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Abstract: A modular switched-capacitor (SC) DC-DC converter (MSCC) is introduced in this paper. 9 
It is designed to boost a low input voltage to a high voltage level and can be applied for 10 
photovoltaics and electric vehicles. This topology has high extensibility for high voltage gain output. 11 
The merits of the converters also lie in the fault tolerance operation and the voltage regulation with 12 
a minimum change in the duty ratio. Those features are built in when designing the modules and 13 
then integrating these into the DC-DC converter. Converter performance including voltage gain, 14 
voltage and current stress are focused and tested. The converter is modelled analytically, and its 15 
control algorithm is analyzed in detailed. Both simulation and experiment are carried out to verify 16 
the topology under normal operation and fault mode operation. 17 

 18 

Keywords: DC-DC power converter, Fault Tolerance, Multilevel Converter, Switched-Capacitor 19 
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 21 

1. Introduction 22 

With the pace of the third industrial revolution, traditional fossil fuel-based energy is meant to 23 
give away to renewable energy. To establish a low carbon economy, extensive use of power 24 
electronics is becoming a norm, for example in smart grids and electric vehicles (EVs) applications. 25 
This has led to increased controllability and energy saving as well as environmental benefits [1]. DC-26 
DC converters are a key technology to interface two DC components so as to regulate the voltage 27 
level. They connect a low voltage input such as photovoltaic or batteries and generate a higher voltage 28 
output. Ideally, they should have high voltage step up, fault tolerance, modularization and flexible 29 
voltage output [1]–[3]. But these criteria often conflict with one another.  30 

High step up conversion has become a topic of interest over the three decades [4]. Many methods 31 
to increase the converter output has been explored.  They can be divided into following categories: 32 
switched inductor, magnetic coupling and switched capacitor.  33 

Switched-inductor technique is typically used in providing high step up conversion. In [5], Fig. 34 
1(a) is the overall topology of switched-inductor converter. Fig. 1(b) presents the basic switched-35 
inductor cell, it allows the two inductors charging in parallel and discharging in series. Fig. 1(c) (d) 36 
and (e) represent the alternative structures of switched-inductor cell [6], [7]. They are the combination 37 
of switched-inductor and switched-capacitor techniques. They are simple structure and have low 38 
current ripple. However, they need to use more inductors than other structure which increase the 39 
volume of the converters. 40 

The second technique is magnetic coupling, it utilizes high frequency transformer to generate 41 
output voltage which is proportional to the turns ratio [8], [9] (as shown in Fig. 2). By regulating the 42 
turns ratio, the output voltage can be tuned as will. However, the turns ratio is limited by leakage 43 
inductance. Very high leakage inductance can give rise to voltage drop and power losses. 44 
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 45 

Fig. 1. Switched-inductor topology reviewed in [5]. 46 

(a)Switched-inductor overall topology, (b)Basic switched-inductor cell, (c)Elementary lift switched-inductor cell, 47 

(d)Self-lift switched-inductor cell, (e)Double self-lift Switched-inductor cell 48 

Switched-capacitor technique is a common method applied for high step up conversion in 49 
recent years. In [10], a combination of coupled inductors and switched capacitor is presented, 50 
capacitors in this topology charge and discharge alone with the stages of inductors (in Fig. 3(a)). A 51 
simpler structure has been published in [11] (in Fig. 3(b)). Two capacitors charge in parallel and 52 
would discharge in series, due to the existence of the diodes. More modification shown in Fig. 3(c) 53 
and (d) are studied in [12][13]. These the converter lack fault tolerant capacity, authors focused on 54 
normal operation performance. However, in some switched-capacitor topologies, the voltage across 55 
the capacitors are different at different locations. This creates a difficulty for modularization design 56 
of the converter. 57 

In addition to voltage regulation, the converters fault tolerance is also an important feature [14], 58 
[15]. Fault isolation operation needs to identify and isolate a happened fault.  In a parallel system, 59 
controlling the corresponding switches to cut off the faulty module is sufficient, so redundant 60 
components are embedded in those fault tolerance systems. However, if the faulty components are 61 
connected in series with other components, a bypass route is needed to establish. It is understood 62 
that system performance will be reduced, while, the control strategy can compensate the effect. 63 

