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ABSTRACT 
 

 

 

A non-isolated multiport DC-DC boost converter is presented in this dissertation work. This 

converter has various applications related to hybridizing sustainable energy sources in electric 

vehicles. By integrating two or more energy sources, advantages of various sources are 

achievable. In this converter, two input sources flexibly distribute their power to the two output 

load resistances. Also, using this converter, charging and discharging of battery sources is 

possible and controllable. The converter has two different output voltage levels which makes 

it easier for integrating with multilevel inverters. For designing of controllers of the presented 

converter system, small-signal model using each state is evaluated and bode plots for stability 

analysis are extracted. The validity of the non-isolated multiport DC-DC boost converter and 

its performance is verified by simulated and experimental results for battery discharging mode. 

Various control algorithms viz. PI, PID, FOPID and ANN are implemented using ATmega328p 

(ARDUINO UNO) microcontroller. MATLAB/Simulink platform has been utilized for 

simulation purpose. 
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CHAPTER 1 

INTRODUCTION 

 

 

This chapter discusses multiport DC-DC converters, which plays a major role in applications 

like hybridizing alternate energy sources in electric vehicles and distributed generation from 

microgrids. This chapter also includes a description of dissertation, aim and objectives. 

1.1  Motivation 

Usage of renewable energy sources on various electronic loads has attracted various industrial 

and commercial applications due to their virtues of least pollution and sustainability. Since 

these energy resources are variable, storing them is necessary for backup. In order to improve 

supply security and lower pollution levels, an alternate hybrid power source is needed. As well 

multiple sources are needed for optimal power dispatch. Since many commercial or residential 

devices often need power supply with different voltage levels, therefore the need of power 

circuits for distributing power to various consumer loads with different voltage levels motivates 

the development of converter circuits to provide multiple voltage levels. 

 

Fig. 1.1 Example of residential low voltage DC power distribution system[30] 
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Various sources other than PVs and FCs generates DC voltage, and numerous 

consumption loads are available nowadays which uses DC as input supply i.e. portable devices, 

LEDs, music players, etc. Therefore, DC system can become a medium of interaction between 

different energy sources, advanced electronic loads and storage units for simplicity and 

efficiency. Figure 1.1 shows a concept about how DC power distribution occurs for future 

applications where alternate renewable sources are interfaced and storage batteries or other 

devices are installed to provide power to different loads. Conceptually multiple ports can be 

forms using two approaches. Traditionally, single-input single-output (SISO) converters are 

used in parallel at a common DC bus to exchange power (fig. 1.2). In SISO systems, converters 

are controlled independently and each separate conversion stages are employed for every 

source and load. These systems are prevalent in recent developments but complex 

configuration results in larger modules and higher costs. In these if complexity increases, 

performance may degrade. Thus, a prominent solution is multiple-input, multiple-output 

(MIMO) converter. The complex configurations can be replaced by simplified set-up as in fig. 

1.3. Integration of MIMO systems with sources and loads provides compact packaging, 

relatively easier control, and simultaneous power management and voltage regulation. 

 

Fig. 1.2 Conventional DC distribution system with multiple SISO converters[30] 
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Development of MIMO converters had come into picture in most recent research, 

multiple-input single-output (MISO) converters and single-input multiple-output (SIMO) 

converters have been well researched. MISO architecture is cost-effective and modular tech 

for including more than one source. MISO converters find its applications in PV-utility 

systems, PV-wind systems, renewable generation system with battery storage and hybrid EVs. 

SIMO configurations are efficient power suppliers for several loads. SIMO converters find its 

applications in portable and electronic devices, fuel cell generation systems, and multilevel 

inverters. 

 

Fig. 1.3 Proposed DC distribution system with MIMO converter 

 

The motivation of this dissertation is to design and fabricate MIMO converter, which can 

integrate the advantages of the MISO and SIMO configurations. The proposed non-isolated 

MIMO converters are advantageous on both conventional SISO converters and isolated MIMO 

converters as well. They have simple structure and provide easier power management. Thus, a 

non-isolated MIMO converter topology is discussed in this dissertation. 
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1.2  Literature Review 

Depletion of fossil fuels due to more consumption of oil resources are results in increase in oil 

and natural gas prices. Increase in demand due to rapid rise in population results in more 

depletion of these oil reserves and thus acts as a justifiable reason for EVs to come into picture. 

