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Abstract 

This paper presents the theoretical analysis, operating 
principles, and comparison between basic boost and 2-stage 
switched capacitor (SC) based boost converter. Using volt-
second balance and current charge principle, voltage gain and 
efficiency are theoretically derived for the basic boost and 2-
stage SC based boost converter. MATLAB software has been 
utilized to simulate the predicted results. Simulation results, 
which are in complete agreement with the predicted results, 
have been analysed and compared with the results of the 
basic boost converter. Largely increased voltage gain with a 
commendable efficiency for the 2-stage SC based boost 
converter, validate the authenticity of the proposed system.  

1 Introduction 

High gain voltage boosting is favourable in applications 
such as renewable energy systems, uninterruptible power 
supplies (UPS), motor drives etc., where high output voltages 
are required from low voltage energy sources like batteries, 
fuel cells and photovoltaic (PV) panels. For instance, a PV 
panel typically outputs 15-45 Vdc, but a PV inverter requires 
around 380Vdc in order to generate 230 Vrms for a single-
phase grid. As a solution, dc-dc converter is needed to step up 
the insufficient input source voltage to 375-400 V [1-7]. Such 
dc-dc converter can be an isolated or a non-isolated 
converter. Isolated dc–dc converters can be utilized to step up 
to the required voltage, using high voltage transformer 
(HVT). In such case, there are two basic techniques to obtain 
a high voltage gain. First is by increasing the turns ratio of 
the HVT; and second is to use voltage multiplier circuits on 
the secondary side of HVT [8-11]. Zero-voltage (ZVS) and 
(ZCS) Zero-current switching can be easily achieved using 
the leakage inductance of the HVT in full-bridge converters 
based on phase-shift pulse width modulation (PWM) control 
technique [12]. However, HVT with high turns ratio is 
unattractive for the reason that it magnifies voltage and 
current spikes in the transformer secondary side, the voltage 
stress across the output diode becomes much higher than the 
output voltage, and demands the use of diodes with high 
breakdown voltage [13]. Moreover, leakage inductance of the 

transformer induces high circulating current in the primary 
side, which can possibly, decrease the functional life of PV 
modules [12], hence large electrolytic capacitors are required 
to prevent input current ripple, which will increase size and 
cost of the converter. Consequently, all the disadvantages 
mentioned associated with isolated converters decrease its 
overall efficiency [12, 14, 15].  

On the other hand, non-isolated dc-dc converter, such as 
the basic boost converter, suffers from the drawback of high 
voltage stress on the switch and diode, which are equal to the 
output voltage, discouraging its implementation in high 
voltage applications. Moreover, this problem leads to a 
condition of employing active components with high voltage 
and diode with fast reverse recovery, effectively, contributing 
to higher cost. Furthermore, even though the output voltage 
can theoretically approach infinity, this cannot be achieved 
experimentally due to the parasitic resistive elements in the 
converter. Subsequently, some researchers proposed the use 
of switched capacitor (SC) circuits with basic boost converter 
to further boost the voltage gain [16]. Nevertheless, the 
impacts of parasitic elements, which can still affect the 
practical attainable voltage gain and efficiency of the SC-
based boost converter, remain to be investigated. 

This paper hence presents a theoretical analysis of a 2-
stage SC boost based dc-dc converter and the basic boost 
converter. Moreover, voltage gain and efficiency of both the 
converters are compared using inductor volt–second balance 
and capacitor charge balance principle in CCM. 

2 Basic boost converter 

The structure of a basic boost converter is shown in Fig. 
1. In order to analyze the gain and efficiency, it is necessary 
to take into in account the presence of the parasitic elements 
as seen in Fig. 2.  

Theoretically, the basic boost converter can be analyzed 
by utilizing the volt-second balance and current charge 
balance principles in continuous conduction mode (CCM) of 
operation.  

 
 

Fig. 1: Basic boost converter. 
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Fig. 2: Basic boost converter equivalent circuit considering 
parasitic resistive elements. 
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Fig. 3: Waveforms of inductor voltage and capacitor current 
in CCM for basic boost converter. 

