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Abstract— The provision of isolated- and non-isolated DC 

output voltages by Power electronics power-conditioning 

devices in the recent ‘green-energy-revolution’ era is on 

course. In this paper, a structure for multi-input multi-output 

(MIMO) DC–DC buck converter is proposed to generate 

output voltages of varying levels with fewer component-count. 

The DC output voltage of each of the constituting buck 

converters can be used independently or cascaded with one 

another, depending on the output load voltage requirement. 

The converter operational modes are analysed and its gain 

models are derived. Also, expressions for the efficiency and 

power density of the proposed buck converter are presented. 

Distinct features of proposed converter are: its simplified 

configuration, high input/output power density, low-cost 

involvement, reduction of ripple amplitudes of the source 

currents, and possibility of deploying energy sources with 

different voltage-current characteristics. High voltage gain, 

and bidirectional power flow can be achieved in the converter 

operations. Experimental results on a laboratory prototype of 

the proposed MIMO validated the presented DC-DC buck 

converter topological concept. 

   Keywords—DC-DC buck converter, isolated converter, 

MIMO converter. 

I. INTRODUCTION

    In order to increase the reliability of the power 

conversion systems, several energy supplies have to be 

applied in renewable energy sources. Multiple ports with 

various voltage levels are becoming attractive candidate for 

interfacing renewable energy conversion systems and 

electrical vehicle applications; due to its ability to mitigate 

intermittency issues associated with these energy sources 

[1]. Recently, multi-input/output ports converters were 

used in large scales for various portable applications which 

have: less components, light weight, low cost, and high 

efficiency performances, [2]. A typical layout of MIMO 

showing the different possible applications is shown in the 

Fig. 1. 

Multiple port converters play a vital role in integrating and 

interfacing energy sources with the loads. Generally, 

multiple port converters can be classified into isolated and 

non-isolated topologies. Each group can be further 

classified as single-input, multi-output (SIMO), [4]-[6]; 

multi-input single output (MISO), [7]-[9]; and multi-input 

multi-output (MIMO), [10]-[18] converters. Multiple-port 

converters can be configured by using a combination of 

several single-input, single-output (SISO) converters that 

are connected to a common DC bus. But the main 

drawback of these configurations is its complex structure 

and high cost, [3]. 

     In SIMO and MISO, there are more switches required 

for low- and high-power applications and their control 

schemes are extremely complicated. Thus, to overcome the 

drawbacks of these topologies, multiple-input/ multiple-

output configurations have been developed. In [4], single-

input/multiple-outputs (SIMO) synchronous DC-DC 

converter was presented. This topology requires four active 

switches to deliver the multiple output voltages; but has the 

inherent drawback of many inductors. This increases the 

cost and bulkiness of the system. Modelling, design and 

control of two-output buck converter was presented in [5] 

(with bidirectional/unidirectional power flow capability) 

for motor drive systems. This structure has high efficiency, 

low losses, and less component-count. However, it requires 

power switches with high nominal current; this incurs high 

costs. A novel integrated synchronous buck DC-DC 

converter for electric vehicles power supply system was 

proposed in [6]. Therein, in order to obtain N-ports, N-

switches are required. In [7]-[9], bi-directional SIMO buck 

converters for electric vehicles, PV system and DC nano-

grid applications have been developed. The proposed 

converters produce three output DC voltage ports from 

single input port; but these topologies have non-isolated 
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Fig. 1. A typical layout representing a MIMO based applications. 
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output. Also, they use large number of power switches and 

inductors; and produce large ripples and high switching 

losses. In effect, the efficiency of these converters is very 

low. Moreover, sensitivity of the output voltage to duty 

ratio variations is among the distinct drawbacks of these 

converter configurations.  

     From the aforementioned, it is obvious that SIMO and 

MISO topologies so far developed have low reliability, 

poor efficiency and high-cost involvements. To overcome 

these limitations, multi-input, multi-output (MIMO) 

converters are configured to generate output voltages with 

various levels. The topological approach is to combine 

different input sources, with varying voltage–current 

characteristics, in a single-stage power conversion. This 

leads to reduced cost and complexity of the converter; and 

provides a converter with higher power density. Also, 

MIMO ensures a smooth distribution of power between the 

different loads by dividing the currents from all sources. 

This ultimately distributes the powers accordingly. Some 

MIMO converters are presented for low power 

applications, such as wireless sensor networks, [10] and 

[11].  