 64 

Fig. 2 Converter in [12]. 65 

Based on switched-capacitor topology, a new converter is proposed to combine 66 
modularization and fault tolerance feature whist maintaining high power density and low cost.  67 
This converter is designed to ride through any open circuit faults for the two kinds of the most 68 
vulnerable components: IGBTs and capacitors. Detailed explanations are divided into 4 sections: first 69 
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the circuit architecture and operation principles are presented. Following section shows the detailed 70 
analysis including system modelling, major components stress analysis and parameter setting for 71 
passive components. Third section presents the fault tolerance methods. Last one is the 72 
demonstration of the proposed converter by means of simulation and experiment. After these 73 
explanations, a sententious conclusion is addressed at the end of the paper. 74 

             75 
a                                                   b 76 

         77 

c                                                 d 78 

Fig. 3. Switched-capacitor technique 79 
(a)Converter in [10], (b)Converter in [11], (c)Converter in [12], (d)Converter in [13] 80 

2. Circuit Description of the Proposed Converter 81 

In this section, a detailed description of the proposed converter would be presented, along with 82 
an analysis of system performance.  83 

2.1. Circuit Architecture 84 

Fig. 4(a) is an illustration of the topology of the proposed MSCC. It contains 3 identical modules 85 
as shown in Fig. 4(b). Insulated Gate Bipolar Transistors (IGBTs) S1, S2 and S3, S4 control current flow 86 
from and to the capacitors; the capacitor C1 is connected between the collector end of S1 and the 87 
middle point of the half bridge formed by S3 and S4 capacitor C2 is connected to the collector end of 88 
S2, and it share the other end with C1. The collector end of S3 is solely connected to 𝑽𝒑𝒓𝒆 89 

(representing the output end of the previous module.); the emitter of S1 and S2 are connected to the 90 
input source; the emitters of S4 is connected to the ground, the collector end of S1 and S2, as previous 91 
mentioned, are connected to 𝑽𝒏𝒆𝒙𝒕  (representing the output of this module). A D_f diode is 92 
embedded in the last model for fault tolerance operation. 93 

The module of the proposed converter is similar to traditional MSCC. Traditional MSCC would 94 
requires output capacitor with larger capacitance as the number of module increase. Meanwhile, in 95 
the proposed converter, all the component parameter is identical, it can be very easy to maintain and 96 
replace the fault module. And with voltage regulation capability, even with by faulted module 97 
remaining in the system, the entire voltage could be tuned to the rated level. 98 

 99 

 100 

a 101 
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 102 

b 103 

Fig. 4. Proposed MSCC DC converter 104 

(a)Overall structure, (b)Module structure. 105 

 106 

 107 
Fig. 5. The waveform of the proposed converter 108 

2.2. Principles of Operation 109 

The normal operation of this converter requires the transistor Gout turning off and Gi turning 110 
on during the entire procedure. In the reverse directional operation, Gout turning on is necessary, 111 
while when the first module needs to be bypass as fault isolation, Gi turning off is required. The 112 
normal function of the entire system is based on proper control of the transistors in all modules. The 113 
control for each module is identical. There are only two stages in the system, as presented in Fig. 5. 114 
In the first stage, S4 is switched on and S3 switched off. The input voltage is charging the module 115 
capacitors along with input inductor, the module detail is shown in Fig. 6. The second stage (shown 116 
in Fig. 7) is input voltage charging input inductor and all the output capacitor start to transfer energy 117 
to the load. In this case, the S3 is switched on and S4 is switched off. The energy would transfer from 118 
all the module capacitors to load. In normal operation mode, S1 and S2 can be turned off for the entire 119 
procedure, using freewheeling diode to charge the module capacitors. The signals for those 120 
transistors are only required when fault isolation or bidirectional operation is proceeding. In this 121 
paper, only fault isolation is discussed. The module capacitors in these two stages is charging in 122 
parallel and discharging in series, realizing the function of “switched capacitor”. 123 

