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Buck-Boost Converter with High Efficiency and Continuous Transfer-

Function for Fuel-Cell Applications 
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Abstract— Efficiency, steady state analysis along with dynamic operation discussion of DC-DC converters are undoubtedly important 
issues in proficiency of renewable energy exploitation. This paper demonstrates the feasibility of using a DC-DC magnetically coupled 
interleaved DC-DC buck-boost converter for fuel-cell applications. While a step-up/step-down voltage transfer ratio has been achieved, the 
proposed converter exhibits non-pulsating I/O currents using interleave technique making it very suitable for renewable applications. 
Besides thoroughly elaboration of the steady state analysis, dynamic analysis including the converter control-to-output transfer function, 
which is continuous between two operation modes using I/O magnetic coupling, and a small signal ac equivalent circuit model based on 
state space averaging (SSA) method is also presented to help the designing of closed loop controllers for this proposed converter. 
Furthermore the experimental results are presented to verify the theoretical expected merits of the converter including high efficiency, non-
pulsating I/O currents and continuous control-to-output transfer function. These Experimental results show impressive benefits of the 
proposed converter. 

Index Terms— low-ripple I/O currents, magnetically coupled, high efficiency, continuous control-to-output transfer function, fuel cell. 
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1 INTRODUCTION                                                                     

ith ever-increasing use of renewable energy, crucial role 
of power electronic converters and their controlling 

methods have become fully evident in recent years. Studying 
and designing these converters is one of the most pressing con-
cerns facing all electrical engineers. One of these converters ex-
tensively used in renewable energy resources such as battery 
charging, fuel cell systems, power factor correction (PFC), hy-
brid electric vehicles, communication power supply, maximum 
power point  tracking (MPPT) of photovoltaic system (PVs) and 
for other renewable sources’ maximum energy  extraction, is 
DC-DC converters. Generally DC-DC converters divided into 
three main parts: buck, boost and buck-boost. Buck-boost con-
verter has been employed since output voltage is within unreg-
ulated input voltage [1-9]. 
Despite conventional single-active-switch Buck-boost converter 
topologies including SEPIC, CUK, conventional inverting buck-
boost and Flyback, non-inverting boost-buck converter made by 
cascaded connection of a boost converter to the buck converter 
is also achievable. It is indicated that this converter could be a 
reasonable choice in renewable energy power extractions due to 

its high efficiency and low component stresses in comparison 
with conventional single-active-switch buck-boost converters 
[2,3]. Beside above-mentioned step-up/step-down DC-DC con-
verter topologies, a single inductor buck-boost converter which 
has high performance in the low voltage applications is thor-
oughly discussed in [5-7]. Regarding its topology, this converter 
is not suitable for high voltage/power applications. Another 
topology is KY buck–boost converter removing barrier of right 
half plane (RHP) zeros at the expense of increasing the number 
of switches resulting in increasing the cost of the device [10,11]. 
Most of the DC-DC converters mentioned earlier have the det-
riment of pulsating input/output (I/O) currents resulting in high 
noise level and complicated controlling system [3,4].In many 
applications low-ripple I/O current is absolutely essential espe-
cially in hybrid electric vehicles, power factor correction, fuel 
cell, etc [12-14]. The two-switch tri-state buck-boost has been 
used in order to mitigate this problem [15] and regarding capa-
bility of using large inductance in pseudo-continuous conduc-
tion mode (PCCM) [16], [17], lower-ripple I/O currents can be 
readily achieved. However efficiency of this converter declines 
owing to the increase in the number of active switches. Using 
interleaved technique including the benefits such as harmonic 
cancellation, better efficiency, component stresses reduction, 
better thermal performance, and high power density is another 
solution that can be easily acquired [12, 14, 18-21]. Although the 
concept of this technique is not newly introduced, wide areas of 
applications are covered by this technique [22]. In [12], the 16-
phase interleaved bidirectional boost topology for hybrid ener-
gy storage system (HESS) has solved I/O currents high ripple 
but this topology has just discussed the boost converter and it is 
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not generalized in buck-boost converters. In [14], H.K. Liao et 
al, have proposed an interleaved non-inverting buck-boost con-
verter with a low-output current ripple, but in this topology 
mitigating the input voltage variation in wide range is not 
achieved. Although the double-switch buck–boost converter 
proposed in [19] can reduce the current ripple, component 
stresses have been remained high through this topology result-
ing in low efficiency. Another solution reported here is to utilize 
a non-inverting interleaved buck-boost converter. This pro-
posed topology is used in order to improve I/O currents ripple, 
converter’s efficiency and reduce component stresses. In addi-
tion, because input and output inductances are magnetically 
related to each other, the small signal control-to-output transfer 
function dissociation at boundary mode of proposed converter 
which is a major problem in double-active-switch buck-boost 
converters is readily solved. This proposed converter can be 
easily used as a modular converter suitable for high transferring 
power density. The purpose of this paper is to analyze cascaded 
combination of an interleaved boost with an interleaved buck 
converter magnetically coupled and shown in Fig. 1. Organiza-
tion of this paper is as follows. Section II discusses principle of 
operation and steady state analysis based on the depicted key 
waveforms of proposed converter. Dynamic Analysis and small 
signal modeling are thoroughly studied in section III. In section 
IV, circuit design and its implementation have been presented. 
Section V focuses on the experimental results in both operation 
modes and under different conditions. Finally, the last section 
presents conclusion of this study. 

