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Abstract—Multi-cell diode-capacitor/inductor based boost 

derived DC-DC converter provides a simple solution for high 
step-up voltage regulation in solar and fuel cell generation. 
However, many passive components increase the order of system 
model and complexity. Transient modeling analysis reveals that 
time constant of each component in diode-capacitor/inductor 
network is much smaller than that of other circuit if the directly 
charging and discharge processes between capacitor through 
diode is fast enough. The voltage/current relationship of each 
capacitor/inductor in multi-cell network is fixed. Multi-cell diode-
capacitor/inductor network can be seemed as multi-stage DC 
transformer. Based on the unique feature, this paper proposes 
the reduced-order modeling approach for high step-up DC-DC 
converter with multi-cell diode-capacitor/inductor network. 
Finally, simulation and experiments verify the correctness and 
effectiveness of new modeling approach. The unified reduced-
order model contributes to better understanding of circuit 
characteristic and simplification of controller parameters design.  

Keywords—Controller design; DC-DC converter; Multi-cell 
diode-capacitor/inductor network; High voltage gain; Reduced-
order model; 

I. INTRODUCTION 

Given the efficiency and environmental benefits, solar and 
fuel cell generation systems have rapidly developed in recent 
years. In photovoltaic (PV) systems, it is difficult to realize a 
series connection of PV cells without incurring shadow effect 
[1]. Fuel cell and lightweight battery power supply system are 
promising in future hybrid electric vehicle, more-electric 
aircraft and vessel. However, the obvious characteristic of 
these dc sources is low voltage supply. The basic DC-DC 
converter has encountered voltage boost limitation due to the 
parasitic parameters of main circuit. Therefore, high step-up 
voltage boost capability is the requirement of power electronic 
converter with wide input voltage range, high efficiency and 
high power density. It has been the key scientific and technical 
issue in above renewable energy generation [2]-[15]. 

High voltage gain techniques mainly includes isolated DC-
DC converter with transformer, non-isolated DC-DC converter 
with couple inductor, multi-stages cascade structure, modular 
multilevel, switch-capacitor/inductor and impedance network. 
In which, a family of basic boost derived DC-DC converter 
introduces diode-capacitor/inductor network to achieve high 
voltage gain and avoid extreme large duty ratio. With the 

increasing number of basic voltage boost cell, voltage gain can 
be further increased. Moreover, it does not increase control 
circuit complexity due to only one fully controllable switch. 
Compared to other existing techniques, high step-up DC-DC 
converter with diode-capacitor/inductor network are promising 
in aforementioned medium and small power generation system. 

Multi-cell diode-capacitor/inductor network introduces a lot 
of passive components which increases the order of system 
model. Moreover, it increases the complexity of modeling and 
closed-loop controller design. The typical modeling method 
for basic DC-DC converter is not suitable directly. Therefore, 
research on reduced-order modeling approach is necessary. 

This paper first makes transient analysis and reveals that 
the time constant of diode-capacitor/inductor network is much 
smaller than that of other passive components. The capacitor 
voltage relationship among multi-cell diode-capacitor/inductor 
network is fixed and independent to boost duty ratio. Based on 
this unique feature, this paper proposes the reduced-order 
modeling method for this kind of high step-up DC-DC 
converter. Then, the unified average model and small signal 
transfer function are derived. Finally, simulation and 
experiment verify the correctness of the reduced-order model. 

