
884                    Journal of Power Electronics, Vol. 17, No. 4, pp. 884-891, July 2017 

 
 https://doi.org/10.6113/JPE.2017.17.4.884 

ISSN(Print): 1598-2092 / ISSN(Online): 2093-4718 

 

JPE 17-4-4 

Improved Transfer Functions for Modified 
Sheppard-Taylor Converter that Operates in CCM: 

Modeling and Application 
 

Faqiang Wang† 
 

†State Key Laboratory of Electrical Insulation and Power Equipment, School of Electrical Engineering,  
Xi’an Jiaotong University, Xi’an, China 

 

 
Abstract 

 

The improved transfer functions of the modified Sheppard–Taylor (MS-T) converter, which is capable of regulating output 
voltage under a wide range of input voltage and load variations, negligible current ripple, and fewer components in comparison to 
the Sheppard–Taylor (S-T) converter, operating in continuous conduction mode (CCM) are investigated in this study. Its DC 
equilibrium point, small signal model, and transfer functions are derived and analyzed. Then, the voltage controller is applied for this 
MS-T converter. The comparisons between the derived model and the existing model are presented. The hardware circuit is designed 
and the circuit experiments are provided for validation. The results show that the improved transfer functions of the MS-T converter 
are more effective and general than the previous ones for describing its real characteristics. 
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I. INTRODUCTION 

In recent years, to obtain the high output voltage to satisfy 
the increasing requirements in practical applications, many 
effective topologies of boosting voltage DC-DC converters 
have been proposed [1]-[7], such as Boost converter, Cuk 
converter, Sepic converter, Zeta converter, Luo converter, KY 
converter, and Sheppard–Taylor (S-T) converter. In 2011, Hua, 
Chiang, and Li [8] developed a new topology called modified 
Sheppard–Taylor (MS-T) converter to boost the voltage 
DC-DC converter by removing certain components of the S-T 
converter. Compared to other boosting voltage DC–DC 
converters, this MS-T converter has particular beneficial 
features. For example, compared to the KY converter whose 
voltage conversion ratio is one plus the duty cycle [6], the 
MS-T converter is capable of regulating output voltage under a 
wide range of input voltage and load variations. Compared to 
the S-T converter that includes four diodes and two inductors 

[7], the MS-T converter has fewer components and only 
includes three diodes and one inductor. Compared to the Zeta 
converter, the MS-T converter has negligible input current 
ripple so that an input filter is unnecessary. Thus, the MS-T 
converter is a good topology to obtain high voltage to obtain 
sufficient output power. Therefore, establishing the effective 
and general model for the MS-T converter is necessary to 
describe its real dynamic behaviors to provide effective 
guidance for control design.  

However, to date, only a few studies on this subject have 
been found in the open literature. In [9], the MS-T converter 
and its basic circuit operation principles have been explored. 
The mathematical model of the MS-T converter has been 
derived, and its output voltage ripple and the boundary between 
continuous and discontinuous conduction modes have also 
been presented. In [10], the averaged and small signal models 
for this MS-T converter operating in continuous conduction 
mode (CCM) have been derived. Then, its transfer functions 
are established and analyzed. Nevertheless, all the derivations 
and analyses of small signal model in [10] are based on the 
particular assumption that the MS-T converter has only two 
modes in CCM and that the voltage across two capacitors are 
the same. Thus, the transfer functions in [10] are not 
sufficiently effective and general to describe the real 
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characteristics of the MS-T converter if these particular 
assumptions are not satisfied. Accordingly, when the physical 
situation is fully considered, the improved transfer functions of 
the MS-T converter operating in CCM are derived and 
analyzed by establishing its improved average and small signal 
models. Then, based on the derived transfer functions, the 
voltage controller is applied for this MS-T converter. 

The rest of the paper is organized as follows: in Section II, 
the circuit operations of the MS-T converter operating in CCM 
are briefly described and some insights are presented. In 
Section III, the improved average and small signal models of 
the MS-T converter that operate in CCM are established and its 
transfer functions are derived and analyzed. In Section IV, the 
voltage controller is applied for this MS-T converter. In 
Section V, the comparisons are presented to validate the 
effectiveness of the derived model. In Section VI, the circuit 
experimental results are provided for further validation. Finally, 
concluding comments are provided in Section VII. 