2   PRINCIPLE OF OPERATION AND STEADY    
STATE ANALYSIS 
Proposed converter is shown in Fig. 1. This converter can oper-
ate either in boost mode or buck mode as shown in Fig. 2(a) and 
Fig. 2(b) respectively. As shown in Fig. 2 the boost mode would 
be achieved provided that the switches 3 and 4 are permanently 
turning on and switches 1 and 2 working in PWM manner, 
while in the buck mode switches 1 and 2 are permanently turn-
ing off and switches 3 and 4 working in PWM manner. 
 
 

 
Fig .1. Schematic circuit diagram of proposed converter 

 
Fig. 2. Operating modes of proposed converter: (a) boost mode; (b) buck 

mode. 
The steady state operation waveforms of this converter for both 
modes of boost and buck are illustrated in Fig. 3(a) and (b) re-
spectively. The last curves in these two figures, 1S to 4S , are 

allocated to logic activation signals of 1Q  to 4Q The PWM acti-

vation signals of 1Q and 2Q  are similar to each other with a 

phase shift  of / 2Ts  for catering the interleaved pattern. In the 

boost mode the duty ratios of the boost stage ( 1Q  and 2Q activa-

tion signals) are considered to be ( )12d t . The same is true for 

3Q  and 4Q activation signals with the duty ratio 34 ( )d t  in the 
buck mode. The duty ratio of switches is adjusted so that the 
output voltage is regulated around a desired value (here 36 V) 
in both operational modes. In addition, through increasing the 
number of interleaved phase in boost and buck stages, the pro-
posed converter can be easily used as a modular converter be-
ing suitable for transferring high power density in applications 
such as HESS and other individual storage systems. For extract-
ing the principles of operation and determining the modeling 
equations for both modes of operation, the switching pattern of 
Fig. 4 is employed. By resorting this switching pattern, all pos-
sible converter switching states will be considered. Regarding 
this figure, each period consists of 6 time intervals and 6 corre-
sponding circuit diagrams depicted in Fig. 5. Time interval 
numbering and portioning are mentioned in Table. 1. Since the 
intervals 2 and 5 have the same time portions and switching 
states, (see Fig. 4 and Fig. 5), the converter can be analyzed only 
in 5 states as follows: 
Interval 1:[ 0 1t t− ], Fig. 5(a), In this time interval 1Q , 3Q  and 4Q  

are in conducting mode making the magnetizing inductor 1 to 
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start saving energy and simultaneously magnetizing inductor 2 
to transfer its stored energy to the output load and  inductors 
through 2D . With regard to Fig. 5(a), the differential equations 
describing the voltage across the capacitors and current passing 
through the inductors in the first time interval can be evaluated 
as follows: 

 
Interval 2 and 5: [ 1 2t t−  and 4 5t t− ], Fig. 5(b), in this time inter-

val 3Q  and 4Q  are in conducting mode while 1Q  and 2Q  are 
turning off. Accordingly the energy stored in magnetizing in-
ductors 1and 2 starts transferring to inductors 1 and 2 through 

1D and 2D . Similarly, a set of differential equations can be 
found for describing the voltage across the capacitors and cur-
rent passing through the inductors for other time intervals, but 
for briefness these equations have not been written.  