 124 

a 125 
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 126 

b 127 

Fig. 6. Charging mode of the proposed converter 128 

(a)Route of the overall circuit, (b)Route of the modules. 129 

 130 

 131 

a 132 

 133 
b 134 

Fig. 7. Discharging mode of the proposed converter 135 

(a)Route of the overall circuit, (b)Route of the modules. 136 

3. Circuit Analysis 137 

Some assumptions are made to simplify the analysis. 138 
 The capacitors in all modules are identical; 139 
 All transistors are ideal; 140 
 The dead time effect is neglected; 141 

3.1. System modelling 142 

In the charging stage, the system differential equations can be obtained by using the volt-time 143 
balance principle: 144 

{
(1 − 𝐷) ∙ (𝑣𝑖𝑛 − 𝑣𝑐) = (1 − 𝐷) ∙ 𝐿 ∙

𝑑𝑖𝐿

𝑑𝑡

(1 − 𝐷) ∙ 𝑖𝐿 = (1 − 𝐷) ∙ 𝐶𝑛 ∙
𝑑𝑣𝑐

𝑑𝑡

                     (1) 145 

In the discharging stage: 146 
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{
𝐷 ∙ 𝑣𝐼𝑛 = 𝐷 ∙ 𝐿 ∙

𝑑𝑖𝐿

𝑑𝑡

𝐷 ∙ 𝑖𝑠 =
𝐷∙𝑁∙𝑣𝑐

𝑅
= 𝐷 ∙ 𝐶𝑛 ∙

𝑑𝑣𝑐

𝑑𝑡

                       (2) 147 

Combine the two stages: 148 

[
𝑑𝑖𝐿
𝑑𝑡
𝑑𝑣𝑐
𝑑𝑡

] = [
0 −

1−𝐷

𝐿
1−𝐷

𝐶

𝑁𝐷

𝑅𝐶

] [𝑖𝐿
𝑣𝑐
] + [

1

𝐿
0
] 𝑣𝐼𝑁                      (3) 149 

{
 

 A=[
0 −

1−𝐷

𝐿
1−𝐷

𝐶

𝑁∙𝐷

𝑅∙𝐶

]

𝐵=[
1
𝐿
0
]

                                (4) 150 

Using Laplace transform: 151 

[𝑖𝐿(𝑠)
𝑣𝑐(𝑠)

] = (𝐼 ∙ 𝑠 − 𝐴)−1 ∙ 𝐵 = 𝑑𝑒𝑡⁡(𝐼 ∙ 𝑠 − 𝐴) ∙ [
1

𝐿
∙(𝑠−

𝑁∙𝐷

𝑅∙𝐶
)

1−𝐷

𝐶𝐿

]                   (5) 152 

The output voltage small-signal transfer function of the proposed modularized switched 153 
capacitor converter can be expressed as: 154 

𝐺𝑣𝑑(𝑠) =
𝑏

𝑠2+𝑎1𝑠+𝑎2
                                (6) 155 

where: 156 

{
 
 

 
 𝑎1 = −

𝑁𝐷

𝑅𝐶

𝑎2 =
(1−𝐷)2

𝐶𝐿

b =
1−𝐷

𝐶𝐿

                                   (7) 157 

The bode diagrams of the proposed converter are demonstrated in Fig. 8. The system slop 158 
inclination is about -20 dB/dec. The magnitude analysis of the converter indicates an unstable state 159 
of the converter when encountering a low frequency input noise, on the other hand, the system has 160 
high stability against high frequency input noise. The phase angle is -180 degrees indicating the 161 
stability of the converter. Based on above analysis, a close loop is necessary to deal with any low 162 
frequency input disturbance. The control loop for this topology can be easily implemented as shown 163 
Fig. 9. 164 

 165 

Fig. 8. Bode analysis of the open-loop of the proposed converter 166 

 167 

Fig. 9. PI controller of the proposed converter 168 

3.2. Voltage Ratio Range. 169 

The capacitor voltage for each module can be express as: 170 
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𝑉𝑐 =
𝑉𝑖𝑛

1−𝐷
                                     (8) 171 

Because at the second stage, the load is connected in series with all output capacitors in the 172 
submodule, then the entire output voltage is: 173 