The importance of integrating the electric vehicles with green and sustainable energy sources 

as a substitute for gas vehicles is consequently increasing. The electric vehicles are projected 

as an alternate future possibility for transportation applications in order to offer ecologically 

friendly operation with the utilization of green and sustainable energy sources[1]-[2]. In electric 

vehicles, FCs are usually used as alternate power source. The fuel cell is a power source that 

directly converts the chemical energy reaction into the electrical energy. Presently, fuel cells 

are accepted as one of the potential techs to meet the future power demands in EVs. Fuel cells 

generate electricity, rather than working as a battery for storage purpose it continues to supply 

power, until the fuel supply is maintained. However, there are some technical issues with fuel 

cells: they have slow power transfer rate in transition states, and a high cost per watt. This is 

the major reason behind non-usability of FCs as a single source in the electric vehicles in order 

to meet the load demands, generally during starting and transient periods. Therefore to meet 

the demand requirements, fuel cells are used with energy storage systems(ESSs) such as 

batteries or supercapacitors(SC). Moreover, the hybridization of FCs and ESSs leads to a 

reduction of the hydrogen consumption of the FC[3]-[7]. FC and ESSs, such as battery and SC 

have multiple voltage levels. So, to provide a particular voltage level for consumption by load 

and control the flow of power between input sources, a DC–DC converter for every input source 

is needed. Utilization of a dc–dc converter for every input source leads to increase of price, 

mass, and losses. Therefore, in hybridized power system, multi-input dc–dc converters are 

being used. Multi-input converters have two main types, isolated multi-input dc–dc converters 

and non-isolated multi-input dc–dc converters. In the following sections, two main types of 

multi-input converters are investigated.  

In isolated multi-input DC–DC converters, high-frequency transformers are used for 

electric isolation. For impedance matching and electric isolation, these high frequency 

transformers are provided. Generally, isolated dc–dc converters use leakage inductance as 

storage for energy thereby transferring power amongst two sides of converter. Generally 

isolated dc–dc converters, in addition to high-frequency transformer, have high-frequency 

inverter and rectifier. The energy flow between input and output sides of converter is controlled 

by adjusting the phase shift angle between primary and secondary voltages of transformer [8]-
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[10]. Isolated dc–dc converters have several types such as half-bridge isolated converters, full-

bridge isolated converters, boost half-bridge isolated converters, and combinational multiport 

isolated converters [11]-[13]. As transformers are used, isolated dc–dc converters become 

heavy and bulky. These types of converters require inverter on the input side of the transformer 

for conversion of input dc to ac and they also needs rectifier at the output of the transformer for 

conversion of ac to dc. As a result, at each input-output terminals of these converters, several 

switching devices are placed which leads to increment of cost and losses. Moreover, 

transformer itself has core and winding losses. Evaluating the abovementioned drawbacks of 

isolated multi-input dc–dc converters, usage of non-isolated multi-input dc–dc converters in 

electric vehicle applications seems more beneficial. In [14], a non-isolated multi-input dc–dc 

converter which is imitated from H-bridge structure has been proposed. Actually, by cascading 

two H-bridge with different dc-link voltages, multiple voltages due to addition or subtraction 

of H-bridges outputs are possible. In this negative voltage modes are eliminated as they are 

linked to bidirectional double-input converters, which are beyond the scope of this dissertation. 

By eliminating the abovementioned negative voltage modes, a simple version of double input 

dc–dc converter is obtained. The advantage of these converters are its less number of passive 

elements, and its drawback is inappropriate control on the power which is drawn from the input 

sources. In [15]-[17], a mimo dc–dc buck converter is proposed. In fact, this type of converter 

comprises of two buck converters parallel at their inputs. One switch is in series to each input 

source to avert short circuiting of the sources. The benefit from this converter is reduction in 

the number of inductors(L) and capacitors(C) which eventually leads to reduction in the cost, 

size, and weight of converter. The proposed converter is flawed due to its lack of proper energy 

flow amongst the sources. In [18], mimo z-source dc–dc converter is introduced. The 

converters structure is changed such that the number of inductors(L) and capacitors(C) are 