 
As observed in Fig. 3. Volt-second balance and current 

charge balance of the basic boost converter are given as (1) 
and (2) respectively: 

0))(1()(  V oIRDV DIRLV gDIRonIRLVgDV L  (1) 

0)/).(1()/.(  RoVIDRoVDiC                         (2) 

where Vo is the output voltage, Vg is the input voltage, Ro is 
the load resistance and D is the duty cycle. Here non-ideal 
inherent resistive elements corresponding to the series 
inductor RL, switch Ron, diode resistance RD and diode 
threshold voltage VD have also been considered, as shown in 
Fig. 2. Moreover, 

0)1()1()1(  V oDRDI DVD DIDRonIRLV g          (3) 

0)/()1(  RoV oDI             (4) 

It is easy to demonstrate that the static gain M = Vo/Vg is 
given by [17]: 
















































RoD

RDDDRonRLV g

V DD

DV g

V oM

.2)1(

)1(
1

1
.

)1(
1.

)1(

1

              (5) 
Theoretical efficiency of the boost converter, given by η, can 
be estimated by the following expression [17]: 
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3 2-stage switched capacitor boost based dc-dc 
converter 

The 2-stage SC boost based converter is derived from 
the basic boost converter by introducing a 2-stage SC cell as 
voltage doubler [18], as seen in Fig. 4. Here, SC cell allows 
the boost converter to achieve higher output voltage for the 
same duty cycle as for basic boost converter. 
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Fig. 4:  2-stage SC based boost converter[18]. 

3.1 Operation of 2-stage switched capacitor boost 
based dc-dc converter 

When the inductor current is continuous, there are two 
operating modes for the converter. Figure 5 (c) shows the key 
waveforms of the converter, where Vgs is the driving signal of 
the switch; VC1 and VC2 are the voltages of capacitors C1 and 
C2, respectively and iL is the current of the inductor. During 
time [t0-t1]: switch Q is conducting and the input voltage 
source charges L. At this point in time, C2 and C1 are 
connected in series to supply the load through Q as presented 
in Fig. 5 (a). Thus, the voltage across the series combination 
of C2 and C1 decreases by a half. During time [t1-TS], the 
switch is turned off, such that L charges C2 and C1 via D1 and 
D2 respectively as shown in Fig. 5 (b). 
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Fig. 5: (a) current flow when switch on state, (b). current 
flow when switch off state, (c). Steady state waveform 

inductor in CCM operation. 
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3.2 Analysis of 2-stage switched capacitor boost 
based dc-dc converter 

2-Stage SC boost converter has been employed for 
high conversion gain and efficiency. Figure 6 and 7 show the 
equivalent circuit models during switch on and off time, 
respectively. Here, the parasitic resistive elements have also 
been considered as depicted in Fig.7. During the on state, 
voltage is supplied to the load through the series connected 
capacitors C1, C2 where VC1 = VC2. With the capacitor 
connected in series, half of the total output voltage, VO/2 
drops across the capacitors, whereas, the other half is supplied 
to the load. Observing Fig. 6, voltage drop across Ron and RD1 

and RD2 cancel out each other’s effect due to opposite 
polarities. Fig. 7 illustrates the equivalent circuit model for 
Fig. 5 (b) during off time [t1-TS]. During the off time, voltage 
is supplied to the load through Co. In addition, capacitors C1, 
C2 are charged in a parallel fashion, through the inductor RL. 
As observed, voltage across the parallel combination of 
capacitors VC1 + VC2 in the voltage loop of Fig. 7 is equal to 
the voltage across output capacitor, VCo. 

VC oVCVC  21              (8) 

Figure 8 presents the on time and off time inductor voltage 
and capacitor current equation. The volt-second balance 

V L
and current charge balance iC of the 2-stage SC boost 

based dc-dc converter are given by: 
0)2/22).( ).(1(   VoIRDV DIRLV gIRonIRLVgDV L D

              (9) 
0)2/)2/.( ).(1(   RoVoRoVoDiC ID         (10) 

Moreover, 
02/)1().1(2).1.(2).1(  oVDDVDRDI DVD DIDRonIRLV g  

                          (11) 
0)2/()1.(  RoVoDI                         (12) 

 
 

 
 

Fig. 6: Waveforms of inductor voltage and capacitor current 
in CCM for 2-stage switched capacitor boost based dc-dc 

converter. 
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Fig. 7. 2-stage switched capacitor boost based dc-dc converter 

equivalent circuit for switch on state. 
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Fig. 8: 2-stage switched capacitor boost based dc-dc converter 
equivalent circuit for switch off state. 