𝑉𝑜𝑢𝑡 =
𝑁∙𝑉𝑖𝑛

1−𝐷
⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ (9) 174 

The relationship of output voltage gains of the proposed converter and the module number is 175 
presented in Fig. 10. 176 

 177 

Fig. 10. Voltage gain of the proposed converter 178 

3.3. Current Stress 179 

The inductor is in series with the input voltage source, which means the inductor current stress 180 
is larger than the maximum current output of the DC voltage source. As with the switches, N modules 181 
would divide the input current into 1/N. Moreover, S2 and S3 are switched on in the same time. Thus, 182 
for L, S1, S2 and S4, the RMS current stresses are: 183 

{
 
 

 
 
𝐼𝑠𝑡𝑟𝑒𝑠𝑠,𝐿 = 𝐼𝑖𝑛 = 𝐼𝑙

𝐼𝑠𝑡𝑟𝑒𝑠𝑠,𝑆1 =
𝐷𝐼𝑙

2𝑁

𝐼𝑠𝑡𝑟𝑒𝑠𝑠,𝑆2 =
𝐷𝐼𝑙

2𝑁

𝐼𝑠𝑡𝑟𝑒𝑠𝑠,𝑆4 =
𝐷𝐼𝑙

𝑁

⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ (10) 184 

For S3, the switch is carried the current to charge the output capacitor for the entire system. 185 
The maximum current flow through S3 is: 186 

𝐼𝑠𝑡𝑟𝑒𝑠𝑠,𝑆3 =（1 − 𝐷）𝐼𝑙 ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ (11) 187 

3.4. Voltage stress  188 

For each module, the voltage stress for S3 identical to the module capacitors: 189 

𝑉𝑠𝑡𝑟𝑒𝑠𝑠,𝑆3 = 𝑉𝑐 ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ (12) 190 

The rated voltage for S1 and S2 are the same for its symmetrical connection. They are blocking 191 
the positive end of the current module capacitors, thus the voltage stress for S1 and S2 are: 192 

𝑉𝑠𝑡𝑟𝑒𝑠𝑠,𝑆1 = 𝑉𝑠𝑡𝑟𝑒𝑠𝑠,𝑆2 = 𝑁 ∙ 𝑉𝑐 ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ (13) 193 

The voltage stress for S4 can be deduced as following analysis: due to series connection of the 194 
output module capacitors, in the Nth module, S4 needs to block the voltage from all the output former 195 
module capacitors in series connection so that, the voltage stress for S4 is: 196 

𝑉𝑠𝑡𝑟𝑒𝑠𝑠,𝑆4 = (𝑁 − 1) ∙ 𝑉𝑐 ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ (14) 197 

The common maximum stress voltages for commercial IGBT are 600 and 1200 V. In this project, 198 
600 V stress voltage level is sufficient. 199 

3.5. Current Ripple 200 
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All the submodule structures are identical, and so it is with all the capacitor parameter. One 201 
module is analysis to represent the entire system. As input voltage regulator, the current ripple 202 
should be written as: 203 

𝑉𝑖𝑛 = 𝐿
𝑑𝐼𝑙

𝑑𝑡
⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ (15) 204 

where the 𝑽𝒊𝒏⁡is the input source voltage and 𝑰𝒍 is the input current in the above equation. In order 205 
to maintain continuous operation mode and decrease total harmonic distortion (THD), the input 206 
current ripple should be limited to certain level. To fulfil all the criteria, the inductance should obey: 207 

𝐿 ≥
𝑉𝑖𝑛∙𝑑𝑡

𝑑𝐼𝑙
⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ (16) 208 

where the system switching frequency is limited to less than 20 kHz, and the output voltage is set to 209 
20V.  If the rated system power is set to 160w, the inductance for continuous operation can be 210 
calculated as: 211 

𝐿 ≥ 15.625⁡𝑢𝐻⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ (17) 212 

For this project, a 320 𝝁𝐇 inductor is selected to minimize the oscillation in the circuit, small 213 
inductance would cause the module capacitor voltage to oscillate for half cycle in discharging mode, 214 
when duty ration is set to 0.5, the current ripple can be derived as: 215 