equal to a single input z-source converter. Still, two inductors and capacitors are utilized in the 

proposed converter. In [19], multi-phase converter is presented. The converter proposed hereby 

has four input at multiple different voltages. In this converter, each of the power sources can 

absorb or deliver power from load and other sources. This converter is flawed as each separate 

input source required separate inductor. In [20], a three-input converter for hybridization of 

battery, PV cells, and FC is presented by the researcher. By providing appropriate switching to 

the converter, charging and discharging of battery from other sources and load is possible, 

respectively. In [21], a logical approach for derivation of non-isolated multi-input converter 

topologies by combination of buck, boost, cuk, and sepic is introduced. According to this paper, 

abovementioned converters were categorized in two ways, one is pulsating voltage source 
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converters (PVSC) and other is pulsating current source converters (PCSC). As PVSC is used 

here as voltage source, it can put series with current buffer (inductor) branch or output of other 

converter in order to form a dual input converter. Also, because PCSC is considered as a current 

source, it may be placed in parallel with a capacitor branch or output of the other converter to 

form a dual input converter. In [22], a new converter for power and energy management 

between battery, SC, and electric motor in an EV is presented. In this converter, a coupled 

inductor is used as a substitute for two separate inductors as energy storing element. The paper 

claims that utilization of coupled inductor leads to 22%–26% reduction in volume when 

compared with two separated inductors. However, volume of coupled inductor is more than a 

single inductor. Also, regeneration of brake energy to battery and SC is possible with this 

converter. In [23], a mimo converter with only one inductor(L) is proposed which is used to 

allocate load power among input sources. Moreover, in the proposed mimo converter, 

transferring energy amongst sources is made possible. In [24], a new extendable single stage 

multi-input dc–dc/ac boost converter presented by the researcher. Low-torque ripple is highly 

essential in EVs. Torque ripple is directly related to voltage harmonics in an ac motor. 

Multilevel inverters are therefore utilized to reduce voltage harmonics. To generate different 

level voltages by multilevel inverters, DC sources with different or equal voltage level is 

essential. One such way to generate is to use mimo dc–dc converters. In [25] and [26], a single 

inductor(L) mimo DC–DC converter is presented which can be used to generate various 

different multiple voltage levels at the output. The converter regulates the output voltages at 

the required values despite the load variation or input voltage variation by controlling it. In 

[27], a new control scheme is introduced providing satisfactory dynamic performance for mimo 

converter. But the drawback of this converter is its single input source. In other words, in 

applications such as electric vehicles requiring several input energy sources like FC and battery 

are employed, this converter is not compatible. One way to rectify this problem is using of 

mimo converters. In [28] and [29], a non-isolated multi-input multi-output converter is 

presented which has only one inductor(L). Since it used more number of switches this becomes 

its major drawback which results in low efficiency of the converter. Impossibility of power 

transferring between input sources is the other shortcomings of the presented converter. In this 

dissertation, a multi-input multi-output non-isolated converter based on combination of a 

multiple inputs and multiple outputs is presented. The presented converter compared to similar 

converters requires less number of elements. The power flow in the converter can be controlled 

between each source and the load. The presented converter has several outputs for having 
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different voltage levels. Different control schemes were also implemented to maintain output 

voltage constant under input as well as load variations.  

1.3  Research Objectives 

The aim of this dissertation is to develop a compact and cost-effective power electronic 

converter for efficient power conversion for application in future low-voltage DC-DC systems. 

The work presented in this dissertation is first simulated and then experimentally implemented 

using ATmega328p microcontroller. 

In view of current scenario in EV systems, multiport DC-DC converters are used 

efficiently, but the presented MIMO converter is able to provide efficient power and multiple 

voltages to the load. Specifically, this work includes: 

1) Structure design and detailed analysis of non-isolated MIMO converters including one 

inductor only. Priorities are to have a compact design and effective cost of the 

converter. Therefore, non-isolated MIMO converter topology is demonstrated. 

2) Dual input sources are connected to the converter and output voltage regulation at two 

levels is achieved. Controller design and tuning for MIMO system is also investigated. 

3) Small signal model has been derived for controller design implemented on MIMO 

converter.  

4) Fabrication of MIMO converter and driver circuit have been achieved through PCB 

design. Feasible design for compact structure has been incorporated. 

