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Abstract 
 

In hybrid renewable power systems, the use of a multiple-input dc/dc converter (MIC) leads to simpler circuit and lower cost, 
when compared to the conventional use of several single-input converters. This paper proposed a novel three-input 
buck/boost/buck-boost converter, which can be used in applications with various values of input voltage. The energy sources in this 
converter can deliver power to the load either simultaneously or individually in one switching period. The steady relationship, the 
power management strategy and the small-signal circuit model of this converter have been derived. With decoupling technology, 
modeling and regulator design can be obtained under multi-loop control modes. Finally, three generating methods of a 
multiple-input buck/boost/buck-boost converter is given, and this method can be extended to the other multiple-input dc/dc 
converters.  
 
Key words: Decoupling; Regulator design, Modeling, Multiple-input, Power management, Three-input  
 
 

I. INTRODUCTION 
 

 The use of renewable energy sources and the 
development of power electronics systems for capitalizing 
such energy sources have received renewed interest in the 
past decade. Common forms of renewable energy sources 
include photovoltaic (PV) energy, hydro energy, and wind 
energy. Many of these sources are mutually complementary 
in the sense that they can be utilized simultaneously to 
maintain continuous delivery of power to the load. A number 
of renewable energy sources can be connected to a common 
dc bus through a number of independent single-input 
converters, and such configurations have been proposed for 
hybrid power systems[1], [2] , as shown in Fig. 1(a). 
However, the use of a number of single-input converters 
leads to relatively complex configuration and high cost. 
Recently, the use of a multiple-input converter (MIC) to 
replace several single-input converters for reducing the 
complexity and cost of hybrid power systems has attracted 
increasing attention, as shown in Fig. 1(b). A MIC is capable 

of converting power from multiple power sources to a 
common load. The basic MIC was derived from a buck 
converter by adding more dc-input voltage sources in parallel 
with the original dc-input voltage source[3], [4]. As the 
available dc voltage sources have different magnitudes, and 
hence cannot be connected directly in parallel, the dc voltage 
sources are connected in parallel through a series-connected 
active switch. Only one power source is allowed to transfer 
energy to the load at a time which prevents more than two dc 
voltage sources from being connected in parallel. Such 
connection of dc-input voltage sources has been applied in 
buck–boost converters [5], [6], flyback, and forward 
converters [7], [8]. A multiple-input forward converter can be 
regarded as an isolated multiple-input buck-derived converter 
in which an isolation transformer is incorporated. All 
dc-input voltage sources together with their series-connected 
active switches have their own individual primary windings, 
but they share a secondary winding. Likewise, a 
multiple-input flyback converter can be regarded as an 
isolated multiple-input buck–boost converter. The control for 
such MICs is typically based on a time-multiplexing scheme. 
In order to overcome the limitation of the time-multiplexing 
scheme, some MICs have been proposed, which can 
successfully transfer power from different voltage sources to 
the load individually or simultaneously. The MICs proposed 
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in [9]-[11] are an integration of a buck converter and a 
buck–boost converter, where the inductor and capacitor are 
shared by the two converters, thus leading to a reduced 
number of passive elements. The MICs proposed in [12]-[14] 
are essentially based on parallel connections at the output of a 
number of boost converters and buck–boost converters. Such 
MICs do not enjoy the advantage of reduced device and 
element counts. However, isolated multiple-input full-bridge 
boost converters [15]-[18] and half-bridge boost converters 
[19] share the output rectifier through a multiple-winding 
transformer. [20] proposes a systematic method to synthesize 
MICs, in which two types of MICs can be obtained. The first 
one allows one power source to transfer energy to the load at 
a time. The second one allows all of the energy sources to 
deliver power to the load either individually or 
simultaneously. A non-isolated three-input dc/dc converter is 
generated by the method in [20] and it includes the second 
type. [1]-[20] have discussed the topologies, control 
strategies, and stability analyses of dual-input dc/dc 
converters. However, this study will pay more attention to the 
optimizing design and the closed-loop stability analysis of 
three-input power systems. 