 

II. CIRCUIT OPERATIONS AND SOME INSIGHTS 

The MS-T converter is shown in Fig. 1. It consists of two 
power switches, Q1 and Q2; three diodes, D1, D2, and D3; two 
capacitors, C1 and C2; one inductor L; one input voltage vin; 
and one load RL. Both two power switches (Q1 and Q2) that 
operate synchronically are controlled by the same PWM 
signal vd with the switching frequency being f (T=1/f) and the 
duty cycle being d. The current through the inductor L and 
capacitor C1 are denoted by iL and i1, respectively. The 
voltages across the capacitors (C1 and C2) are denoted by vC1 
and v0, respectively. The components are assumed ideal. 

The MS-T converter operating in CCM has three possible 
operational modes; that is, modes 1, 2, and 3, which are 
shown in Fig. 2.  

Mode 1 (Fig. 2(a)) is described as two power switches (Q1 
and Q2) that are turned on and three diodes (D1, D2, and D3) 
that are turned off. Thus, the inductor L is magnetized and 
both the capacitors (C1 and C2) are discharged so that 
voltages vC1 and v0 decrease. The corresponding equations for 
the MS-T converter operating in mode 1 can be established as 
follows: 
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Mode 2 (Fig. 2(b)) is described as two power switches (Q1 
and Q2) and diode D3 that are turned off while the diodes D1 
and D2 are turned on. Thus, the capacitor C1 is charged by the 
input voltage vin together with the inductor L, and the 
capacitor C2 remains discharged. Thereby, the voltage vC1 
increases, whereas the voltage v0 decreases. The  
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Fig. 1. Circuit schematic of MS-T converter. 
 

2D

2C
LR

+

-

0v
inv

1C
+- 1Cv

1Q

LLi

2Q
1D

3D




1i

 
(a) 

2D

2C
LR

+

-

0v
inv

1C
+- 1Cv

1Q

LLi

2Q
1D

3D




1i

 
(b) 

2D

2C
LR

+

-

0v
inv

1C
+-

1Cv
1Q

LLi

2Q
1D

3D




1i

 
(c) 

 

Fig. 2. Possible operational modes of MS-T converter operating 
in CCM. (a) Mode 1. (b) Mode 2. and (c) Mode 3. 

 
corresponding equations for the MS-T converter that operates 
in mode 2 are given by 
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Mode 3 (Fig. 2(c)) is denoted such that two power switches 
(Q1 and Q2) are turned off and three diodes (D1, D2, and D3)  
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Fig. 3. PSIM simulated time-domain waveforms of the MS-T 
converter operating in CCM. (a) The inductor current iL and the 
PWM signal vd. (b) The voltage vC1 (solid line), the voltage v0 
(dashed line) and the PWM signal vd. 

 
are turned on. Thereby, both the capacitors C1 and C2 are 
charged by the input voltage vin together with the inductor L. 
The voltage vC1 equals the voltage v0. The model for the 
MS-T converter that operates in mode 3 can be expressed as 
follows: 
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Based on the PSIM software [11-12] and by choosing 
vin=6V, L=1 mH, C1=5 μF, C2=22 μF, RL=50 Ω, f=20 kHz, 
T=1/f, and D=0.3, the time-domain waveforms of the inductor 
current iL and the PWM signal vd of the MS-T converter 
operating in CCM are shown in Fig. 3(a), and its voltage vC1, 
voltage v0, and PWM signal vd are shown in Fig. 3(b). Figure 
3 indicates that the MS-T converter has three modes and that 
the voltage vC1 is not equal to the voltage v0 in the entire 
switching period. However, the derivations and analyses of 
transfer functions of the MS-T converter operating in CCM in 
[10] are only suitable for the particular assumption that the 
MS-T converter operating in CCM has only two modes and 
the voltage vC1 is equal to the voltage v0 in the entire 
switching period. Thus, using the extant model in [10] to 
describe the real dynamical behaviors of the MS-T converter 
in other situations is difficult. 

 

III. IMPROVED TRANSFER FUNCTIONS 

To establish the improved transfer functions of the MS-T 
converter operating in CCM, some symbols are first defined. 

x is the average value of x, where x is the circuit variables, 
such as iL, i1, vC1, v0, d, vin, vvf, and d11. X is defined as the DC 

value of x, and x̂  is defined as its small ac value. 