5) Different control strategies viz. PI, PID, FOPID and ANN are developed and 

implemented using ATmega328p microcontroller. 

 

1.4  Composition of the dissertation  

The dissertation is organized in four parts. The first part consists of Chapter 1, which gives an 

outline about the literature review on the developments related to multiport DC-DC converters. 

The motivation, aim and objectives for pursuing the research has been described here. 

The second part of this dissertation, comprising of Chapter 2 and Chapter 3, outlining 

the topology, analysis and dynamic modelling of the converters. Chapter 2 presents an 

overview of DC-DC converters followed by analysis of different topologies of multiport 

converters. Chapter 3 gives a detailed mathematical modelling and dynamic state space 
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analysis of MIMO converter. Small signal modelling technique is used to form a dynamic 

model of MIMO converter. 

The third part of the dissertation comprises of Chapter 4, presenting the controller 

design concepts. Converter design specifications are also introduced here. Control strategies 

used to generate gate pulses are hereby discussed and structure of microcontroller used to 

generate those control signals are hereby presented. 

Fourth part of the dissertation contains Chapter 5 and Chapter 6 which discusses the 

results obtained from various converter topologies with control strategies implemented. 

Simulated as well as experimental results are integrated in Chapter 5 with implementation of 

various control algorithms. Chapter 6 gives conclusions by summarizing the major finding and 

contribution of this work. Scope for future work is also highlighted here. Design of non-isolated 

multiport DC-DC Boost Converter and its component details are shown in appendices.  
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CHAPTER 2 

NON-ISOLATED MULTIPORT DC-DC BOOST CONVERTER 

TOPOLOGY 

 

 

This chapter introduces various multiport DC-DC converter topologies based on boost 

converter. The converter structure, operating principle and different modes of operation are 

presented and analyzed in detail.  

2.1  Overview 

Switched mode DC-DC@boost@converter@is@used for stepping up@the@voltage (simultaneously 

stepping@down@current) from the input supply to its load output. It is classified in switched-

mode power supply (SMPS) consisting of atleast two semiconductor devices (a transistor and 

a diode) and@atleast@one@energy storing element i.e. either a capacitor or an inductor or may be 

a combination of both. Voltage ripples can be reduced by using capacitor filter at both input 

and output.  

Basic working of boost converter relies on the principle of storing of energy in inductor from 

the supply side (dc or rectified ac) and then transferring it to the capacitor (or load itself). 

Therefore, output voltage steps up, resulting it to be greater than the input supply voltage. The 

basic circuit topology can be enhanced to give other variants@of@the@boost@converter. Here we 

are discussing non-isolated DC-DC converters which can be classified into three parts: 

i. Single Input Single Output (SISO) 

ii. Single Input Multiple Output (SIMO) 

iii. Multiple Input Multiple Output (MIMO) 

Detailed analysis of these DC-DC converters will be done later in this chapter. 

2.2  Multiport Converter Topology 

In [25], a@multi-output@converter@is@proposed. @The presented converter@is@a@single@input 

converter. On@the@other@hand, use of@one input@energy source in@electric@vehicles@cannot 

provide@load@requirements@because@the@load@is@dynamic and the@power varies. Therefore, 

hybridization of different sources is vital. In [23], a non-isolated multi-input dc–dc@converter 
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for@hybridization@of@energy sources is proposed having just one inductor. In this thesis, a non-

isolated multi-input multi-output dc–dc converter based on the integration of these two 

converters is proposed. The structure of the proposed converter is presented in Fig. 1. As seen 

from the figure, the converter interfaces m input power sources Vin1,Vin2,Vin3, ...,Vinm such that 

Vin1 <Vin2 <Vin3 ...<Vinm. The presented converter@has@just@one@inductor, n capacitors@in@its 

outputs@and m + n@switches. The R1, R2, R3,...,Rn are@the@load@resistances, which@can@represent 

the loads which can be taken as equivalent to power@feeding a multilevel inverter. @By@proper 

switching@of@switches, control@of@power@flow@between@input@sources@in@addition@to@boost up 

input@sources@voltages@is@possible. Outputs@are@capable@to@have equal or different voltage level 

which@is suitable for@a connection to@a@multilevel@inverter. The@proposed@converter is 

appropriate alternative@for@hybridizing@of@FC, @battery, @or@SC.  

