-down mode for every switching cycle 1/fS is 
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Therefore, the minimum value of capacitor Clow can be 
achieved as 
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The capacitances of capacitors C1 and C2 can be calculated 
as well 
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In order to eliminate the impact of asymmetry, Ch1 and Ch2 
are equal to C1 and C2 respectively. Similarly, the capacitance 



 

 

of capacitor Ch3 can be calculated as 
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Fig.5 Characteristic waveforms in the step-down mode. (a) 0<dBuck≤1/3. (b) 1/3<dBuck≤2/3. (c) 2/3<dBuck<1. 
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Fig.6 Current-flow paths in the step-down mode(1/3<dBuck≤2/3).(a)State 1. (b)State 2. (c)State 3. (d)State 4. (e)State 5. (f)State 6.  

C. Design of Current Controller 

The SCIB converter utilizes double-loop control in the 
off-system experiments. In this case, Fig.7 shows the control 
arrangement for step-up/down modes, where Ug1-Ug3 are the 
gate signals of power switches Q1-Q3, and Ug4-Ug8 are the 
gate signals of power switches Q4-Q8. Owing to the step-up 
mode and step-down mode can refer to each other, only the 
current controller in step-down mode is analyzed further, the 
outer voltage loop is similar. It is assumed that the power 
switches, inductors, and capacitors are analyzed under ideal  

 
conditions. The load resistance is RBuck, and uhigh(t), ilow(t) and 
dBuck are the input variable, the output variable and the 
control variable, respectively. iL1(t), iL2(t), iL3(t), uC1(t), uC2(t), 
uCh1(t), uCh2(t), and uClow (t) are the state variables. In order to 
avoid the invalid state variables, the equivalent series 
resistors RCh1, RCh2 for Ch1 and Ch2 are introduced. 

Applying the state space averaging method to all the states 
over one switching period, the small signal model of the 
SCIB converter in the step-down mode can be derived as (8): 
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 (8) 

By substituting the parameters in TABLE III into (8), the transfer function in the step-down mode can be obtained. 
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The current-loop control scheme for the SCIB converter is 
depicted in Fig.8, where Gid(s) is the control to output current 
transfer function of the converter, Gm(s) is the transfer 
function of pulse-width modulator, H(s) is the feedback 
transfer function and Gc(s) is the current controller transfer 
function (i.e. a PI controller) shown in (10). Thus the current 
controller can be designed for the SCIB converter to achieve 
a better stability performance. 

 c p i

1
( )G s K K

s
    (10) 

 
In the closed-loop system of the SCIB converter, Gm(s) 

and H(s) are regarded as 1, As to the Gc(s), Kp=0.001, and 
Ki=1. Therefore, the corresponding open-loop transfer 
function GBuck(s) can be obtained as: 
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The bode diagram of GBuck(s) is shown in Fig.9. It can be 
seen that the magnitude margin and phase margin are both 
greater than 0, which demonstrates that the closed-loop 
system with PI current controller can operate stably in the 
step-down mode. 
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Fig.7 Double-loop control diagram. (a)Step-up mode. (b)Step-down 

mode. 
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Fig.8 Current-loop control scheme for the SCIB converter. 
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Fig.9 Bode diagram of open-loop transfer function with PI current 

controller in the step-down mode. 

Ⅲ. STEADY-STATE CHARACTERISTICS ANALYSIS AND 

PARAMETERS COMPARISON 

A. Voltage Gain Analysis 

By applying the volt-second balance principle on L1、L2 
and L3 in step-up and step-down modes, the relationship 
among voltages can be obtained as 

 
Boost low Boost low Ch1
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Boost low Boost low C2 high

+(1 )( ) 0

+(1 )( + ) 0

+(1 )( ) 0

d U d U U

d U d U U U

d U d U U U

   


  
    

 (12) 



 

 

 
Buck low Ch1 Buck low

Buck low C1 Ch2 Buck low

Buck low C2 high Buck low

( )+(1 ) 0

( + )+(1 ) 0

( )+(1 ) 0

d U U d U

d U U U d U

d U U U d U

   


  
    

 (13) 