Interval 3: [ 2 3t t− ], Fig. 5(c), in this time interval 3Q  is in con-

ducting mode while 1 2,Q Q and 4Q  are off. Energy transfer in 
this interval is thoroughly similar to the previous interval ex-
cept that the energy stored in both input magnetizing inductors 
is only transferred to the inductor 1. 
Interval 4: [ 3 4t t− ], Fig. 5(d), in this time interval 2 3,Q Q and 4Q  

are conducting while 1Q  is turning off. Energy transfer in this 
interval is also similar to that of interval 1 except that the func-
tions of magnetizing inductors 1 and 2 replace each other.  
Interval 6: [ 5 6t t− ], Fig. 5(e), in this time interval 4Q  is in con-

ducting mode while 1 2,Q Q and 3Q are off. Accordingly the en-
ergy saved in magnetizing inductor 1 and 2 is transferred to the 
output capacitor and inductor 2. 

Table.1. required expressions for evaluating parameters’ values 

 
Fig. 3. Key waveforms of converter shown in Fig. 1 for 36outV V=  , (a) currents and voltages in boost mode with 26gV V= ( 134D = ), (b) currents and 

voltages in buck mode with 43gV V=  ( 012D = ) 
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Fig. 4. Switching pattern of converters’ switches 

To the authors’ knowledge two reported methods are em-
ployed for obtaining the differential equations portraying the 
behavior of all interleaved converters, namely, state space av-
eraging (SSA) methods [16] and signal flow graph (SFG) [37]. 
In this work state space averaging method is selected owing to 
its simplicity. 
With the assumptions of continuous conduction mode (CCM) 
working and a switching frequency much higher than the 
converter natural frequencies, SSA method [16] can be applied 
to determine the converter model regarding the small-ripple 
approximation and the principles of inductor volt-second bal-
ance and capacitor charge balance. 
Using the differential equations of all time intervals and exert-
ing averaging technique [16] on evaluated equations over one 
switching period, it yields: 

Where 12 34d and d are the duty ratios of the switches 1 2, ][Q Q  

and 3 4, ][Q Q respectively. For attaining the current passing 
through the converter inductors and the voltage across  the 
converter capacitors in steady states condition, one may use 
the steady state operating value of duty ratios, 12 34D and D , 

and input voltage, gV , and exert the principles of inductor 

volt-second and capacitor charge balance to obtain  another set 
of expressions describing the steady state operation as follows: 

The last expression of equation 3 is the voltage transfer ratio of 
converter M ( 1 2,D D ) as follows: 

The converter operation in both boost and buck modes is de-
fined by the following conditions. 

 
For a smooth transition between the two modes of operation, 
voltage transfer ratio M ( 12 34,D D ) should be written in terms 
of only one control variable [17], [19]. To establish a meaning-
ful relation between 12 34D and D , the variable u is defined: 

 
Regarding this new variable, the modified voltage conversion 
ratio can be written as follows. 

Employing equation (8) as voltage conversion ratio, a smooth 
transition between the two modes of operation can be easily 
guaranteed. The voltage conversion ratio in term of u is illus-
trated in Fig. 6. 
 
 

Fig. 6.Voltage Conversion ratio of the proposed buck-boost converter 
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Fig. 5.Operating states. (a) circuit diagram in interval 1,(b) circuit diagram 
in interval 2,5,(c) circuit diagram in interval 3, (d) circuit diagram in interval 

4, (e) circuit diagram in interval 6. 

3 DYNAMIC ANALYSIS OF THE PROPOSED 
CONVERTER 
To obtain the small signal model around the specific operating 
point, the input voltage, ( )gV t , and duty ratios, 12 ( )d t  

and 34 ( )d t , are assumed as a constant value of gV , 1D  and 2D   

plus some small ac variations, ˆ ( )gV t , 12
ˆ ( )d t  and 34

ˆ ( )d t  re-

spectively.  

 
By applying above inputs, the inductor currents and capacitor 
voltages can be stated with their steady state plus their small 
ac variations determined by 

 
Now the set of differential equations (2) can be linearized 
around their operating point values providing that the ac vari-
ations are much smaller than the steady state values at operat-
ing point. Employing this analysis along with separating just 
first-order terms of resulted equations, following set of equa-
tions of inductor voltages and capacitor currents can be readi-
ly acquired. 