II. HIGH STEP-UP DC-DC CONVERTER WITH MULTI-CELL 

CAPACITOR/INDUCTOR NETWORK 

A family of existing high step-up DC-DC converter 
introduces basic diode-capacitor/inductor voltage boost cell, 
whose network structure and future have obvious similarity. 
One typical network structure is shown in Fig.1. In which, a, b, 
c can be replaced with diode, capacitor or inductor. Based on 
this structure, Table.1 lists all the useful voltage regulation 
cells with symmetrical distribution of diode and passive 
component. According to terminal number, future and voltage 
regulation capability, they can be divided into two/three/four-
terminal cell, voltage/current-source cell, and impedance-
source cell. Where, impedance-source cell is also named as Z-
source network, which is not discussed in this paper. As for 
other cells, capacitor voltage and inductor current direction are 
unique due to unilateral conduction of diode. Taking two-
terminal diode-inductor network for example, two inductors 
charge in parallel and discharge in series. Thus, it has voltage 
boost capability. As for two-terminal diode-capacitor cell, it 
just has voltage buck capability. Appling all the voltage boost 
cell in basic boost DC-DC converter, the derived high step-up 
DC-DC converters are shown in Fig.2. 
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With increasing number of basic diode-capacitor/inductor 
cells, voltage gain of boost derived DC-DC converter can be 
further increased. One way is to introduce multi-cell network 
with the same voltage-boost cells in cascade connection. And 
another way is to use different kinds of voltage-boost cell. 
However, multi-cell network with the same basic cell may 
have more than one extension method. 

According to terminal characteristic, two-terminal diode-
inductor/capacitor network can be seemed as a controlled 
current source, which is similar to inductor. Thus, besides the 
exiting multi-cell cascade extension method, each inductor in 

two-terminal diode-inductor/capacitor cell can be substituted 
by a new cell, which is called embedded extension in this 
paper. Fig.3 shows the possible multi-cell extension methods 
with cascade, embedded and hybrid connection (N=3). The 
different kinds of three-cell diode-inductor network have the 

 
Fig.1 The symmetrical diode-capacitor/inductor network. 

Table.1 Diode-capacitor/inductor voltage regulation cell 
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Fig.2 Boost derived high step-up DC-DC converter with basic diode-capacitor/inductor cell. 
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(a) Cascade connection. 

 
(b) Embedded connection. 

 
(c) Hybrid connection.

Fig.3 Multi-cell extension approaches with two-terminal diode-inductor cell (N=3). 



same number of component and voltage boost capability. In 
steady state, every inductor current is almost constant and 
equals to each other. When the terminal-voltage v12 is positive, 
D11，D12，D21, D22, D31, D32 are conducting, and current 
distribution is listed in Table.2. When v12 is negative, the 
current of D10，D20，D30 is iL. Obviously, with embedded 
extension method, the diode conduction loss is minimum 
during v12 ≥ 0 interval, which is 2/3 of cascade connection. 
Thus, it achieves high efficiency. 

Table.2 Analysis of diode conduction current in multi-cell two-terminal diode-
inductor network (N=3) 

Terminal voltage v12 ≥ 0 

Derivation approach D11 D12 D21 D22 D31 D32 Sum

Cascade connection 2iL 2iL iL 3iL 3iL iL 12iL

Embedded connection 2iL 2iL iL iL iL iL 8iL 

Hybrid connection 2iL 2iL iL 3iL iL iL 10iL

 
For three/four-terminal diode-capacitor/inductor cell, the 

existing cascade extension method is the optimal one among 
different multi-cell connections. 

III. AVERAGE MODEL OF DC-DC CONVERTER WITH MULTI-CELL 

CAPACITOR/INDUCTOR NETWORK 

For high step-up DC-DC converter with multi-cell diode-
capacitor/inductor network, the typical state space average 
modeling approach is not suitable directly. Evidently, it needs 
some modification. For simple analysis, it is assumed that all 
the capacitors and inductors in symmetrical multi-cell network 
have the same capacitance and inductance. 

A. High step-up DC-DC Converter with two-terminal diode-
inductor/capacitor network. 

Fig.5 shows high step-up DC-DC converter with multi-cell 
two-terminal diode-inductor network. And Fig.6 shows two 
equivalent circuits according to the switching state of S. 

 
Fig.5 High step-up DC-DC converter with multi-cell two-terminal diode-
inductor network. 

During S=ON interval, DC source charges all the inductors 
in parallel connection, and transfer its electrostatic energy to 
magnetic energy. Taking all the inductor current and capacitor 
voltage as state variables, the state equation for this interval is: 
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(a) During S=ON interval. 

 
(b) During S=OFF interval. 

Fig.6 The equivalent circuit of high step-up DC-DC converter with multi-cell 

diode-inductor network. 