The voltage stresses across capacitors at steady state can 
be written as 
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From (12), (13) and (14), the voltage stresses across 
capacitors and the relationship between the output and input 
voltages can be obtained as 
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B. Voltage and Current Stresses on Power Switches 
According to the operation states of the step-up and 

step-down modes shown in Fig.4 and Fig.6, the equations of 
voltages shown in (15), and Kirchhoff’s voltage law (KVL), 
the voltage stresses across Q1-Q8 can be obtained as 

 
Q1 Q 2 Q3 Q 4 Q5

high
Q6 Q7 Q8 3

U U U U U

U
U U U

   

   
 (16) 

By applying ampere-second balance principle to the 
capacitors, and analyzing current paths of the step-up and 
step-down modes over one switching period, the current 
stresses on Q1-Q3 in the step-up mode can be obtained as 

 
Q1 Boost high Boost

Q2 Q3 high Boost
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I d I d
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The current stresses on Q4-Q8 in the step-down mode can 
be obtained as 

 Q4 Q5 Q6 Q7 Q8 highI I I I I I      (18) 

The average current of inductors L1-L3 can be obtained as 
 L1 L2 L3 low / 3I I I I    (19) 

It can be seen from (19) that, the three-phase inductor 
currents are equivalent, which is one third of the 
low-voltage-side current Ilow. 

C. Comparisons with Other Converters 

The comparison of the SCIB converter with its 
counterparts is shown in TABLE II. Two output capacitors 
are connected in series to double the output voltage in [18], 
however the input and output do not share a common ground, 
and the output capacitors must be relatively large in order to 
achieve the same output voltage ripple. The converter in [22] 
introduces multiple auxiliary inductors and capacitors for soft 
switching, and the voltage stresses across the power switches 
are high (equal to the output voltage of the HVS). The 
converter in [23] improves the voltage gain by charging two 
capacitors in parallel and discharging in series through 
coupled inductors. Additional absorption circuits are 
introduced to reduce the voltage spikes caused by leakage 
inductance, and the current ripple on the LVS is also large. 
The converter in [24] increases the voltage gain by 
connecting two capacitors in series on the HVS. However, 
the voltage stresses across power switches still remain high, 
and the input and output sides are not common-grounded. 
The converter in [25] comprises two phases. The capacitor of 
one of the phases charges the inductor of the other phase to 
achieve a high voltage gain at a cost that one of the power 
switches conducts both of the two-phase inductor currents. 
Thus it leads to a high current stress, and the voltage stress is 
equal to the voltage on the HVS.

TABLE II COMPARISON OF SCIB CONVERTER WITH THE COUNTERPARTS 

Topology Converter in [18] Converter in [22] Converter in [23] Converter in [24] Converter in [25] SCIB converter 

Current ripple on the LVS Medium Large Large Medium Large Small 

Rated power 1000W 200W 200W 500W 160W 800W 

Number of power switches 5 7 5 4 4 8 

Voltage gain in step–up mode 2/(1-dBoost) (1-dBoost/3)/(1-dBoost)2 (1+n)/(1-dBoost)+n 2/(1-dBoost) 1/(1-dBoost)2 3/(1-dBoost) 

Voltage gain in step–down mode dBuck/2 1.5d
 2 
Buck dBuck/(1+n+ndBuck) dBuck/2 d

 2 
Buck dBuck/3 

Voltage stress Uhigh/2 Uhigh Uhigh/(1+2n-ndBoost) Uhigh (2-dBoost)Uhigh Uhigh/3 

Common ground No Yes Yes No Yes Yes 

Maximum Efficiency 95.3% 95.5% 96.2% 93.2% 95.6% 95.9% 

Duty Cycle dBoost
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Fig.10 Comparison of voltage gain against duty cycle. (a) Step-up mode. (b) Step-down mode. 