∆𝐼𝑙 = 1.5625⁡𝐴⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ (18) 216 

3.6. Voltage Ripple 217 

In each module, the voltage ripple is determined by the capacitance of the module capacitor, 218 
input current and switching frequency: 219 

∆𝑉𝑐 = ∫
𝐼𝑐

𝐶
𝑑𝑡

𝑇

0
⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ (19) 220 

The capacitance then calculated as: 221 

C =
𝑘∙𝑉𝑐∙𝑓𝑠

𝐼∙𝐷
⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ (20) 222 

where K is the error ratio of the output voltage, 𝒇𝒔 is the switching frequency and D is duty ratio of 223 
S1, S2 and S4.  224 

If there are 3 modules for the system, and 5% voltage ripple is allowed, and the rest system 225 
setup is the same as mentioned before, the minimum capacitance is: 226 

C ≥ ⁡25uF⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ ⁡ (21) 227 

For this project, a 47uF capacitor is selected, the current ripple can be derived as: 228 

∆𝑉𝑐 = 1.064⁡V                               (22) 229 

3.7. Comparison of Other Switched Capacitor DC-DC converters 230 

The output voltage gain of the proposed SC DC-DC converter is given in formula (8) and 231 
compared with traditional SC DC-DC converter in Fig. 3(c) and module SC DC-DC converter in Fig. 232 
3 (d). The expressions of the deal voltage gains are shown in TAB. 1. For the traditional SC converter 233 
each module is capable for double the voltage and module SC DC-DC converter has an overall 234 
voltage gain of 2N+1. However, the Proposed SC DC-DC converter has an extra dimension (duty 235 
ratio) to increase the output voltage to a theoretic value of 2N when duty ratio equals to 50%. As for 236 
the voltage stress of the module capacitors, the proposed SC DC-DC converter is a fix value once the 237 
number of modules in the systems is finalized, which makes this topology easy to replace faulty 238 
module as only one module circuit is needed. For the other two topologies, the voltage stress various 239 
between different modules, which means, to replace the modules in different position, different 240 
capacitors are needed, and the circuit need to alter for different capacitors. The number of the module 241 
elements of all the compared topologies are identical, there are 2 capacitors and 4 transistors in one 242 
module. The proposed converter embeds the boost converter into the circuit to tune the output 243 
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voltage, so there is an extra inductor is required in the topology. And another merit of the propose 244 
SC DC-DC converters is the fault tolerance capability which the other topologies lack of. 245 

TAB. 1. Comparison of the SC converters 246 

Topologies SC converter in Fig. 3(c) SC converter in Fig. 3(d) Proposed SC converter 

Voltage gain 𝟐𝑵 𝟐𝐍+1 
𝐍

𝟏 −𝐃
 

Voltage stress of module capacitors 𝟐𝐌 ∙ 𝐕𝐢𝐧 𝐌 ∙ 𝐕𝐢𝐧 
𝐕𝐢𝐧
𝟏 −𝐃

 

Number of module capacitors 2 2 2 

Number of module transistors 4 4 4 

Number of inductors 0 0 1 

Fault tolerance capability No No Yes 

4. Fault Tolerance Operation 247 

Fault tolerance operation has becoming a crucial aspect for pulse width modulation (PWM) 248 
DC-DC power converter, especially for modern industrial application such as electric vehicles, HVDC 249 
power transmission, island DC power network and even military application. Ensure normal 250 
function is important to system aforementioned regarding economic damage and safety issues. Two 251 
categories of components have higher risk of damage due to electrical and thermal stress than other 252 
component: semi-conductor and capacitors.  253 

In this module, three fault scenarios are discussed which are open circuit faults (OCF) at IGBTs 254 
and capacitors. 255 

4.1. Capacitor open circuit fault 256 

The capacitor in each module is used to deliver energy from the source to the load in series 257 
connection, when one module has capacitor OCF, without fault isolation, the entire system would 258 
shut down gradually. Taking the Mth module as an example to demonstrate the fault isolation 259 
principle. 260 