 
In this paper, a novel three-input buck/boost/buck-boost 

converter will be discussed, which can be used in many 
hybrid renewable power systems. The three power sources in 
this converter can deliver energy to the load independently or 
simultaneously in one switching period. Detailed operation 
principles and the power management strategy of the 
three-input dc/dc converter will be illustrated in Sections II 
and III, respectively. Section IV and V show the small-signal 
circuit model and the closed-loop regulator design, 
respectively. Finally, a 400W prototype was fabricated in the 
lab to verify the theoretical analysis and the experimental 
results will be shown in Section VI. In addition, 
corresponding multiple-input converters will be obtained 
based on the proposed generation method introduced in 
Section VII.   

 

II. OPERATION PRINCIPLE OF THE PROPOSED 
CONVERTER 

The buck/boost/buck-boost three-input converter shown in 
Fig. 2, is composed of two parallel connections, which are a 
boost cell and a hybrid cell. The hybrid cell is made up of a 
buck-boost cell with a built-in buck cell. Vin1, Vin2, and Vin3 
are the three sources. Q1, Q2, and Q3 are switches. D1, D2, and 
D3 are freewheeling diodes. L3 is a boost inductor. Lb is a 
buffer inductor. Cf is an output filter capacitor. RLd is the load. 
It should be noted that the three switches operate at the same 
switching frequency, and that the turn-on instants of the two 
switches are obliged to be synchronous.  

Fig.3 shows the key waveforms for the 
continuous-conduction mode of operation. There are four 
different operation stages according to the states of the three 
switches in one switching period.  

Stage I [t0-t1]: Switches Q1, Q2 and Q3 are on. This will 
result in a positive voltage VL3=Vin3, VLb=Vin1+Vin2 across the 
two inductors. The inductor currents, iLb and iL3, increase 
linearly.  

Stage II [t1-t2]: Switch Q1 turns off, while switches Q2 and 
Q3 are still in conduction mode, VL3=Vin3. This voltage results 
in iL3 increasing linearly. VLb= Vin2 – Vo, so that when Vo < 
Vin2, iLb increases linearly, and when Vo>Vin2, iLb decays 
linearly. 

Stage III [t2-t3]: Switches Q1 and Q2 are off, while switch 
Q3 is conductive. VL3=Vin3 which results in iL3 increasing 
linearly. VLb=– Vo, which results in iLb decaying linearly, 
while Lb freewheels through diodes D1 and D2. 

Stage IV [t3-t4]: Switches Q1, Q2, and Q3 are all off. VL3= V 

in3– V o, which results in iL3 decreasing linearly. VLb=– Vo, 
which results in iLb decaying linearly.  

An equivalent circuit is shown in Fig. 2 when sources 1, 2 
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Fig. 1. General configuration of the hybrid renewable power 
system (a) with several single-input dc/dc converters (b) with a 
multiple-input dc/dc converter 
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and 3 work together. An equivalent circuit is shown in Fig. 
4(a) when sources 1 and 2 work together. The equivalent 
circuit in Fig. 4(b) shows when source 1 works 
independently. 

Using the volt-second balance of inductor Lb and inductor 
L3, the expression of the output voltage in the steady-state 
analysis can be obtained, as shown in Eq. (1).  
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The average value of the output current is
3 12o o oI I I= + , 

where Io is the total output current, Io3 is the output current of 
source 3, and Io12 is the sum of the output current of sources 1 
and 2.  

Neglecting the power losses associated with all of the 
circuit elements, the input power equals the output power. 
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where Po is the total output power required by the load, P3 is 
the output power from source 3, and P12 is the sum of the 
output power of sources 1 and 2.  

Therefore: 
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where Iin1, Iin2, and Iin3 are the average currents from sources 1, 
2, and 3.  
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III. POWER MANAGEMENT STRATEGY 

It is well known that the power management strategy in a 
three-input dc/dc converter includes output voltage regulation 
and input power distribution over the three power sources.  

In a solar-wind complementary power system, a 
three-input buck/boost/buck-boost dc/dc converter is 
employed and the energy of solar array should have the 
priority in use. Consequently, the solar array is the major 
power source (source 1), the wind turbine is a minor source 
(source 2) and the battery is a back-up source (source 3). This 
paper introduces a master-slave control mode to distribute the 
input power over the three sources [10]. The input power 
distribution strategy is that the demanded power of the load is 

 
Fig. 2. Three-input buck/boost/buck-boost converter. 
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Fig. 3. Key waveforms of three-input buck/boost/buck-boost 
converter. 
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Fig. 4. Equivalent circuit of (a) operation mode II (b) operation
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provided by sources 1 and 2 as much as possible and the rest 
is provided by source 3. When the load power is more than 
total power of sources 1 and 2, and the remnant power will be 
provided by source 3. When the load power is more than the 
power of source 1 and less than the total power of sources 1 
and 2, the remnant power will be provided by source 2. 
Meanwhile, source 3 is not used.  