In a hybrid electric vehicle (HEV), hybridization of different alternate sources is vital and 

therefore FC and battery can be considered here as input sources. Outputs can be resistive loads 

or loads present in HEVs like entertainment system, lightning system, charging ports, etc. as 

shown in Fig. 2.1 

 

Fig. 2.1 Multiport converter structure 
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In single@input@single@output@ (SISO) @mode supply is from one input and here resistive load is 

taken as single output. This is a conventional form of DC-DC boost converter. Power transfer 

takes place between input supply (here a charged battery) and output load (resistive type).  

L  IL D1

S1

Vin1

(Battery)

Iin1 C1 R1

+

-
V01

IC1

 

Fig. 2.2 Single input single output converter structure 

In single@input@multiple@output@ (SIMO) @mode single charged battery act as input supply and 

two or more resistive loads as output. This is a non-isolated SIMO converter topology and here 

power transfer occurs between one input supply and two resistive loads. 

L  IL

D1

D2

S1

S2Vin1

(Battery)

Iin1

C2

C1 R1

R2

+

-

+

-

V02

V01

IC2

IC1

 

Fig. 2.3 Single input Multiple output converter structure 

In multiple@input@multiple@output@ (MIMO) mode two or more input supply are used to transfer 

power to two or more output loads. Here FC and battery is used to supply power to two resistive 

loads. The non-isolated structure is compact in design and cost-effective in nature. 
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Fig. 2.4 Multiple input multiple output converter structure 

2.3  Analysis of the Multiport Boost Converter 

In a boost converter topology as discussed earlier, conventional boost converters are merged 

for providing new topologies to get multiport converter. If we consider hybridizing alternate 

energy sources to be used as input sources for the converter which includes FC and ESS (here 

battery) then usage of each source accordingly can result in development of different 

topologies. Here we discuss detailed structure of each topology (i.e. conventional and 

proposed), its operating modes and useful mathematical equations. Classification of DC-DC 

Boost topology for non-isolated structure is as follows: 

i. Single Input Single Output (SISO) 

ii. Single Input Multiple Output (SIMO) 

iii. Multiple Input Multiple Output (MIMO) 

 

2.3.1 Single@Input@Single@Output (SISO) 

Single input single output converter topology is the conventional converter topology. The 

converter structure is shown in Fig. 2.2. It considers just one input supply and one resistive 

load at the output. In this structure inductor stores energy in one cycle from the input supply 

and in the next cycle it delivers the energy stored to the loads at the output. The cycle period is 

decided by the duty of the switch used in the converter. 
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2.3.2 Single Input Multiple Output (SIMO) 

The multiport converter topology discussed above in Fig. 2.3 can be converted into SIMO 

converter structure. Considering just one input supply and two resistive loads as outputs we 

can simulate the structure of SIMO DC-DC converter. In the fig. 2.3, the SIMO converter has 

one-input two-output structure. In this figure, R1 and R2 are model equivalent resistances to 

denote either HEV system components or a@multilevel@inverter. @Different@types@of@multilevel 

inverters@can@be@used@in@connection@to@this@converter. HEVs have various DC-DC loads such 

as lightning or music system which can directly be feed from the converter output. But HEVs 

are difficult to operate with just one input supply as discussed earlier. 

2.3.3 Multiple@Input@Multiple@Output (MIMO) 

In this thesis, the presented converter has two-input@two-output structure. In@Fig. 2.4, the 

converter@with@two-input@two-output@is shown. In@this@figure, R1@and@R2 are@the@model@of@load 

resistances@that@can denote the@equivalent@power feeding an HEV system or a@multilevel 

inverter. Different@types@of@multilevel@inverters@can@be@used@in@connection@to this@converter. 

HEVs have various DC-DC loads such as lightning or music system which can directly be feed 

from the converter output. Four@power@switches S1, S2, S3, and S4 in@the@converter@structure@are 

the major controlling elements that control the output voltages and power@flow@of the converter. 

In@the@presented@converter, source Vin1 can@deliver@power@to@source Vin2 but@not@vice versa due 

to presence of diode D3. So, in EVs, FC which cannot be charged, so it is located in place of 

Vin1 in circuit. Also, generally where Vin2 is placed, ESSs@such@as@battery or Super Capacitor 

(SC) which@are@chargeable are placed. 