During S=OFF interval, DC source and all the inductors 
L11, L12, L21, L22…LN1, LN1  are connected in series to charge 
C0. The state equation for this interval is: 
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Obviously, every inductor has almost same current. Using 
state-space averaging method in one switching time period Ts, 
the average model can be obtained by d×(1)+(1-d)×(2). 
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In this model, the control variable is d; the state variable to 
be controlled is iL0, iL1, … iL(M-1), iLM and vC0. The equilibrium 
operation point in steady state for given duty ratio d=D is 
calculated by assuming the derivatives equal to zero. 
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From (3), the equivalent circuit of average model is shown 
in Fig.7, in which A=(1+Md), Le=(1+M)L0, X=(1-d), Ce=C0. 

 
Fig.7 The average model of high step-up DC-DC converter with multi-cell 
two-terminal diode-inductor network. 

Similarly, for high step-up DC-DC converter with multi-
cell two-terminal diode-inductor/capacitor network shown in 
Fig.8. The state equations during S=ON and S=OFF interval 
can be written as (5) and (6), respectively. 



 
Fig.8 High step-up DC-DC converter with multi-cell two-terminal diode-
inductor/capacitor network. 
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Moreover, during S=ON interval, DC source charges every 
capacitor in diode-inductor/capacitor network through diodes. 
Assuming the capacitor voltage is almost constant in one 
switching time period, every capacitor meets: 

1 2= ...=C C CMv v v                              (7) 
Using state-space averaging method and substituting (7) 

into (6), the reduced model is obtained by d×(5)+(1-d)×(6). 
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From (8), the equivalent circuit structure of average model 
for high voltage gain DC-DC converter with multi-cell two-
terminal diode-capacitor/inductor network is the same as Fig.7, 
in which, A=(1+M), Le=(1+M)L0, X=(1-d), Ce=C0. 

B. High step-up DC-DCC Converter with four-terminal diode 
-capacitor network. 

High step-up DC-DC converter with one-cell diode-
capacitor network shown in Fig.2(f) is analyzed first. It has 
two operation modes according to the switching state of S. 
Using state space averaging method in one switching time 
period, the state equations can be obtained as: 
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From (9), using the controlled voltage/current source to 
reflect the relationship of DC transformer, the equivalent 
circuit of average model is show in Fig.9, in which Le=L0, 
Ce=2C11, X=(1-d), Y=(1+d). 

Fig.9 The average model of high step-up DC-DC converter with four-terminal 
diode-capacitor network and output LC filter.

 As for high step-up DC-DC converter with multi-cell four-
terminal diode-capacitor network and output LC filter shown 
in Fig.10, during S=ON interval, C11 and C12 are connected in 
series to charge C21 and C22; C21 and C22 are connected in 
parallel. Due to symmetric network, each capacitor voltage in 
diode-capacitor network meets: 
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Fig.10 High step-up converter with multi-cell four-terminal diode-capacitor 
network and output LC filter. 

Evidently, (10) is always satisfied without considering the 
change of duty ratio of S. The time constant of charge and 
discharge process for diode-capacitor network is much smaller 
than that of other components such as L0 and LC filter. In 
diode-capacitor network, the voltage relationship of each 
capacitor is fixed and independent of duty ratio. Ignoring 
diode voltage drop and switching loss, multi-cell diode-
capacitor network can be seemed as the ideal multi-stage DC 
transformer shown in Fig.11. According to the basic circuit 
theory, multi-stage DC transformers can be further simplified 
as single-stage transformer with capacitor. The transformer 
reflects voltage boost ratio and Ce reflects the stored energy in 
this multi-cell diode-capacitor network. CE can be calculated 
by (11) according energy balance between multi-cell diode-
capacitor network and single-stage DC transformer. 
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Fig.11 The equivalent circuit of multi-cell diode-capacitor network 

After simplification, the average model equivalent circuit 
of high step-up DC-DC converter with multi-cell four-terminal 



diode-capacitor network and LC filter is the same as Fig.9, in 
which Le=L0. Table 3 lists the key parameters for CE and Y. 