Furthermore, the following equation is assumed: 
ˆ ˆwithx X x x X     .           (4) 

As described in Section II, generally, the MS-T converter 
that operates in CCM has three modes: 1, 2, and 3. From 
equations (1), (2), and (3) and using the averaging method 
[13], the averaged model of the MS-T converter operating in 
CCM can be directly obtained as follows: 

1 11 0 11

0 1 0
11

2 2 2

( ) (1 )

( )(1 )

L in C

L

L

d i v v d d v d d

dt L
d v i i v

d d
dt C C R C

             
             


.    (5) 

Obviously, the items vC1, i1, and d11 in (5) lead these 
equations to be incomplete. In other words, deriving the 
expressions for these three items is necessary. To see the 
relationship between the voltage v0 and voltage vC1 clearly, 
the close-up view of Fig. 3(b) is presented and shown in Fig.4. 
Notably,  the voltage v0 and the voltage vC1 are denoted by 
VN11 at NT, VN14 at (N+1)T, and VN13 at (N+d+d11)T. VN11=VN14. 
The voltage vC1 is denoted by VN12 at (N+d)T. From (1), (2), 
(3) and Fig. 4, the following equations can be derived by 
using the geometrical technique: 
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Thus, the expression for d11 can be derived by using (6)  
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Fig. 4. Close-up view of voltage vC1, voltage v0, and PWM signal 
vd. 

 
minus the sum of (7) and (8). 
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By using the geometrical technique and Fig. 4, the voltage 

v0 and the voltage vC1 can be given by 
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Consequently, the voltage vC1 can be derived by 
subtracting (11) from (10) and using (6), (7), and (9). 
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Besides, based on the ampere-second balance, i1 can be 

expressed as a function of iL, d and d11 to be 
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By substituting (9), (12), and (13) into (5), the complete 
improved averaged model of the MS-T converter can be 
obtained as follows: 
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The DC equilibrium point of the MS-T converter operating 
in CCM can be obtained by substituting (4) into (9), (12), and 
(14), and then all small ac components are set as zero. The 
result is 
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From (16), (17), and (18), the voltage V0, the inductor 
current IL and voltage VC1 include not only the duty cycle D 
and input voltage Vin, but also the two capacitors (C1 and C2), 
the switching period T, and the load RL.  

By taking (4) into (14) and then extracting the ac parts and 
neglecting the high-order small ac terms because their values 
are small, the small signal model of the MS-T converter 
operating in CCM can be given by 
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Then, the transfer functions including the input-to-output 
transfer function Gvv(s), the control-to-output transfer 
function Gvd(s), the input-to-inductor current transfer function 
Giv(s), and the control-to-inductor current transfer function 
Gid(s) of the system can be derived by using Laplace 
transform on (19) and their respective definitions. 
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IV. CLOSED-LOOP TRANSFER FUNCTION 

  In this section, the voltage controller is applied to control 
the MS-T converter and its circuit schematic is shown in Fig. 
5. 

This circuit can be described by the following equation: 

  0 1 1 1
( ) ref

vf vf m vf vi vi vd vf m vf

Vdd d v

dt R C V C R R R R V C
      ,   (24) 

where Vref is the reference voltage and Vm is the peak-to-peak  
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Fig. 5. Circuit schematic of voltage controller. 

value of the ramp signal Vramp. 
By taking (4) into (24) and then separating the DC and 

small ac values, the following expressions can be obtained: 
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Accordingly, the closed-loop transfer function from the 
input to output can be derived by combining (16), (20), (21), 
(25), and (26). 
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If all the poles of (27) are on the left side of the complex 
plane, the system is in stable operation. 

 

V. COMPARISONS 

To validate the effectiveness of derivations preliminary, 
the derived models in this study and the existing models in 
[10] are calculated in theory and compared with the PSIM 
simulations in this section. Notably, the PSIM simulations on 
the bode diagram are obtained from the switch model of the 
MS-T converter, and not from its averaged model. Thus, it 
can be used to confirm the effectiveness of the derived 
transfer functions [11–12], preliminary. 

A. Comparisons of DC Model in Open Loop 

From (17), the inductor current IL under different values of 
the input voltage vin can be calculated and shown in Fig. 6. 
Moreover, the corresponding DC values from the existing 
model [10] and from the PSIM simulations are also computed 
and plotted in Fig. 6. The results from the derived model in 
this study are more in good agreement with the PSIM 
simulations than those in [10]. 
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Fig. 6. Comparisons of inductor current IL among derived model, 
existing model in [10], and PSIM simulations. 
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Fig. 7. Comparisons of input-to-output transfer function among 
the derived model, existing model in [10], and PSIM simulations. 
 