In this thesis, FC@is@used@as@a@generating@power@source (Vin1) and@the@battery@is used as an ESS 

(Vin2). Depending@on@the operation of@the@battery, two modes of operation@are@defined@for the 

presented converter. In every mode, only three@of@the@four@switches@are@active, while@one 

switch@is@inactive. When@high@power@load@is present, both@input@sources deliver@power@to the 

load, in such a state, S2 is@inactive@and@switches S1, S3, and S4 are@active. Also, when low power 

load is present and Vin2 is needed to be charged, Vin1 supplies power to loads and can also 

charge the battery i.e. Vin2. In this situation, switches S1, S2, and S4 are active and S3 is inactive. 

In FCs, as output voltage depends on the current drawn and to make equal power balance 

among the input powers and the load, ripples of the current drawn should be minimized. 

Therefore, in this thesis, steady state and dynamic behavior of the converter have been 

investigated in CCM. However, in battery charging mode, the load power and battery charging 
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current have small values, it is likely that the converter works in discontinuous conduction 

mode (DCM). So, the condition in which the converter goes in DCM is discussed later in next 

chapter. It should be noted that each of input sources can be used separately making it the case 

of SIMO converter type. Two main operation modes of the converter have been studied as 

follows: 

2.3.3.1  First Operation Mode (Battery Discharging Mode)  

In this mode of operation, two input sources Vin1 and Vin2 (battery) are responsible for 

supplying power to the loads. In this mode, S2 is completely OFF and S1, S3, and S4 are ON. 

For each switch, a specific duty is required. Here, S1 is active to regulate supply source 2 

(battery) current to desired value. In fact, S1 controls battery current to desired value by 

regulating inductor current. The total output voltage VT = VO1 + VO2 is controlled to a desired 

value by the switch S3. Also, output voltage VO1 is regulated by S4. It is apparent that by 

regulation of VT and VO1, the output voltage VO2 is regulated accordingly. Gate signals of 

switches with voltage and current waveforms of inductor are shown in Fig. 2.5.  

 

Fig. 2.5 Steady-state waveforms of MIMO converter in battery discharging mode 

According to switching states of the switches, there are four different operating modes in one 

switching period as follows: 
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1) Switching State 1 (0 < t < D3T):  

In this state, switches S1 and S3 are made active by giving gate pulses. Since S1 is ON, diodes 

D1 and D2 are made reverse biased, so switch S4 is turned OFF. Since S3 is active and Vin1 

<Vin2, diode D0 is reverse biased. Equivalent circuit of the proposed converter in this state is 

shown in Fig. 2.6(a). In this switching state, Vin2 charges inductor L, so inductor current 

increases. Simultaneously, in this state, capacitors C1 and C2 are discharged and deliver their 

stored energy to load resistances R1 and R2, respectively. 

The inductor and capacitors equations in this mode are as follows: 

 

{
  
 

  
 𝐿

𝑑𝑖𝐿
𝑑𝑡

= 𝑣𝑖𝑛2

𝐶1
𝑑𝑣01
𝑑𝑡

= −
𝑣01
𝑅1

𝐶2
𝑑𝑣02
𝑑𝑡

= −
𝑣02
𝑅2

 (2.1) 

 

2) Switching State 2 (D3T < t < D1T):  

In this switching state, switch S1 is still active and S3 is turned inactive. Since S1 is ON, diodes 

D1 and D2 are made reverse biased, so switch S4 is still inactive. Equivalent circuit diagram of 

proposed converter in this state is shown in Fig. 2.6(b). In this state, Vin1 charges inductor L, 

so inductor current furthermore increases. Simultaneously, capacitors C1 and C2 are discharged 

and delivers its stored energy to load resistances R1 and R2, respectively. The inductor and 

capacitors equations in this state are as follows: 

 

{
  
 

  
 𝐿

𝑑𝑖𝐿
𝑑𝑡

= 𝑣𝑖𝑛1

𝐶1
𝑑𝑣01
𝑑𝑡

= −
𝑣01
𝑅1

𝐶2
𝑑𝑣02
𝑑𝑡

= −
𝑣02
𝑅2

 (2.2) 