    Among the available MIMO converters, single-inductor 

MIMO converters are more attractive solution than that of 

multi-inductor MIMO converters. This is because of their 

small size, less electromagnetic interference, and low 

production costs. However, single inductor MIMO requires 

complicated control techniques to ensure proportional 

power sharing, [12]. In [13], a simple and effective 

topology derivation principle, that requires less steps for 

buck, boost, buck boost converter, was explained in detail. 

A bipolar DC-DC converter for DC microgrid was 

presented in [14]. In this configuration, PV module and 

battery system were integrated using conventional bipolar 

DC microgrid. However, this topology requires large 

number of independent DC-DC converters to interface 

various sources and loads; this increases the cost and 

decreases the efficiency of the system. 

     MIMO converters are classified into two types: isolated 

and non-isolated DC-DC converters. The advantage of 

non-isolated converter is that it has a more compact design 

and higher power density than the former; and are better 

suited to non-isolated applications, [15]-[16]. Isolated DC-

DC converters employ transformer-based magnetic 

coupling. This structure provides isolation between the 

output and input ports; and improves the voltage gain 

through turns-ratio of the isolating transformer, [17]-[18].  

     In this paper, MIMO based on Cascaded-Buck Hybrid 

Interlink converter (CBHIC) is proposed with dual input 

DC sources. The presented topology includes four non-

isolated DC output ports and two isolated output ports. The 

proposed CBHIC is shown in Fig. 2; where two series-

connected DC sources (VS1 and VS2) are used. The DC 

source 𝑉𝑠1  is used to supply two buck converters. The

outputs of these converters are available at the ports-1 and 

-2. Also, two buck converters supplied by VS2, and their

corresponding outputs are available at ports-3 and -4. The

common bus, com has less potential than the potential of

positive buses +vo1 and +vo2; and more than the potential

of negative buses -vo3 and -vo4. To achieve boosted output
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Fig. 2.  Schematic of proposed multiport CBHIC. 

voltage, the load can be connected between the higher 

positive and lower negative terminals in (port-1+port-4) 

and (port-2+port-3) to obtain VA and VB, respectively. To 

ensure the operation of buck-converter in the continuous 

conduction mode (CCM) and minimize the magnitude of 

ripple in inductor current, the inductance of the inductor 

should be high based on factors such as: the desired level 

of ripples, the frequency of operation, and the size and cost 

constraints of the converter. Similarly, the capacitance of 

filter capacitor of buck-converter-1 should be high to keep 

the ripple amplitude within the defined limit.  

The switches S1 and S2 are operated in complementary 

mode to ensure safe commutation of the high-frequency 

AC current in the primary side of HF-1. As a result, high-

frequency AC voltages are present between nodes A and B, 

as well as between nodes C and D. These AC outputs can 

be converted into isolated DC outputs using rectifiers 

connected to transformers HF-1 and HF-2. The outputs at 

port-5 and -6 can be used to supply power to loads 

requiring galvanic isolation. Depending upon operational 

choice, isolated DC outputs available at port-5 and port-6 

can be connected in series. The main features of proposed 

converter in contrast to existing converters are: 

1. The topology has inherent low-ripple current

source, which makes it suitable for renewable energy

application (such as PV panels and fuel cells).

2. It requires four inductors for the combination of

four converters. Therefore, cross-regulation issues and

sophisticated design techniques are not required to

control the converter. Input can be ESS (Energy Storage

System), RES (Renewable Energy System)  or DC

distributed grid to achieve four DC output and two AC

output ports.

II. OPERATIONAL PRINCIPLE

     This section provides the various operational modes of 

the proposed MIMO-CBHIC, their associated switching 

states, and the direction of current flow during each mode 

of operation. In this study, continuous conduction mode 

(CCM) operation is assumed in the analyses of the

proposed topology.
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Fig. 3.  Equivalent circuit of CBHIC during (a) Mode-I (b) Mode-II 
(b) Mode-III 

A. Mode-I 
1 2
-t t   : 

     Fig. 3(a) shows the equivalent circuit of the proposed 

converter in mode-I operation. In this mode of operation 

switch S1 is turned ON while switch S2 is OFF. VS1 supplies 

inductors L1 and D1 is reverse biased. The output capacitors 

C1 discharge through the load connected to output port-1 

(non-isolated). Furthermore, the isolated port detects a 

current route via S1 and L2. For this mode, the instantaneous 

voltage (Fig.4) can be expressed as: 