When the input voltage is provided, the control of the input 
power can be implemented by controlling its input current. 
Therefore, the control system is composed of two input 
current loops and one output voltage loop. Fig. 5 shows a 
block diagram of the control system, where vo_ref is the output 
voltage reference, Iin1_ref is the input current reference of 
source 1, Iin2_ref is the input current reference of source 2 and 
the corresponding power are Pin1_ref and Pin2_ref, respectively. 
ICR1 is the input current regulator of power source 1, ICR2 is 
the input current regulator of power source 2, and OVR is the 
output voltage regulator. There are three operation modes in 
this hybrid power system, which are illustrated as follows.  

Operation mode I: In this mode Po> Pin1_max+Pin2_max, where 
Po is the output power, Pin1_max is the maximal power of 
source 1, and Pin2_max is the maximal power of source 2. These 
three power sources provide energy to the load 
simultaneously. In this case, the output of voltage regulator 
Ve is positive, while switches S1 and S2 off. Then ICR1, ICR2 
and OVR work independently. Iin1_ref is the input current 
reference value depending on the maximal power of source 1, 
which makes it provide the maximal power. Iin2_ref is the input 
current reference value depending on the maximal power of 
source 2, which makes it provide the maximal power. The 
voltage regulator can be used to keep the output voltage 
constant when source 3 covers the rest of the load power.  

Operation mode II: With the decrease in the load power, 
Pin1_max<Po<Pin1_max+Pin2_max. Source 1 provides most of the 
power, where the rest load power is provided by source 2. In 
this case, Ve is negative, which turns Q3 off and enables S2 to 
turn on. Then, the sum of the output of Ve and Iin2_ref, makes 

the input current of source 2 decrease. S1 stays off. At this 
time, ICR2 and OVR constitute a double closed-loop, where 
the current loop is the inner loop and the voltage loop is the 
outer one. The voltage loop can accommodate Dy2 to make 
source 2 cover the rest of the load power, thus keeping the 
output voltage constant.  

Operation mode III: With the further decrease of the load 
power, Po<Pin1_max. In this circumstance, Ve is negative, which 
turns Q3 off and enables S2 to turn on. The sum of Ve and 
Iin2_ref, is negative, which makes Q2 turn off. In other words, it 
shuts down source 2. S1 is on, diminishing Iin1_ref, which 
diminishes the input current. At this time, OVR and ICR1 
constitute a double closed-loop, where the current loop is the 
inner loop and the voltage loop is the outer one. The voltage 
loop can accommodate Dy1 to alter the output power 
according to the load, thus keeping the output voltage stable.  

 
 

IV. SMALL-SIGNAL CIRCUIT MODEL 
 

To design the three-input closed-loop control system, a 
small-signal model of the three-input buck/boost/buck-boost 
converter in the three different operation modes is needed. 
State space averaging is a powerful method for calculating 
the steady-state values of voltages and currents and for 
extracting the small-signal model of switching converters. 
Therefore, a small-signal circuit model of the three-input 
dc/dc converter can be easily constructed using the state 
space averaging method [16], as shown in Figs. 6, 7 and 8. 
Thus the following small-signal equations can be obtained. It 
should be noted that the small-signal modeling is based on 
the continuous-conduction mode.  

The plant transfer function matrix for the three-input dc/dc 
converter is given by:  
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The multiple transfer functions of the power plant are 
derived as follows:  
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Fig. 5. Block diagram of control system. 
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where G11(s), G12(s), G21(s) and G22(s) are the transfer 

functions between ˆ ( )ini s  and ˆ ( )yd s , G3(s) is the transfer 

function between ˆ ( )ov s and ˆ ( )yd s , which can be obtained 

from (8) to (12). In operation mode I, dy1, dy2 and dy3 are the 
three control variables, and iin1, iin2 and vo are the three 
controlled variables. In operation mode II, Dy3 = 0 and source 
3 does not power the load.  