 

3) Switching State 3 (D1T < t < D4T):  

In this state, switch S1 is turned inactive and switch S3 is still inactive. Also, switch S4 is turned 

ON. Diode D2 is reversed biased. Equivalent circuit of proposed converter in this state is shown 

in Fig. 2.6(c). In this state, discharging on inductor L occurs and power is delivered to C1 and 
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R1, so inductor current decreases. In this state, C1 is charged and C2 is discharged and delivers 

its stored energy to load resistance R2. The energy storing elements L, C1, and C2 equations in 

this mode are as follows: 

 

{
  
 

  
 𝐿

𝑑𝑖𝐿
𝑑𝑡

= 𝑣𝑖𝑛1 − 𝑣01

𝐶1
𝑑𝑣01
𝑑𝑡

= 𝑖𝐿 −
𝑣01
𝑅1

𝐶2
𝑑𝑣02
𝑑𝑡

= −
𝑣02
𝑅2

 (2.3) 

 

4) Switching State 4 (D4T < t < T):  

In this mode, all of three switches are inactive. So, diode D2 is made forward biased. In this 

state, inductor L discharges and delivers its stored energy to capacitors C1, C2, and load 

resistances R1 and R2. Simultaneously in this mode, capacitors C1 and C2 are charged. 

Equivalent circuit of proposed converter in this state is shown in Fig. 2.6(d). The inductor L 

and capacitors C1 and C2 equations for this mode are as follows: 

 

{
  
 

  
 𝐿

𝑑𝑖𝐿
𝑑𝑡

= 𝑣𝑖𝑛1 − (𝑣01 + 𝑣02)

𝐶1
𝑑𝑣01
𝑑𝑡

= 𝑖𝐿 −
𝑣01
𝑅1

𝐶2
𝑑𝑣02
𝑑𝑡

= 𝑖𝐿 −
𝑣02
𝑅2

 (2.4) 

 

D0 L  IL

D3 D1

D2

S3

S1

S2

S4

Vin1

(FC)
Vin2

(Battery)

Iin2

Iin1

C2

C1 R1

R2

+

-

+

-

V02

V01

IC2

IC1

 

D0 L  IL

D3
D1

D2

S3

S1

S2

S4

Vin1

(FC)
Vin2

(Battery)

Iin2

Iin1

C2

C1 R1

R2

+

-

+

-

V02

V01

IC2

IC1

 

(a) (b) 
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(c) (d) 

Fig. 2.6 Equivalent circuit of battery discharging mode during (a) switching state 1, (b) switching state 2, 

(c) switching state 3, and (d) switching state 4. 

 

2.3.3.2  Second Operation Mode (Battery Charging Mode)  

In this operating mode, Vin1 not only supplies loads but also delivers power to Vin2 (battery) for 

charging purpose. The implementation on this mode on experimental setup is out of the scope 

of this thesis. This condition occurs when load power is small and battery requirements are to 

be charged. In this operating mode, switches S1, S2, and S4 are ON and switch S3 is entirely 

inactive. Like previous operating mode of the converter in this mode, for each switch, a specific 

duty for controlling is vital. S1 is switched to regulate total output voltage VT = VO1 + VO2 to a 

required value.  

Controlling of the battery charging current (Ib) to a required value is the duty of switch 

S2, controlling the output voltage VO1 is duty of switch S4. It is known that by regulating VT 

and VO1, the output voltage VO2 is regulated accordingly. In Fig. 2.7, gate pulse signals of 

switches and voltage and current waveforms of inductor are shown.  
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Fig. 2.7 Steady-state waveforms of MIMO converter in battery charging mode 

According to different switching states, there are four different operating modes in one 

switching period which is discussed as follows:  

1) Switching State 1 (0 < t < D1T):  

In this state, switch S1 is turned ON, so S2 and S4 are reversed biased and cannot be turned ON. 