When 𝑪𝒎𝒏 is detected as a fault element (n is representing the capacitor,), the Sn switch from 261 
the current module would keep turning off for the entire fault operation stage, which means faulted 262 
capacitor is isolated from the capacitor charging stage. On the other hand, in capacitor discharging 263 
stage, the Sn switch from the next module would be switched off to eliminate any disturb from the 264 
faulted capacitor for the converter. The current path is indicated as shown in Fig. 11. However, it 265 
would increase the current stress of the other capacitor corresponding transistor. 266 

 267 

Fig. 11. Fault isolation in the module for signal transistor or capacitor fault 268 
In this situation, the output voltage for the system would still be the same compared to normal 269 

operation mode. 270 

4.2. S1, S2 open circuit fault (OCF) 271 
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S1 and S2 OCF is the very convenient to deal with, for each individual of them has OCF, the 272 
consequence would be the same as the corresponding capacitor OCF. If S1 and S2 have OCF at the 273 
same time, the entire faulty module needs to be bypassed. The circuit would react in the following 274 
state (Fig. 12). In these two diagrams, the faulted transistor S1_1 and S1_2 is marked as S_f. To 275 
maintain the output capacitors chain, the capacitor in the next module will be charging alone with 276 
the ones in faulted module in series. To distinct the switches in different module, sub-labels are 277 
introduced in the following discretions. As presented in Fig. 12(a), the S2_1, S2_2, S2_3 and S1_4 turn 278 
on, and the rest are off. And in Fig. 12(b), S2_3, S1_3 would be turned on and the rest are off.  279 
However, the connection would result in reduction of the output voltage level, the compensation 280 
would be done by tuning the duty ratio. It would result in voltage stress raise on the capacitors in the 281 
remaining modules. In the case of this kind of fault occurs in the last module, there is no next module 282 
to help bypass the fault. As shown in Fig. 4, a bypass diode (d_f) is introduced between the ground 283 
and the output end of the last module to bypass the fault, it would not have any influence on normal 284 
operation. 285 

 286 

a 287 

 288 

b 289 

Fig. 12. S1 and S2 Fault isolation mode 290 

(a)Charging mode, (b)Discharging mode 291 

4.3.  S3, S4 OCF 292 

Dealing with S3, S4 OCF individually or together is identical, both faulty switches would be 293 
treated as open circuited in both scenarios. S1 and S2 switch from the previous module would charge 294 
the corresponding capacitors and so said switches would also be used to discharge the so said 295 
capacitors. In this way, the entire faulty module is bypassed, as shown in Fig. 13. Duty ratio will be 296 
modified to minimize the effect. 297 
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 298 

a 299 

 300 

b 301 

Fig. 13. S3 and S4 Fault isolation mode 302 

(a)Charging mode, (b)Discharging mode 303 

 304 

5. Simulation and Experimental Results 305 

The proposed converter has been simulated in large input voltage for high power system, 306 
however, due to lab limitation, the practical experiment is carried out for lower power system. The 307 
detailed expression would be presented in the follow content. 308 

5.1. Simulation results 309 

A detailed inspection has been carried out for the proposed DC-DC converter. The simulation 310 
has been proceeded in PSIM software, the system parameters is presented in TAB. 2. Close loop is 311 
only carried out in simulations in this paper.  312 

TAB. 2. Specifications of the simulated proposed converter 313 

Module capacitor (µF) 47 Switching Frequency (kHz) 20 

Input inductor (µH) 47 Input voltage (V) 200 

Output capacitance(each)(µF) 470 Load resistance (Ω) 200 

Number of Modules 3 Duty Ratio 35% 

 314 

 315 
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 316 

a 317 

 318 

b 319 

 320 

c 321 

 322 

d 323 

Fig. 14. Simulation results of the proposed converter 324 

(a)S1 switching signal, (b)Input current waveform, (c)Output voltage waveform, (d)Capacitor voltage 325 

waveform 326 

 Fig. 14 is the simulated indication of proper function in normal operation. Fig. 14(a) presents 327 
the simulated gate signal for S1, S2 and S4. The system boosted 200V DC voltage into 1190V DC (Fig. 328 
14(b)), the input current (Fig. 14(c)) and the module capacitor voltages (Fig. 14(d)) are similar to the 329 
analytical result in Fig. 5.  330 