B. Comparisons of Transfer Function in Open Loop 

As is well known, the precise transfer function of the 
system is useful in describing its small signal dynamical 
behaviors and providing a good guidance for control design. 
Thus, validating its effectiveness is necessary. In this study, 
only the input-to-output transfer function Gvv(s) is chosen as 
an example to validate its effectiveness. The bode diagrams 
of Gvv(s) and Gvv0(s) (see Equation (40) in [10]) from the 
theoretical calculations and the PSIM simulations are shown 
in Fig. 7. The theoretical calculations about Gvv(s) are more in 
good agreement with the PSIM simulations than Gvv0(s) in 
[10].  
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TABLE I 
POLES OF GCVV(S) 

Cvf λ1,2 λ3 State 

1000nF -395.1±2583.7i -299.20 Stable 

400nF -232.2±2557.3i -775.10 Stable 
350nF -193.9±2558.3i -887.30 Stable 
300nF -144.5±2563.3i -1033.8 Stable 
250nF -79.30±2576.4i -1230.7 Stable 
205nF -1.800±2601.3i -1473.6 Stable 
204nF 0.200±2602.1i -1480.0 Unstable 
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Fig. 8. PSIM simulated time-domain waveforms of voltage v0 
and inductor current iL under Cvf=100 nF. 
 

C. Comparisons of Identification on Stability 

As is well known, the closed-loop transfer function can be 
used to identify the stability of the closed-loop controlled 
DC–DC converter. The circuit parameters for the voltage 
controller are chosen as Rvi=100 kΩ, Rvd=10 kΩ, Rvf=10 kΩ, 
Vm=4 V, f=20 kHz, and Vref=1.3 V. From (27), the poles of the 
voltage controlled MS-T converter under different values of the 
capacitor Cvf can be calculated and shown in Table 1. 
Obviously, if Cvf≥205 nF, the system is in stable operation. 
However, from the existing model in [10], the stable condition 
is Cvf≥75 nF. By taking Cvf=100 nF as an example, the PSIM 
simulations (Fig. 8) show that the system is indeed in unstable 
operation. Thus, the derived model in this study is more 
effective than the existing model in identifying the stability of 
the voltage-controlled MS-T converter. 

 

VI. CIRCUIT EXPERIMENTS 

To further verify the effectiveness of the improved transfer 
functions, the hardware circuit for the MS-T converter with 
the voltage controller is designed and shown in Fig. 9. The 
power switches (Q1 and Q2) are realized by the HEXFET 
Power MOSFET IRFP064N, and the diodes (D1, D2, and D3)  
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Fig. 9. Experimental circuit for voltage controlled MS-T 
converter. 

 
are realized by the switch mode power rectifiers MBR1645. 
The digital oscilloscope GDS 3254 and 
impedance/gain-phase analyzer HP4194A are used to capture 
the measured time-domain waveforms and the measured gain 
and phase in the probes, respectively. The high voltage 
differential probes P5200A is applied to detect the voltages 
vC1, the voltage v0, and the PWM signal vd on the output of 
photocoupler TLP250 that generates the floating drive signal 
for the power switch Q1. 

In addition, to obtain the gain and phase of the 
input-to-output transfer function of the MS-T converter from 
the circuit experiments, the small signal source vj from the 
single terminal of the impedance/gain-phase analyzer 
HP4194A is injected into the input voltage [14]. Then, by the 
reference channel (RC) is used to detect the small signal 
source vj and the test channel (TC) to detect the small signal 
output voltage response. The circuit for the small signal 
source injection includes the electronic transformer 0017CC, 
the capacitor CS=470μF, the resistor RS=300Ω, and the 
HEXFET Power MOSFET IRFP264. 

A. Circuit Experiments in Open-Loop 

Under the given circuit parameters in Section 2 and 
replacing the voltage controller by the PWM signal vd from 
the signal generator to make the MS-T converter operating in 
open loop, the inductor current iL, voltages vC1, voltage v0, 
and PWM signal vd of the MS-T converter from the circuit 
experiments are shown in Fig. 10.  