Table.3 Main parameters of the equivalent average model. 

Cell Numbers (N) Equivalent Capacitance (CE) Y(d,N) 
1 2C11 1+d 
2 10C11 3-d 
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Similarly, for high step-up DC-DC converter with multi-

cell four-terminal diode-capacitor network and without output 
LC filter shown in Fig.12, multi-cell network and D0, C0 
realize voltage multiplier. The voltage relationship between 
each capacitor is fixed and independent. Therefore, multi-cell 
diode-capacitor network are simplified and equivalently 
transferred to the output side according to energy balance. 

Fig.12 High step-up converter with multi-cell four-terminal diode-capacitor 
network. 
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After simplification, using state-space averaging method 
the state equation of average model can be derived as  
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From (13), the equivalent circuit structure of average 
model for high step-up DC-DC converter with multi-cell four-
terminal diode-capacitor network and without LC filter is the 
same as Fig.7, in which Le=L0, Ce=[N(2N+1)/3/(N+1)]C11 +C0, 
A=1, X=(1-d)/(N+1), vCe= (N+1)/(1-d)vin. 

C. High step-up DC-DC Converter with three-terminal diode-
capacitor/inductor network. 

Fig.13 shows high step-up DC-DC converter with multi-
cell three-terminal diode-capacitor network. During S=ON 
interval, D10, D20…DK0 are conducting. C0 charges C11 through 
D10, C12 charges C21 …ect．During S=OFF interval, D11, D12, 
D21, D22…DK1, DK2 are conducting. C11, C12 and C21, C22 … 
and CN1, CN2 are connected in parallel through conducting 
diode. Assuming capacitor voltage in one switching time 
period is almost constant, each capacitor always meets: 

11 12 21 22 2...=C C C C CK CKv v v v v v= = = =1        (14) 
With aforementioned simplification method, Ce of multi-

cell diode-capacitor network including C0 can be calculated 
according to energy balance, in which Ci1=Ci2=C0. 

 
Fig.13 High step-up converter with multi-cell three-terminal diode-capacitor 
network. 
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After simplification, using state-space averaging method, 
the state equation of average model can be derived as 
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From (16), the average model of high step-up DC-DC 
converter with multi-cell three-terminal diode-capacitor net-
work and without LC filter is the same as Fig.7, where Le=L0, 
Ce=(2K+1)/(K+1)2C11, A=1, X=(1-d)/(1+K), vCe=(1+K)/(1-d)vin. 

Fig.14 shows high step-up DC-DC converter with multi-
cell three-terminal diode-capacitor/inductor network. Fig.15 
shows two equivalent circuits during different switching state. 

 
Fig.14 High step-up DC-DC converter with multi-cell three-terminal diode-
capacitor/inductor network. 

Form the equivalent circuits, the state equation during 
S=ON and S=OFF interval can be derived as (17) and (18). 

Using state-space averaging method in one switching time 
period Ts, the average model can be obtained by d×(17)+(1-
d)×(18). Moreover, due to symmetrical network and consistent 
parameters, it is assumed both capacitors in one cell have the 
same terminal voltage at the end of one switching time period. 
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(a) During S=ON interval 

 
(b) During S=OFF interval 

Fig.15 The equivalent circuit of high step-up DC-DC converter with multi-
cell three-terminal diode-capacitor/inductor network. 

The circuit structure of equivalent average model for high 
voltage gain DC-DC converter with multi-cell three-terminal 
diode-capacitor/inductor network is shown in Fig.16. in which 
Le=KL10, Ce=2C11/K, vCe= KvC11. 

 
Fig.16 The average model of high step-up DC-DC converter with multi-cell 
three-terminal diode-capacitor/inductor network. 