    5 1 2 1 2o o o L Lv v v v v                  (1) 

B. Mode II 
4 5t t   :  

     In this mode, switch S2 is turned ON while S1 remain 

OFF as illustrated in Fig. 3(b). Similar to traditional DC-

DC buck converter, the inductors L1 discharge to the loads 

at port-1, while the capacitors C2 supply the load demand 

at port-2. The instantaneous voltage across isolated port-5 

can be written as (Fig. 4) 

    5 1 2 1 2o o o L Lv v v v v                   (2) 

C. Mode III:      0 1 3 4 5 6
, ,t t t t t t      

     This mode is an additional representation of the state 

that exists in the converter when none of the switches are 

switched ON (Fig. 4). The conduction is presented in Fig. 

3(c), the output voltage at this mode vo5=0. During this 

mode, the inductors (L1, L2) will transfer power to the load 

while maintaining a low ripple output voltage with the aid 

of an output capacitor. Fig. 4 displays the waveforms of the 

HF-1 primary voltage (vo5), primary current (ip1) and the 

gate pulses. 

D.     Current and Voltage Ripples 

     Selection of inductor and capacitor is vital in the design 

of MIMO converters. The voltage across the inductor L1 

(and L2) is (
1S ov v ), (and ( 2S ov v )), the inductor 

current can be defined as: 

1/2 1/2L s o
d

dt L

i v v                            (3) 

and the current ripples can be determined using 

1/2 1
1/2

2

S o
L

SL

v v D
i

T


 

                         (3) 

The minimum value of inductance can be calculated as 

1/2 1

1/2 2

S o

SL

L v v D

i T






                           (4) 

    The output capacitor in MIMO is responsible for 

filtering the output voltage and reducing output voltage 

ripple. The value of the output capacitor depends on the 

output current and the desired output voltage ripple. In 

continuous current mode (Fig. 3), the currents IL1 (and IL2) 

are delivered to both capacitors and the capacitors are 

discharged continuously on the load side.  

E. Voltage Gain of Proposed Converter 

The gains of non-isolated buck converter-1 and converter-

2 are given by. 

   1 2
1 2,o o

S S

v v
D D

v v
                      (5)                 

     Here, 𝐷1  is the duty cycle during mode-I operation, and 

𝐷2 is duty interval during mode-II operation. In same way, 

the voltage gains of buck conveter-3 and conveter-4 

included in this topology can be calculated.  
 

The voltage gain of isolated ports can be expressed as; 

5 1

2

o

S

v D

v D
 ,  6 1

2

o

S

v D

v D
                          (6) 

It can be observed that, two of three outputs: port-1, port-

2, and port-5 can be controlled independently. 

III. SIMULATION STUDY 

    In order to prove the feasibility of the proposed CBHIC 

DC-DC converter, a simulation model has been developed 

in PLECS environment. The operating frequency is set to 

5 kHz, and the input dc voltages are Vdc1 = Vdc2= 100V. 

A. Modulation Scheme and Control 

     Fig. 5 shows the block diagram needed to create the 

necessary switching for the switches used in CBHIC. As 

shown in Fig. 4(a), the duty cycle needed for switch 𝑆1 is 

generated by comparing the modulating signal, Ma, with 

the carrier signal, Vc1, while the duty cycle for switch S2 is 

generated by comparing Mb with Vc2. The switches S1 and 

S2 operate complementarily, which results in the inductor 

L1 and L2 in adjacent buck converters experiencing 

simultaneous charging and discharging actions. By 

adjusting the magnitude of modulation indexes (Ma, Mb), 

various duty ratios can be achieved. By employing this 

modulation scheme, we are able to control the output of 
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Fig. 4. Waveforms of inductor currents, source currents, primary 

side voltage and currents of high frequency transformer during 

Mode-I, Mode-II and Mode-III of operation. 
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two of three ports separately. Fig. 6(a) to (d) show the 

output voltages for ports 1, 2, and 5. The result shows the 

output voltages at port-1, port-2 and port-5 when duty 

ration changed from 0.35 to 0.49 for converter-1 and 

converter-2.  At the port-1/2 for the two duty cycles, output 

voltages of 40.V and 50.4V are achieved, while a high 

voltage of 94.4V and 98V is provided at port-5. Changing 

the modulation indexes of ports -1-and 2 causes a change 

in the output voltage on port-5. Due to the converter 

topology - two of three output ports can be controlled 

independently. To transfer energy from input to output 

ports, switch S1 must be turned on to obtain output voltage 

at port-1, switch S2 must be turned on to acquire output 

voltage at port-2, and both switches (S1, S2) must be used to 

get voltage at port-5.The pulses for switches (S1, S2), 

inductor current (iL1, iL2) voltage across port-5 and source 

current (ib1) are presented in Fig. 7. During the OFF state 

of the switches, the inductor current decreases and delivers 

its energy into capacitors. The nature of inductor current is 

continuous. 