By substituting 3ˆ ( ) 0inv s = , 3
ˆ ( ) 0ini s = , 3

ˆ ( )yd s  = 0 and 

Dy3 = 0 into (8) - (12), the output equations of operation mode 
II can be obtained. In operation mode III, Dy2 = 0, Dy3 = 0 and 
sources 2 and 3 do not power the load. When all three sources 
power the load, the system works in operation mode I, and the 
small-signal circuit model consists of two segments: (1) the 
buck/buck-boost hybrid cell and (2) the boost cell, as shown 
in Fig. 6 and 7, respectively. When source 3 is not working, 
which is in operation mode II, the three-input 
buck/boost/buck-boost converter can be regarded as a 
double-input buck/buck-boost converter, source 2 will be 
controlled in the double closed-loop, and the small signal 
circuit model is shown in Fig. 6. When sources 2 and 3 are not 
working, the three-input buck/boost/buck-boost converter can 
be regarded as a single-input buck-boost converter, and the 

small signal circuit model is shown in Fig. 8. 
 

V. CLOSED-LOOP REGULATOR DESIGN WITH 
DECOUPLING CONTROL 

According to Fig.5, a system block diagram in the three 
operation modes can be developed. They are shown in Fig. 9, 
where Gcr1(s), Gcr2(s) and Gvr(s) are the transfer functions of 
ICR1, ICR2 and OVR, respectively. The transfer function of 
the PWM modulator GPWM (s) = 1/Vm, where Vm is the peak 
voltage of the saw-tooth. Since the input current is pulsating, 
an RC filter is needed. The transfer functions of the filters Gcf1 
(s) =1/(s·R1 C1+1) and Gcf2 (s) =1/(s·R2 C2+1), where R1, R2, 
C1 and C2 are the resistors and capacitors of the RC filter. The 
voltage sensor gain Gvf (s) = K.  

1
ˆ ( )yd s  and 2

ˆ ( )yd s affect the input current of both source 

1 and source 2 due to the existence of G12(s) and G21(s) when 
the three sources power the load simultaneously (Refer to Fig. 
9(a)). In other words, the two input current loops are coupled, 
which makes it difficult to design ICR1 and ICR2. However, 
the output voltage closed-loop has nothing to do with the two 

input current loops, which are controlled by 3
ˆ ( )yd s (Refer to 

Fig. 9(b)). 
Dy3 will go to zero when source 1 and 2 power the load 

simultaneously (Refer to Fig. 9(c)). Similar to operation mode 
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Fig. 6. Small-signal circuit model of Buck/buck-boost converter in operational mode I and II. 
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Fig. 7. Small-signal circuit model of Boost converter in operation mode I. 
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Fig. 8. Small-signal circuit model of the three-input buck/boost/buck-boost DC/DC converter in operation mode III. 
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I, 1
ˆ ( )yd s and 2

ˆ ( )yd s  affect the input current of both source 

1 and the output voltage due to the existence of G12(s) and 
G21(s). In other words, the input current loop and the output 
voltage loop are coupled, which makes it difficult to design 
ICR1 and OVR in operation mode II. Source 2 will work in a 
typical double closed-loop system. The output voltage loop is 
the outer loop, and the current loop of source 2 is the inner 
one. In Fig. 9(c), F2(s) is the transfer function between oˆ ( )v s  

and 2
ˆ ( )ini s , which is expressed in Eq. (13).  

1
2

2 2

ˆ ( )( )= =ˆ ( ) ( ) 1
y ldo

in y f ld C

D Rv sF s
i s D C s R R

×

é ù+ +ë û

1-  
(13)

Dy2 and Dy3 both go to zero when source 1 powers the load 
independently (Refer to Fig. 9(d)). The output voltage 
closed-loop is a typical single-input single-output system, 
which is used to regulate the output voltage. In Fig. 9(d), F1(s) 

is the transfer function between oˆ ( )v s  and 1
ˆ ( )ini s , which is 

expressed in Eq. (14). 

  1
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As a result, ICR1, ICR2 and OVR work in multiple 
operation modes, and they should be carefully designed to 
ensure stability and a better dynamic response for all of the 
operation modes. It is a coupling system in operation modes I 
and II. They should be decoupled before the regulators are 
designed.  