Fig. 15 and Fig. 16 are the demonstration of S1, S2 module capacitor OCF and S3, S4 OCF 331 
respectively in open circuit test. The former situations require the entire module bypassed, so that 332 
one of the module capacitor voltage drops to zero, and the others are intact. Thus, the output result 333 
is compromised into two third of the original output. In the later scenario shown in Fig. 16, the 334 
voltages of the capacitors participating in fault isolation drop to half of those in the normal function 335 
mode. It is because of the series connection in the fault isolation procedure. The close loop results are 336 
identical with the open circuit operation in the steady state. 337 

 338 

a 339 

 340 

b 341 
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 342 

c 343 

Fig. 15. Simulation results of Proposed converter (S1, S2 OCF) 344 

(a)output voltage without voltage regulation by tuning duty ratio, (b)Module capacitor voltages, (c)output 345 

voltage with voltage regulation by tuning duty ratio 346 

 347 

a 348 

 349 

b 350 

 351 

b 352 

Fig. 16. Simulation results of Proposed converter (S3, S4 OCF) 353 

(a)output voltage without voltage regulation by tuning duty ratio, (b)Module capacitor voltages, (c)output 354 

voltage with voltage regulation by tuning duty ratio 355 

5.2. Experiment results 356 

Experiment platform has been established to verify the simulation. Due to lab limitation, low 357 
voltage and power system was tested. TAB. 3 is the specification of the experimental parameter. The 358 
following diagrams indicate the normal and fault operation. The faulty scenarios are implement by 359 
manual toggle switches, which they simulate the open circuit fault of the transistors and capacitors.  360 
All the experiments are proceeded for open circuit tests to prove the concept. 361 

TAB. 3. Specifications of the experiment of the proposed converter  362 

Module capacitor (µF) 47 Switching Frequency (kHz) 20 

Input inductor (µH) 47 Input voltage (V) 15 

Output capacitance(each)(µF) 470 Load resistance (Ω) 100 

Number of Modules 3 Duty Ratio 35% 

 363 
Fig. 17 presents experimental results. Fig. 17(a) is the normal operation output voltage. 364 

According to (8), the output voltage should be 75 V, and the experiment result shows the actual 365 
output voltage is 72.12 V.  The difference is caused by diode voltage drop and losses. The output 366 
voltages for fault operations are presented in Fig. 17(b) and (c). From the fault analysis and simulation, 367 
one Nth of the output voltage would be compromised due to fault bypass. Practical results show 368 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 April 2018                   doi:10.20944/preprints201804.0154.v1

http://dx.doi.org/10.20944/preprints201804.0154.v1


 14 of 16 

 

close output voltages: 46.46 and 47.17 V, which consists with the analytical and simulation result. Fig. 369 
17d and e show the faulty module capacitor voltages from two faulty scenarios. They also support 370 
the analytical and simulation result.  Fig. 18 shows the efficiency of the system. 371 

        372 

a                                              b 373 

        374 

c                                              d 375 

 376 

e 377 

Fig. 17. Experiment results 378 

(a)Normal operation output voltage, (b)Output voltage for S1, S2 fault operation, (c)Output voltage for S3, S4, 379 

capacitor fault operation, (d)Fault module and normal capacitor voltages for S1, S2 OCF, (e)Fault module 380 

capacitor voltages for S3, S4, capacitor OCF  381 

 382 
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 383 

Fig. 18. Efficiency of the proposed converter. 384 

6. Conclusion 385 

This paper has presented and analyzed a modularized switch capacitor DC-DC converter. It 386 
has high extensibility for high voltage gain output and fault tolerance under open circuit faults in 387 
capacitors and transistors. Due to the ability to bypass modules, the voltage can be regulated with a 388 
minimum duty ratio change. The circuit architecture, operation principle, voltage/current stress and 389 
fault tolerance operation are explained in detailed. The voltage regulation method is also presented. 390 
In the end, simulations and experimental results have verified the effectiveness of the proposed 391 
converter and output with satisfactory fault tolerant operation and energy efficiency. 392 
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