    Online load variations are used to assess the dynamic 

response of a converter design. Fig.8 depicts the change in  

load at port-1 and port-2 at 0.2sec and 0.4sec respectively, 

while the load at port-5 is changed at 0.6sec. The load 

current at port-1(io1) changed from 1.43 A to 3.033 A, 

while the load current at isolated port (port-5) changed 

from 0.97 A to 3.152 A. It can be observed that the load 

change on the output ports (isolated/non-isolated) have no 

influence on the rest of ports. 

B. Efficiency and Power Density of CBHIC 

     To evaluate the efficiency of the proposed CBHIC, the 

losses occurring in the converter due to the non-ideal 

behavior of various elements of CBHIC are calculated. By 

using the output power delivered by the CBHIC and the 

losses, occurring in the CBHIC, the efficiency ‘’ 

evaluation of CBHIC can be carried out.   

   

  

4 2

1 1

1 2 1 2

1

2
oi sioi si

o iso i i

s sws s b b

V VI I
P P

V V i iP P
  




 
  

  
       (7) 

where Piso is the isolated port power, Psw are the switching 

looses, Ps is the source power.  

Now the efficiency of the CBHIC is evaluated using the 

analytical method given by (7) and using the simulation in 

PLECS software. PLECS provides the facility for thermal 

modelling of power electronics devices and is used for 

accurate measurement of power losses occurring in various 

elements of the dc-dc converters. The thermal model of the 

proposed MIMO converter was created with PLECS 

software utilizing the available data of IKW75N60T 

switches. The load parameters were modified to determine 
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the efficiency at the output ports. Fig. 9(a) shows how 

efficiency fluctuates as non-isolated port loads vary from 

0W to 600W, while isolated ports maintain a constant 

200W load. In Fig. 9(a), CBHIC efficiency peaks at 600W 

before declining due to lower losses at reduced loads. 

A dotted-line graph in PLECS measures this efficiency 

fluctuation. The Fig. 9(b) displays CBHIC efficiency as 

isolated port loads vary from 0W to 600W, while non-

isolated ports maintain a constant 400W load. Non-isolated 

ports 1, 2, 3, and 4 have a 400W initial load, while isolated 

ports 5 and 6 range from 0W to 600W. The efficiency 

graphs in Fig. 9 reveal minimal impact from cascading 

CBHICs on converter efficiency, confirming agreement 

between analytical and simulation results. 

IV. COMPARISON OF PROPOSED CONVERTER WITH STATE

OF ART DC-DC CONVERTERS 

The state-of-the-art MIMO-based DC-DC converters 

described in the literature are compared to the proposed 

MIMO-CBHIC in this section. In Table I, comparison 

between the proposed topology and existing configurations 

are given in terms of voltage gain, efficiency, voltage stress 

across switches and diodes, number of input ports, number 

of output ports (isolated and non-isolated), and component 

count. It can be observed that the voltage gain of the 

proposed MIMO converter and DC-DC converters 

suggested in [4], [6] are identical and equal to conventional 

DC-DC buck converters. In [4], three output ports are

achieved and they work dependently; this converter

configuration requires high number of components to

generate single isolated port which make the system bulky

and complex control technique was used in generating the

switching pulses. In [6], it is only possible to get two non-

isolated output ports. The number of components used in

this topology are high, which leads to increased cost, losses

and overall reduction in efficiency and requires additional

balancing circuit to control the voltage across capacitors.

Single isolated output port was achieved using

configurations proposed in [17], [19], and [20]. However,

the topology presented in [20] has a small range of load

voltage variation and the control technique increases the

losses in the converter. In all these topologies, the number

of elements is not fully optimized to get high number of

output ports, extra inductors and floating drivers are needed

for some switches. In contrast to previous similar

configurations, lower cost and higher power density can be

achieved using the proposed topology. No additional

voltage-balancing control is required; thus, reducing the

complexity of the control.