In a general feedback system, the requirements for stability 
and dynamic response imposes constraints on the loop gain 
since all of the information on the closed-loop transfer 
function can be obtained from it. Thus the loop gains of the 
three loops in the three operation modes should be derived 
first. 

 

A. Operation Mode I 
The coupling problem of the two current closed-loops 

shown in Fig. 9(a), can be decoupled by inserting the 
decoupling matrix, G*(s), which is given as Eq. (16). The 
decoupled transfer function matrix of the converter is defined 
as ^ ( )G s , which is a standard diagonal matrix. If the two 

current loops can be decoupled, the two input current 
regulators can be design independently. The decoupled 
transfer function matrix block diagram of the control system 
is shown in Fig. 10. The expression of ^ ( )G s  is shown in Eq. 

(17).  
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                 (17) 
The decoupling process is shown in Fig. 10, and the 

decoupled loop gain of the two input current loops are Ti_1(s) 
and Ti_2(s), which are expressed as:  
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Fig. 9. Small-signal model (a) of hybrid cell in operation mode I 
(b) of boost cell in operation mode I (c) in operation mode II (d) 
in operation mode III. 
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Fig. 10 Block diagram of the control system in operation mode I. 
(a) Inserting decoupling matrix. (b) Decoupled. 
  

The loop gain of the single output voltage closed-loop in 
operation mode I, which can be obtained from Fig. 9(b), is: 

3( ) ( ) ( ) ( )=v vr PWMT s G s G s G s K            (20) 

The original open-loop Bode plots for the three loops of 
the three-input converter with Gcr(s) =1 and Gvr(s) =1 are 
illustrated with a dashed line and the compensated open-loop 
Bode plots for them are illustrated with a solid line in Fig. 11. 

It can be observed that the loop bandwidth of the input 
current closed-loop of source 1 is 3kHz, and the phase angle 
margin is 65º, as shown in Fig. 11(a). The loop bandwidth of 
the input current closed-loop of source 1 is 8kHz, and the 
phase angle margin is 85°, as shown in Fig. 11(c). The loop 
bandwidth of the output voltage closed-loop of source 1 is 
700Hz, and the phase angle margin is 40°, as shown in Fig. 
11(e). The Bode plot simulation is made to verify the design 
of the closed-loop by PSIM (AC frequency) sweep. Figs. 
11(b), 11(d), and 11(c) show the simulation results of the 
three loops. These simulation results are fundamentally 
consistent with the theoretical analysis. 

 

B. Operation Mode II 
Similarly, the input current loop of source 1 and the 

voltage loop can be decoupled in this case. A block diagram 
of the control system with decoupling control of the input 
current loop and the output voltage loop is shown in Fig. 12. 
Ti_1(s), Ti_2i(s) and Ti_2v(s) are the loop gain of the input 
current loop of source 1, the input current inner loop of 
source 2 and the output voltage outer loop. According to the 
decoupled block diagram shown in Fig. 12(b), Ti_1(s), 
Ti_2i(s) and Ti_2v(s) are given by Eqs. (21), (22) and (23).  
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Fig. 11. Bode plots in operation mode I of (a) input current loop 
of source 1 by Mathcad (b) input current loop of source 1 by 
PSIM (c) input current loop of source 2 by Mathcad (d) input 
current loop of source 2 by PSIM (e) output voltage loop by 
Mathcad (f) output voltage loop by PSIM. 

 
 

^
_1 1 1 11( ) ( ) ( ) ( ) ( )=i cr PWM cfT s G s G s G s G s           (21) 

^
_ 2 2 2 22( ) ( ) ( ) ( ) ( )=i i cr PWM cfT s G s G s G s G s          (22) 

^
r2 22

_ 2 2 ^
2 22 2

( ) ( ) ( )( ) ( ) ( )
1 ( ) ( ) ( ) ( )

PWM c
i v vr

PWM cf cr

G s G s G sT s G s F s K
G s G s G s G s

=
+

   (23) 