IV. SMALL SIGNAL MODEL OF DC-DC CONVERTER WITH MULTI-
CELL CAPACITOR/INDUCTOR NETWORK 

Based on the reduced-order average model of high step-up 
DC-DC converters with different kinds of diode-capacitor/ 
inductor network in Section.III, performing small signal 
perturbation at given equilibrium point and ignoring the high-
order infinitesimals, the small signal model and control-to-
output transfer function can be derived easily. Table.4 lists the 
small signal model, transfer function and equivalent operation 
points of reduced two-order system model for high step-up 
DC-DC converters with two-terminal diode-inductor/capacitor 
cell, and three/four-terminal diode-capacitor without output 
LC filter. And Table.5 lists the small signal model and the 
equivalent operation points of reduced four-order system 
model for high step-up DC-DC converter with three/four-
terminal diode-capacitor and output LC filter.  

Table.4 Small signal model and transfer function of reduced two-order model for high step-up DC-DC converters with multi-cell diode-capacitor/inductor network. 
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Table.5 Small signal model of reduced four-order model for high step-up DC-DC converters with multi-cell diode-capacitor/inductor network. 
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V. SIMULATION AND EXPERIMENT VERIFICATION 

Numerical simulations using MATLAB/Simulink have 
been performed to verify the aforementioned reduced-order 
modeling approach and the theoretical analysis. Fig.17 shows 
waveforms of high step-up DC-DC converter with two-cell 
four-terminal diode-capacitor network and LC filter in time 
domain for the step-up of duty ratio from 0.5 to 0.7 at 
t=0.2s and step-down at t=0.9s. The main circuit parameters 
are: L0=5mH; C11=50uF; Lf=10mH; Cf=500uF; Vin=60V; 
fs=10kHz. The dynamic response of inductor current and 
output voltage for the reduced four-order model are almost 
consist with the original real circuit with two cells diode-
capacitor network. 
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Fig.17 Time-domain waveforms of high step-up DC-DC converter with two-
cell four-terminal diode-capacitor network and LC filter. 

Fig.18 shows the corresponding frequency characteristic of 
high step-up DC-DC converter with four-terminal diode-
capacitor network and LC filter.  
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Fig.18 Frequency characteristic of high step-up DC-DC converter with two-
cell four-terminal diode-capacitor network and LC filter. 

Fig.19 shows the frequency characteristic of high step-up 
DC-DC converter with three-terminal diode-capacitor network. 
The simulation results and theoretical calculation value are 
almost consistent with each other during low frequency range. 
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Fig.19 Frequency characteristic of high step-up DC-DC converter with two-
cell three-terminal diode-capacitor network. 

A laboratory prototype was built to verify the proposed 
modeling approach and closed-loop controller design. The 
specification of the prototype are Vin=48V; L=1mH; 
C=50uF; Lf=5mH; Cf=500uF; RL=140Ω; fs=10kHz, N=2. 



Fig.20 shows the measured frequency characteristic for high 
step-up DC-DC converter with two-cell diode-capacitor 
network and LC filter. 
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(a) Duty ratio to boost inductor current GiL_d(s). 
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(b) Duty ratio to output capacitor voltage Gvo_d(s). 

Fig.20. Bode diagram of duty ratio to capacitor voltage Gvo_d(s) for high 
voltage gain DC-DC converter with two-cell four-terminal diode-capacitor 
network and LC filter. 

The simulations and experiments prove the validity of the 
reduced-order modeling approach, which are suitable for high 
step-up DC-DC converter with multi-cells diode-capacitor/ 
inductor network. 

VI. CONCLUSION 

Reduced-order modeling approaches are one of the main 
challenges for step-up DC-DC converter with multi-cell diode-
capacitor/inductor network. Transient modeling analysis 
reveals that time constant of each component in diode-
capacitor/inductor network is much smaller than that of other 
circuit if the directly charging and discharge processes 
between capacitor through diode is fast enough. The voltage/ 
current relationship of each capacitor/inductor in multi-cell 
network is fixed. Multi-cell diode-capacitor/inductor network 
can be seemed as multi-stage DC transformer. Based on the 
unique feature, this paper proposes the reduced-order model-

ing approach, which is suitable for high step-up DC-DC 
converter with multi-cell diode-capacitor/inductor network. 
The unified reduced-order model contributes to better 
understanding of circuit characteristic and guide for linear 
controller parameters design. The simulations and experiments 
prove the validity of theoretical analysis and reduced-order 
modeling approach. 
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