 

 
 

Fig. 9: 2-stage switched capacitor boost based dc-dc converter 
equivalent circuit. 

 
It is easy to demonstrate that the static gain M = Vo/Vg is 
given by: 
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Therefore, the efficiency is given by : 

V g

V CD 2,1)1(                (14) 

According to equation (8): 
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4 Results and Discussion 

In order to visualise the effect of parasitic elements on 
the converters, the variations of voltage gain and efficiency 
against duty cycle are plotted using MATLAB. For more 
realistic results, the values of the parasitic elements are 
selected based on actual components: RDS(on) is 0.085 Ω based 
on power switch IXTH 40N30, VD is 1.41 V for diode 
30CPF12PbF, load is Ro= 600 Ω and Vg is 35 V.  

Figure 10(a) shows the gain verses duty ratio curve by 
plotting the gain equations (5) and (13) in MATLAB. 
Ideally, if no parasitic resistive elements (RL=0, Ro=600, 
Ron=0, RD=0, VD=0) are considered, the addition of 2-stage 
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SC to the basic boost converter offers a voltage gain higher 
than the conventional topology. However, it is clear from 

  
(a) 

 
(b) 

Fig. 10: (a) Voltage gain comparison (b) efficiency 
comparison. 

 
Fig. 10 (a) that the parasitic resistive elements significantly 
affect the gain of both topologies. For non-ideal condition, the 
parasitic resistive elements considered are of value (RL=0.6, 
Ro=600, Ron=0.085, RD=0, VD=1.41). As expected, the gain of 
the 2-stage SC boost based dc-dc converter remains 
approximately two times higher than the gain of the 
conventional boost converter, due to the voltage doubling 
effect. For values of the parasitic elements taken into 
consideration, the maximum voltage gain is limited to about 
14.5 for basic boost. The use of SC effectively extended the 
gain to 30.  

In addition, Fig. 10 (b) provides an efficiency verses duty 
ratio curve by plotting the efficiency equations (7) and (16), 
in MATLAB. Ideally, if no parasitic resistive elements (RL=0, 
Ro=600, Ron=0, RD=0, VD=0) are considered, their respective 
efficiency equations offer 100% efficiency for both 
converters. For non-ideal conditions, the efficiency of the 
conventional boost converter appears slightly above the boost 

converter with 2-stage SC. This is due to the fact that the 
addition of 2-stage SC adds parasitic elements resulting into 
slightly higher losses. However, the efficiencies for both 
converters are quite close to one another, and converge as the 
duty cycle increases. In general, the efficiencies of both 
converters are reasonably good for duty cycle below 0.8, but 
quickly deteriorate as the duty cycle increases.  

4 Conclusion 

 In this paper, the theoretical voltage gain and efficiency 
of a basic boost converter and a boost converter with 2-stage 
SC has been analyzed and compared. As expected, the 
voltage gain of the 2-stage SC based boost converter is higher 
than the basic boost converter for the same duty ratio, at the 
cost of lower efficiency. However if the objective is to obtain 
the same voltage gain, the 2-stage SC boost based converter 
gives the same gain at a lower duty ratio, resulting in 
compensation of efficiency with the basic boost converter. 
Even though the cost of a 2-stage SC based boost converter is 
higher than that of a basic boost converter, it allows the 
extension of the voltage gain that would otherwise not be 
practically viable with the basic boost. Furthermore, the 
difference in terms of efficiency for both converters is quite 
marginal, especially for practical duty in the range of 0.5-0.9. 
All this assures the suitability of SC-based boost-converter to 
replace basic boost converter for high voltage gain 
application. 
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