 
Regarding (11), one can consider an input and output induc-
tors whose values are equal to the value of 1mL  and 2mL  and 

1L  and 2L  connecting in parallel respectively. Let us define:  

 
Now with using (11), the small signal ac equivalent circuit 
model can be obtained [3]. Fig. 7 illustrates small signal ac 
equivalent circuit model of proposed converter. 
By above definition and defining state space vector x̂  as (14) 
and state space equation as (15) and by linearizing (2) around 
(3) and separating just first-order terms of resulted equations, 
it yields   
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Where A is state matrix and B is input vector corresponding to 

ĝV , 12
ˆ ( )d t  and 34

ˆ ( )d t . 

 
Accordingly in the boundary mode, namely 12D   and 34D  are 
equal to 0 and 1 values respectively, the small signal control-
to-output transfer functions with respect to 12

ˆ ( )d t  and 34
ˆ ( )d t  

can be given by following expressions respectively. 

 
With regard to the above equations, continuous behavior is 
achieved between two operation modes using magnetic cou-
pling. Employing the following parameter values (completely 
explained in the following section), 10012L Hm m= , 

10012L Hµ= , 101 2C C fµ= =  and 3.6R = Ω , the bode dia-

gram of control-to-output transfer functions in boundary 
mode is depicted in Fig. 8 in terms of three different load con-
ditions 3.6R = Ω , 7.2R = Ω  and 18R = Ω  . It is easily seen that 
in this mode phase margin (PM) is not large enough to guar-
antee the stability of closed loop system. This problem can be 
easily solved by designing a suitable classic controller. Fur-
thermore by increasing load to its nominal value, it can also be 
observed that in this mode PM would be boomed. 

 
Fig. 7. Small signal ac equivalent circuit model for converter 

 
Fig. 8. Frequency response of the small-signal control-to-output transfer 

function in the boundary mode. 
 

4 CIRCUIT DESIGN 
The proposed converter is designed as fuel cell regulation de-
vice so that its input voltage range varies from 26V to 43V. The 
maximum output power is 360W. Regarding output voltage 
value, 36V, corresponding load resistance is 3.6 Ohm By above 
data it can be easily observed that duty ratios are limited to 
0 0.277712D< < and 0.833 134D< <  in boost and buck opera-

tion modes respectively. The switching frequency is fixed 
around 25 KHz and as a consideration the inductors currents 
ripples are restricted to 1.5A while output capacitor and in-
termediate capacitor voltage ripples are respectively limited to 
0.2 V and 2V. Expressions required for calculating values of 
capacitors and inductors in both operation modes can easily 
obtained from differential equations described in section II 
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and the final circuit design equations listed in Table. 2. 

 

5 EXPERIMENTAL RESULTS 

       5.1 Converter Power Stage  
Fig. 9 has shown the top view of power stage prototype. The 
components have been individually introduced on this figure. 
In this section, the behavior of proposed converter in the 
steady state condition with applying V g  equal to 26V in boost 

mode and 43V in buck mode under full load condition will be 
discussed. Furthermore, dynamic responses led by load and 
input voltage changes will be separately studied in two differ-
ent operation modes.  The design matches a fuel cell voltage 
regulation, with the brand of “FCgen 1020ACS” Ballard Power 
Systems, Inc. regarding design equations, the components list 
and their values are given in Table. 3.  

       5.2 Control Circuit 
Employing Fig. 8 and classical rules of designing a linear 
compensation network in frequency domain [3] for increasing 
the stability margin in both operation modes, the following 

second-order compensator transfer function can be evaluated. 

 
The circuit diagram of the above compensator and the pulse 
width modulation (PWM) are depicted in Fig. 10 where 
switching dispositions has been added for catering interleaves 
technique. One should notice that by considering this circuit 
diagram an effective analogue controller for the converter can 
be easily achieved using a few conventional simple compo-
nents. 