 

 

It can be seen that the SCIB converter not only broadens 
the voltage gain range, but also reduces the voltage stresses 
across the power switches. Moreover, the three-phase 
interleaved structure greatly reduces the current ripple on the 
LVS, and the input and the output share a common ground. 
The efficiency of the experimental SCIB converter is 
competitive with its counterparts. The voltage gain against 
the duty cycle curves of the SCIB converter with the 
converters in [18],[22], [23], [24] and [25] in step-up/down 
mods are plotted in Fig.10, where the coupled inductor turns 
ratio n in [23] is set as one. It is shown that the step-up 
voltage gain of the SCIB converter can achieve 3.75-15 
within the duty cycle range of 0.2-0.8. Although the voltage 
gain of converters in [22] and [25] are higher than that of the 
SCIB converter when duty cycle dBoost>0.7, the current ripple 
and voltage stress in [22] are both higher, which potentially 
limit its application in EVs. The voltage and current stresses 
in [25] are higher than that of the SCIB converter, which is 
not conducive to the application of the converter under the 
high-voltage dc bus level often required by EVs. Note that all 
converters apart from [22] and [23] are symmetrical in the 
sense that the step-up voltage gain is the inverse of 
step-down gain with the substitution dBuck=1-dBoost. 

D. Topology Scalability 

The SCIB converter is easy to be extended into a family 
with wider voltage gain ranges and higher power levels, as 
shown in Fig.11. The voltage gain of the extended topology 
operating in CCM in step-up mode can be obtained as (20): 

 high low
Boost1

m
U U

d



 (20) 

where m is the number of parallel phases. Similarly, the 
voltage gain of the extended topology operating in CCM in 
step-down mode can be obtained as: 

 Buck
low high

d
U U

m
  (21) 

As m increases, the current ripple on the LVS becomes 
lower, the converter can achieve higher power levels, and the 
voltage stresses across all power switches are lower, i.e. 
Uhigh/m, while the current stresses keep the same relationship 
between the current on the HVS Ihigh, which are listed in (22). 
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Fig.11 Extended topology family of the proposed m-phase 
converter. 

Ⅳ. EXPERIMENTAL RESULTS AND DISCUSSIONS 

In order to validate the effectiveness of the SCIB converter, 
an 800W prototype has been developed as shown in Fig.12. 
The experimental parameters of the converter are listed in 

TABLE III. The inductances of L1-L3 and the capacitance of 
capacitors are selected based on (1)-(7) 

 

Fig.12 Prototype of the SCIB converter. 

TABLE III EXPERIMENTAL PARAMETERS OF THE SCIB CONVERTER 

Parameters Values 

Voltage at low voltage side: Ulow 30-100V 

Voltage at high voltage side: Uhigh 400V 

Rated power: Pn 800W 

Switching frequency: fs 20kHz 

Power MOSFETs: Q1-Q8 IRFP4868PBF 

Controller chip TMS320F28335 

Capacitors: C1/C2/Ch1-Ch3/Clow 270μF/450V 

Inductor 1: L1 352μH/28A 

Inductor 2: L2 350μH/28A 

Inductor 3: L3 

Designed ripple current: △IL 

346μH/28A 

2.6 A 

A. Wide Voltage Range 

When the SCIB converter operates in the step-up and step 
down modes, Uhigh is held constant at 400V as shown in 
Fig.13, while the Ulow changes from 100V to 30V (or vice 
versa) over 10s, simulating the discharge or charge of the 
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(b) 

Fig.13 Ulow and Uhigh waveforms. (a)Step-up mode (simulating the 
super capacitor banks are discharging). (b)Step-down mode 
(simulating the super capacitor banks are charging). 



 

 

super capacitor bank. This demonstrates the converter can 
achieve a wide voltage gain range from 4 to 13 in the step-up 
mode and from 0.075 to 0.25 in the step-down mode. 

B. Voltage Stress and Current Ripple 

The voltage stresses across all power switches(see Fig.14) 
in step-up and step-down modes are all equal to 133V (1/3 of 
the voltage on the HVS), which is consistent with the 
theoretical analysis in Section III, verifying the characteristic 
of low voltage stress. 