 
It can be observed that the loop bandwidth of the input 

current loop of source 1 is 3kHz, and the phase angle margin 
is 50°, as shown in Fig. 13(a). The loop bandwidth of the 
input current inner loop of source 2 is 8kHz, and the phase 
angle margin is 90°, as shown in Fig. 13(c). The loop 
bandwidth of the output voltage outer loop is 900Hz, which is 
approximately one-tenth that of the input current inner loop. 
The phase angle margin is 100°, as shown in Fig. 13(e). The 
Bode plot simulation is made to verify the design of the 
closed-loop by PSIM (AC frequency) sweep. Figs. 13(b), 
13(d), and 13(f) show the simulation results of the three loops. 
These simulation results are fundamentally consistent with 
the theoretical analysis.  
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Fig. 12 Block diagram of the control system in operation mode II. 
(a) Inserting decoupling matrix. (b) Decoupled. 
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Fig. 13. Bode plots in operation mode II of (a) input current loop 
of source 1 by Mathcad (b) input current loop of source 1 by 
PSIM (c) input current inner loop of source 2 by Mathcad (d) 
input current inner loop of source 2 by PSIM (e) output voltage 
outer loop by Mathcad (f) output voltage outer loop by PSIM. 

C. Operation Mode III 
According to the small-signal model of operation mode III, 

which is shown in Fig. 9(d), Ti_1i(s) and Ti_1vi(s) are given by 
Eqs. (24) and (25). It can be observed that the loop bandwidth 
of the compensated input current inner closed-loop of source 
1 is 2.5kHz, and the phase angle margin is 30°, as shown in 
Fig. 14(a). The loop bandwidth of the compensated output 
voltage outer closed-loop is 300Hz, and the phase angle 
margin is 85°, as shown in Fig. 14(c). The Bode plot 
simulation is made to verify the design of the closed-loop by 
PSIM (AC frequency) sweep. Figs. 14(b) and 14(d) show the 
simulation results of the two loops. These simulation results 
are fundamentally consistent with the theoretical analysis.  

_1 1 1 1( ) ( ) ( ) ( ) ( )=i i cr PWM cfT s G s G s G s G s          (24) 

1 1
_1 1

1 1 1

( ) ( ) ( )( ) ( ) ( )
1 ( ) ( ) ( ) ( )

=
+

cr PWM
i v vr

cr PWM cf

G s G s G sT s G s F s K
G s G s G s G s

  (25) 

VI. EXPERIMENTAL RESULTS 
The presented control strategy, the small-signal modeling 

and the regulator design have been verified on a 400W 
prototype of a buck/boost/buck-boost three-input dc/dc 
converter.  

The main performance index will be shown as follows:  
l Input voltage of source 1: Vin1 = 150 V; 
l Input voltage of source 2: Vin2 = 125 V; 
l Input voltage of source 3: Vin3 = 50 V; 
l Input current reference of source 1: Iin1_ref = 0.9A, 

i.e., and Pin1_ref  = 135 W; 
l Input current reference of source 2: Iin1_ref = 1A, 

i.e., and Pin1_ref  = 125 W; 
l Output voltage: Vo=100 V; 
l Rated power: Po 400 W; 
l Rated current: Io_m 4 A; 
l Switch frequency: fs 100 kHz; 
l Inductor: L3 =0.6mH and Lb =1.8mH; 
l Capacitor: Cf =250uF.  

Fig. 15 shows the experimental waveforms of the gate 
driving signals and the inductor current at full load (Po= 
400W, Po > Pin1_max+Pin2_max). The converter can work in 
operation mode I, in which sources 1 and 2 provide their 
maximum power to the load and Dy3 changes automatically to 
supply the rest of the load power. The inductor current 
waveform of Lb is shown in Fig. 15(a), and the inductor 
current waveform of L3 is shown in Fig. 15(b).  

 Fig. 16 shows the experimental waveforms of the gate 
driving signals and the inductor current at half load 
(Po=250W, Pin1_max < Po < Pin1_max+Pin2_max). The converter 
can work in operation mode II, in which source 1 provides its 
maximum power (Pin1_max =135W) to the load and Dy2 
changes automatically to supply the rest of the load power. 
As a result, source 3 does not do any work.  
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Fig. 14. Bode plots loop gains in operation mode III of (a) input 
current inner loop of source 1 by Mathcad (b) input current inner 
loop of source 1 by PSIM (c) output voltage outer loop by 
Mathcad (d) output voltage outer loop by PSIM. 