Table.3. Components for proposed converter 

 

Table. 2 Expressions required for calculating converter values in CCM 

 
 
 

 
Fig. 10.Schematic of compensation network using analogue circuit
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Fig. 9. Proposed converter prototype 

The activation signals in boost mode are depicted in Fig. 11a 
where 134D =  and 12D  are operating in PWM mode and 

those are shown in Fig. 11b where 012D =  and 34D  are oper-

ating in PWM mode respectively. As it can be seen in Fig. 11 
the activation signals either in boost mode or in buck mode 
have a delay of / 2Ts . This delay guarantees the procedure of 

interleaving technique which is one of the most important 
aims of this proposed converter. Figs. 12a and 12b show the 
input, output and inductor currents in boost and buck opera-
tion modes respectively. As illustrated from these figures, the 
maximum ripple is limited to 1.5A for the inductor currents 
(%11.5) and to 1A (%10) for input and output currents respec-
tively. The voltage ripples of intermediate capacitor and out-
put capacitor in both operation modes are depicted in Figs. 
13a and 13b. Maximum ripple of intermediate capacitor and 
output capacitor voltages are restricted to 2V, 0.2V (%0.5), re-
spectively.  Not only these properties satisfactorily meet the 
application requirements, but also when compared to the oth-
er recent studies [4], [11], [14], [16] with input current ripple 
percentages as large as %20, %23, %30 and %30 respectively, 
proves an enhanced steady state performance for this convert-
er. The dynamic behaviors of this converter during applying a 
load change between  half rated (180W) and full rated  (360W) 
for both boost and buck operation modes are  depicted in Fig. 
14(a) and Fig. 14(b) respectively. Employing compensation 
network given in (20), one can find that only a voltage change 
of 1.8V (5%) in boost mode and about 2.5V (6.9%) in buck 
mode occurs once the load change is applied and the converter 
encounters no internal oscillation. The dynamic responses of 
proposed converter output voltage to large input voltage vari-
ation under full load condition are illustrated in Fig. 15. In 
boost mode, input voltage increases from 26V to 36V and then 
decreases to its initial value while in buck mode input voltage 
decreases from 43V to 36V and then increases to its initial val-
ue. This figure depicts that the maximum overshoot is strictly 
kept less than 1.1V (3%) in both operation modes.  

 

 
Fig. 11.Activation signals, (a) boost mode, (b) buck mode 

 

 

 
Fig. 12. Converters’ currents, (a) boost mode, (b) buck mode  

(b) 

(a) 
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Fig. 13. Converters’ voltages, (a) boost mode, (b) buck mode  

 

 

 
Fig. 14. Output voltage variations during applying and removing load from 
its half rated (180W) to its rated (360W). (a) Boost mode, (b) Buck mode. 

 

 

 
Fig. 15. Output voltage variations during input voltage step changes, (a) 

boost mode, (b) buck mode. 
The energy conversion efficiency is a major issue of any con-
version system. Efficiency traces as a function of the input 
voltage for different output current levels are shown in Fig. 16. 
Regarding this figure, Maximum efficiency as a function of the 
input voltage with different output current levels occurs in all 
current levels when input voltage is near to 36 V. Because in 
this case, buck and boost switches are permanently on and off 
respectively and there is only conduction power loss. 

 
Fig. 16. Energy conversion efficiency for Vo= 36 V as function of the input 

voltage for different output current levels.  

6 CONCLUSION 
A non-inverting I/O magnetically coupled buck–boost DC–DC 
converter obtained through a cascade connection of an inter-
leaved boost and an interleaved buck stage, is discussed. 

(b) 

(a) 
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Mathematical analyses, simulation and experimental results of 
a prototype converter validate the predicted low-ripple I/O 
currents due to interleaved technique employment. Efficiency 
studies show that the maximum efficiency can be achieved in 
the boundary mode  where the boost stage switches are al-
ways OFF and the buck stage switches are continuously ON.In 
addition, converter small signal modeling is explored to help 
the control design. Dynamic studies show that the maximum 
overshoot is limited to 7% in the load changes while it is about 
3% in the input voltage changes. The output voltage is well 
adjusted and made stiff from severe input voltage variations in 
both operation modes using a simple compensator. In compar-
ison with some conventional topologies the part counts of 
proposed converter have been increased. However, converter 
reliability and small size of these components resulted from 
using interleave technique have compensated this detriment. 
Dynamic stiffness along with the capability of low-ripple I/O 
currents make this converter very attractive for many renewa-
ble applications like fuel cell, battery, super-capacitor, PV pan-
el, or fuel cell energy exploitation. There is still one remaining 
small problem associated with the proposed converter, namely 
RHP zeros in the boost mode being worked to be solved and 
reported in the near future. 
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