The input current and the currents of inductors L1-L3 in 
step up and step down mode are shown in Fig.15. It can be 
seen that the current ripples of the inductors L1, L2, and L3 are 
all in the range 20-35%, but the input current ripple is almost 
zero due to the interleaving effect, i.e., the current ripple 
imposed on the super capacitor is very small. 
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(2)-(b) 

Fig.14 Voltage stresses across power switches and diodes. 
(1)Step-up mode: (a) Voltage across power switches Q1 and Q2. (b) 
Voltage across diodes D4 and D6. (2)Step-down mode: (a) Voltage 
across power switch Q8 and diode D3. (b) Voltage across power 
switches Q5 and Q7. 
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(b) 

Fig.15 Inductor currents and LVS current waveforms. (a)Step-up 
mode(Ulow=40V, PO=800W). (b)Step-down mode(Ulow=50V, 
PO=800W). 

C. Transient Response and Bidirectional Power Flow 

The transient response of the converter is illustrated in 
Fig.16. It can be seen in the zoomed inset that the settling 
time of both transients is rapid (60μs in step-up and 400μs in 
step-down mode). 
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(b) 

Fig.16 Output response waveforms when output power PO is step 
changed (a)Step-up mode. (b)Step-down mode. 

A transition in power flow direction is shown in Fig.17 (IL1 
is approximately one third of the total super capacitor current 
due to interleaving). As can be seen, the converter switches 
smoothly between modes.  
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Fig.17 Experimental result of the SCIB converter in the 
bidirectional power flow control processes. 

D. Efficiency Analysis  

The efficiency of the experimental converter is measured 
by a YOKOGAWA/WT3000 power analyzer at different 
voltage gains and different output powers, with the results 
plotted in Fig.18. From Fig.18(a), the maximum and 
minimum efficiencies of the SCIB converter in the step-up 
mode are 95.8% and 89.2%, respectively. From Fig.18(b), the 
maximum and minimum efficiencies of the SCIB converter 
in the step-down mode are 95.9% and 89.0%, respectively. 
As can be seen from Fig.18, with the increase of the voltage 
on the LVS, i.e. lower voltage gains, the efficiency of the 
converter increases gradually for the same output power. 
With the same voltage gain, the efficiency rises gradually 
with the increase of the output power. If the output power 
continues to increase, the efficiency drops. It is observable 
that the peak efficiency is located approximately at the point 
when output power is 700W. 
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(b) 

Fig.18 Efficiency of the SCIB converter with Uhigh=400V, Ulow= 
30-100V and PO=200-800W. (a)Step-up mode. (b)Step-down mode. 

The experimental power loss distributions when 
Uhigh=400V, Ulow=50V and Po=800W are calculated, which 
are shown in Fig.19. When the SCIB converter operates in 
the step-up mode, the total losses of the converter are 53.6W. 
As can be seen in Fig.19(a), the major losses come from the 
switching losses of power switches Q1-Q3 and the losses of 
diodes D4-D8. Similarly, when the SCIB converter operates in 
the step-down mode(see in Fig.19(b)), the major losses are 
from the switching losses of power switches Q4-Q8 and the 
losses of diodes D1-D3. 
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(b) 
Fig.19 Calculated power loss distributions for the converter when 
Ulow=50V, Uhigh=400V and PO=800W. (a) Step-up mode. (b) 
Step-down mode. Labels–PQS: MOSFET switching losses, PQC: 
MOSFET conduction losses, PDS: diode switching losses, PDC: 
diode conduction losses, PCu: inductor copper losses, PFe: inductor 
iron losses, Pa: other losses. 

V. CONCLUSION 

A switched-capacitor three-phase interleaved bidirectional 
dc-dc converter, named the SCIB converter, has been 
proposed in this paper. The converter benefits from a wide 
voltage gain range in step-up and step-down modes and an 
absolute common ground between input and output. In 
addition, the current ripple on the LVS is very low and the 
voltage stresses across all power switches are just one-third 
of the voltage on the HVS. The converter has good topology 
scalability and extended topologies of an m-phase interleaved 
structure can be easily obtained. Therefore, it is a good 
candidate for the power interface between super capacitor 
banks, which have a naturally widely varying terminal 



 

 

voltage, and the constant high voltage dc bus in hybrid 
energy sources EVs. 
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