A comparison of Figs. 10 and 3 show that their averaged 
values are evidently in good agreement with each other. 
However, the detailed waveforms of Figs. 3(a) and 10(a) 
indicate a slight difference because in Fig. 3(a), the inductor 
current iL from the PSIM-simulated is obtained by assuming 
that all the circuit components are ideal so that its waveform 
is very clean. However, in Fig. 10(a), some undesired noise 
and waves are found in the waveform of the inductor current.  
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(b) 

Fig. 10. Experimental time-domain waveforms (Time: 50 μs/div) 
for the MS-T converter in open-loop. (a) The inductor current iL 
(Top: 500 mA/div) and the PWM signal vd (Bottom: 10 V/div). 
(b) The voltage v0 (Top: 2.5 V/div), the voltages vC1 (Middle: 
2.5 V/div), and the PWM signal vd (Bottom: 10 V/div).  

 
These undesired noise and waves are mainly due to the 

non-ideal factor in the practical circuit, such as the on-resistor 
for the HEXFET Power MOSFET IRFP064N, especially the 
non-ideal drive signal that is generated from the photocoupler 
TLP250, among others. In addition, Fig. 10 further confirms 
that the three modes are in the MS-T converter operating 
CCM and that the voltage vC1 is not equal to the voltage v0 in 
the entire switching period. 

Moreover, from the impedance/gain-phase analyzer 
HP4194A, the gain and phase of the input-to-output transfer 
function of the MS-T converter operating in CCM from the 
circuit experiments can be measured; these are shown in 
Fig.11.  

Fig. 7 shows the theoretical calculations from the derived 
model here and the PSIM simulations about the gain and 
phase of bode diagram at 10 Hz is near 8 dB and 0 deg, 
respectively, and its peak gain occurs near 363 Hz. Fig. 11  

 
(a) 

 
(b) 

 

Fig. 11. Bode diagram of Gvv(s) from the circuit experiments (a) 
Gain, (b) Phase. 

 
shows that the gain and phase of bode diagram at 10 Hz is 
near 7.9 dB and 0 deg, respectively, and its peak gain occurs 
at roughly 347 Hz. Accordingly, by comparing Fig.11 with 
Fig.7, the circuit experiments are in basic agreement with the 
theoretical calculations and the PSIM simulations. Therefore, 
the input-to-output transfer function here is an effective and 
general model for describing the real input-to-output 
characteristics of the MS-T converter operating in CCM. 

B. Circuit Experiments in Closed-Loop 

Furthermore, under Cvf=100 nF, the circuit experimental 
results for the voltage controlled MS-T converter is shown in 
Fig.12. Figure 8 shows that roughly seven oscillation crests in 
the waveforms occur within 0.02 s and the peak output 
voltage v0 and inductor current iL are 20.41 V and 1.845 A, 
respectively. Figure 12 clearly indicates that seven oscillation 
crests also occur in the waveforms within 0.02 s and the 
measured peak output voltage v0 and inductor current iL are 
near 18 V and 1.8 A, respectively. Thus, Figs.8 and 12 are in 
basic agreement with each other. The slight difference 
between Figs. 8 and 12 is mainly caused by the parasitic  
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Fig. 12. Experimental time-domain waveforms (Time: 2 ms/div) 
of the voltage v0 (Top: 5 V/div) and the inductor current iL 
(Bottom: 1 A/div) for the voltage controlled MS-T converter. 
 

parameters in the experiments, especially the forward voltage 
drops on diodes. Thus, the derived model here is more 
effective and general than the existing ones for identifying the 
stability of the voltage controlled MS-T converter. 
 

VII. CONCLUSIONS 

Based on the averaging method and by considering the 
relationship between the voltages across two capacitors, the 
improved averaged and small signal models of the MS-T 
converter operating in CCM are established. The DC 
equilibrium point and the transfer functions of the MS-T 
converter operating in CCM are derived and analyzed. The 
voltage controller is applied for the MS-T converter. Some 
comparisons among the derived model, the existing model in 
[10] and the PSIM simulations are presented. The theoretical 
calculations about the derived model here, the PSIM 
simulations, and the circuit experiments are in basic agreement 
with each other. All of them show that the improved transfer 
functions here are more effective and general than the existing 
ones for describing the real characteristics of the MS-T 
converter that operates in CCM. Therefore, one can apply the 
improved averaged and small signal model to design the MS-T 
converter and the corresponding controller to meet the 
requirements and targets of practical applications. 
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