V. EXPERIMENTAL VALIDATION

     A laboratory prototype of the proposed converter (400 

W rated) was built to verify the effectiveness and 

topological concept of the proposed converter as shown in 

Fig. 10. The prototype includes MOSFETs 

(C3M0065090D), and Schottky diode (STTH30R04W) 

was selected as the freewheeling diode. The capacitors and 

inductors are selected to be 180µF and 120µH, 

respectively. Switching frequency of 50 kHz was used. The 

loads connected at the output terminals of the converters 

are resistive load. 

     Fig. 11(a) shows the experimental waveforms of the 

inductor currents for converter-1 (iL1), converter-2 (iL2) and 

FPGA CBHIC 

HF Transformer

Gate Drivers

Fig. 10.  Lab prototype of CBHIC  

Fig. 11.  (a) source-1 voltage, inductor 𝐿1 current, inductor 𝐿2current,

source-2 voltage. (b) source-1 voltage, inductor 𝐿1 current, inductor 𝐿3
current, source-2 voltage. (c) source-1 voltage, inductor 𝐿1 current, 

load current of converter-1, output voltage of converter-1. 
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Fig. 9.  Efficiency of the CBHIC (a) when the load demand at non-
isolated ports is varied (b) when load demand at isolated ports is 

varied.  
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the input voltages for the whole converters (Vs1, Vs2). 

Therein, when the charging action of inductor L1 is taking 

place, the inductor L2 is being discharged through the load 

and output capacitor Co2. The average values of these 

currents are 4.42A and 4.30A respectively. The source 

voltages are selected to be each 400 V (Vs1=Vs2 =400V). 

The corresponding inductor currents for converter-1 and 

converter-3 are shown in Fig. 11(b). It can be observed that 

the inductor currents for converter-1 and -3 (iL1, iL2) are 

identical with average values of 4.51 A and 4.36 A, 

respectively. Fig. 11(c) shows the waveform of input 

voltage inductor current iL1, converter-1 output voltage 

(vo1) and load current (io1). The duty cycles of the buck 

converters 1, -2, -3 and -4 were maintained at a value of 

0.45. The average value of output voltage vo1 is 162.5V and 

load current io1is 2.4A.  

   For high frequency AC output ports, Fig. 12 shows the 

experimental waveforms for different source voltages, 

output voltages, transistor currents, output 

currents, primary, secondary voltages of transformers HF-

1 and HF-2, and the DC-DC buck converter voltages and 

currents. Fig. 12(a) shows the waveforms of source voltage 

𝑣𝑆1 , inductor currents (iL1, iL2) and voltage applied to 

primary of HF-2 (vp1). It is observed that charging and 

discharging action of inductors L1 and L2 are in phase 

opposition. It is due to the complementary action of 

switches (S1, S2). The primary voltages of HF-1 and HF-2 

(vp1, vp2) and inductor currents (iL1, iL2) are presented in Fig. 

12(b). The primary voltages (vp1, vp2) of HF-1 and HF-2 are 

observed to be 180𝜊  out of phase due to the 

complementary action of switches 𝑆1  and 𝑆4 . Fig. 12(c) 

displays the source voltage (Vs1), primary voltage of 

transformer HF-1 (vp1) and inductor currents (iL1, iL3). Also, 

the waveforms of source current (iS1), diode-2 current (iD1) 

and inductor current (iL2) are shown. The peak value of the 

primary voltage of HF-1 is 400V.  

VI. CONCLUSION 

      Presented in this paper is a MIMO based DC-DC buck 

converter, CBHIC. There are two input ports and six output 

ports on the CBHIC. Four of the six output ports are non-

isolated, while the other two are isolated. The evaluated 

efficiency of CBHIC is comparable to the DC-DC 

converter topologies recently reported in the literature. As 

a result, it is a suitable solution for a variety of applications 

that require isolated and non-isolated DC supply, such as 

electric vehicles (EVs). However, it should be noted that 

only two of the three ports in each part of the converter can 

be controlled independently. The complementary actions 

of switches in the CBHIC decrease the ripple amplitudes in 

the source currents; this lowers the filtering element values. 

Experimental results obtained from a laboratory prototype 

validated the topological and operational concepts of the 

MIMO-CBHIC. At 600 W rated output power, the 

converter has 97.4 % efficiency.  
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