 

 
(a) 

 
(b) 

Fig. 15. Experimental waveforms in operation mode I of (a) gate 
driving signals and inductor current of Lb (b) gate driving signals 
and inductor current of L3. 
 

 
Fig. 16. Experimental waveforms in operation mode II. 
 
 

 
Fig. 17. Experimental waveforms in operation mode III. 

 
 
Fig. 17 shows the experimental waveforms of the gate 

driving signals and the inductor current at light load 
(Po=120W, Po <Pin1_max). The converter can work in operation 
mode III, in which source 1 provides its power to the load 
alone and automatically keeps the output voltage constant. As 
a result, sources 2 and 3 do not do any work.  
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Fig. 18. Dynamic response waveforms between operation mode 
(a) I and II (b) I and III (c) II and III. 
 

 
(a) 

 
(b) 

Fig. 19. Experimental waveforms of (a) io, iin1 and vo among 
operation modes I and III (b) io, iin2 and vo among operation 
modes I and II. 

 

 
Fig. 20. Efficiency curve with load current change 

 
Fig. 18 (a) shows the waveforms of the drive signals when 

the load current steps up and down between full load and 
50% load. It can be seen that the converter switches from 
operation mode I to operation mode II. Fig. 18 (b) shows the 
dynamic response waveform when the load current steps 
down from 50% load to 25% load. The converter switches 
from operation mode II to operation mode I. Fig. 18(c) shows 
the dynamic response waveform when the load current steps 
down from full load to 25% load. The converter switches 
from mode I to mode III. 

Fig. 19(a) gives the experimental waveforms of iin2 and vo 
while Io steps down/up from 4A to 2A. It can be seen that the 
system switches from mode I to mode III when Io decreases 
from 4A to 2A, iin2 decreases to 0.5A and vo is kept at 100V. 
Fig. 19(b) shows the experimental waveforms of iin1 and vo 
while Io steps down/up among 4A, 3A, and 1A. It can be seen 
that this converter operates in mode I and that iin1 and vo are 
kept constant when Io decreases from 4A to 3A. The system 
switches to mode III when Io = 1A, and iin1 decreases to 0.6A 
and vo is kept at 100V.  

From these experimental results, it can be seen that the 
system can operate stably in each operation mode and that it 
can switch smoothly among the three operation modes with 
the obtained ICR and OVR. They also verify the validity of 
the regulator design approach. 

The efficiency of the three-input converter is tested in the 
Lab. Fig. 20 shows the curve of the efficiency with the 
change in the load current. From Fig.20, it can be seen that 
the efficiency will reach its maximum in operation mode I, 
and that it is 94.7%. 

 

VII. GENERATION OF THE MULTI-INPUT 
BUCK/BOOST/BUCK-BOOST CONVERTER 

According to the rule of composition and the rule of 
nesting, the three-input buck/boost/buck-boost converter is 
formed by a boost cell and a buck/buck-boost hybrid cell, 
which is constructed by a buck-boost cell with a built-in buck 
cell. As a result, there are several paths to extend this 
three-input converter to the corresponding multi-input 
converter, which is shown in Fig. 21. The boost cell and the 
hybrid cell can both be extended. In addition, the buck cell in 
the hybrid cell can also be extended along.  
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Fig. 21. Generation of multiple-input buck/boost/ buck-boost 
dc/dc converter with (a) boost cell extension (b) buck cell 
extension (c) hybrid cell of buck/buck-boost extension. 
 
 

VIII. CONCLUSIONS 
This paper proposed a novel three-input 

buck/boost/buck-boost converter, which can be used in 
applications with various values of input voltage. The power 
sources in this converter can deliver power to the load either 
simultaneously or individually in one switching period. The 
steady relationship and the power management strategy of 
this converter have been derived. With decoupling 
technology, the modeling and regulator design can be 
obtained under multi-loop control modes. The presented 
control strategy and the small-signal modeling are verified on 
a 400W buck/boost/buck-boost three-input dc/dc converter. 
From these experimental results, it can be seen that the 
system can operate stably in each operation mode and switch 
smoothly among the three operation modes with the obtained 
ICR, ICR2 and OVR. They also verify the validity of the 
regulator design approach.  

Finally, three generating methods for a multiple-input 
buck/boost/buck-boost converter are given. This method can 
be extended to the other multiple-input dc/dc converters. 
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