Also, diode D2 is reversely biased and could not conduct. Equivalent circuit of proposed 

converter in this state is shown in Fig. 2.8(a). In this state, Vin1 charges the inductor L, so 

inductor current increases. Also, in this state, capacitors C1 and C2 are discharged and delivers 

their stored energy to load resistances R1 and R2, respectively. The inductor L and capacitors 

C1 and C2 equations in this mode are as follows: 

 

{
  
 

  
 𝐿

𝑑𝑖𝐿
𝑑𝑡

= 𝑣𝑖𝑛1

𝐶1
𝑑𝑣01
𝑑𝑡

= −
𝑣01
𝑅1

𝐶2
𝑑𝑣02
𝑑𝑡

= −
𝑣02
𝑅2

 (2.5) 
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2) Switching State 2 (D1T < t < D2T):  

In this mode, switch S1 is turned OFF and switch S2 is turned ON. Diodes D1 and D2 are 

reversely biased, subsequently, S4 is still inactive. Equivalent circuit of proposed converter in 

this switching state is shown in Fig. 2.8(b). Since Vin1 < Vin2, therefore, in this period of time, 

inductor current decreases and inductor transfers its stored energy to battery (Vin2). Also, in 

this switching mode, capacitors C1 and C2 are discharged and deliver their stored energy to 

load resistances R1 and R2 respectively. The inductor L and capacitors C1 and C2 equations in 

this mode are as follows: 

 

{
  
 

  
 𝐿

𝑑𝑖𝐿
𝑑𝑡

= 𝑣𝑖𝑛1−𝑣𝑖𝑛2

𝐶1
𝑑𝑣01
𝑑𝑡

= −
𝑣01
𝑅1

𝐶2
𝑑𝑣02
𝑑𝑡

= −
𝑣02
𝑅2

 (2.6) 

 

3) Switching State 3 (D2T < t < D4T):  

In this switching mode, switch S1 is still OFF and switch S2 is turned OFF and switch S4 is 

turned ON. Also, diode D2 is reversely biased. In Fig.2.8(c), equivalent circuit of proposed 

converter in this state is shown. In this state, inductor L is delivers its stored energy to C1 and 

R1 and gets discharged, so inductor current is decreased. In this state, capacitors C1 is charged 

and capacitor C2 is discharged and delivers its stored energy to load resistance R2. The energy 

storage elements L, C1, and C2 equations in this mode are as follows: 

 

{
  
 

  
 𝐿

𝑑𝑖𝐿
𝑑𝑡

= 𝑣𝑖𝑛1 − 𝑣0

𝐶1
𝑑𝑣01
𝑑𝑡

= 𝑖𝐿 −
𝑣01
𝑅1

𝐶2
𝑑𝑣02
𝑑𝑡

= −
𝑣02
𝑅2

 (2.7) 

 

4) Switching State 4 (D4T < t < T):  

In this mode, all the three switches are OFF. Therefore, diode D2 is forward biased. In Fig. 

2.8(d), an equivalent circuit of the proposed converter in this switching state is shown. In this 

state, inductor L discharges and delivers its stored energy to capacitors C1, C2, and load 
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resistances R1 and R2. Also, in this mode, capacitors C1 and C2 are charged. The inductor L and 

capacitors C1 and C2 equations in this mode are as follows: 

 

{
  
 

  
 𝐿

𝑑𝑖𝐿
𝑑𝑡

= 𝑣𝑖𝑛1 − (𝑣01 + 𝑣02)

𝐶1
𝑑𝑣01
𝑑𝑡

= 𝑖𝐿 −
𝑣01
𝑅1

𝐶2
𝑑𝑣02
𝑑𝑡

= 𝑖𝐿 −
𝑣02
𝑅2

 (2.8) 

 

 

 

Fig. 2.8 Equivalent circuit of battery charging mode during (a) switching state 1, (b) switching state 2, (c) 

switching state 3, and (d) switching state 4. 
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CHAPTER 3 

DYNAMIC MODELLING OF NON-ISOLATED MULTIPORT DC-

DC BOOST CONVERTER 

 

In this chapter, small signal modelling is discussed and the parameters of the converter circuit 

are introduced. For designing the best optimal controller, small signal modelling plays a vital 

role. Multiport converters are of higher order and so it is a tough task to get the dynamics of 

such converters. Thus, design of such model is needed in order to optimize converter dynamics 

and also helps in realizing the closed-loop control. The dynamic modelling of only MIMO 

converter is explained here in detail. By system mathematical equations, and by considering 

state equations for each mode, small signal transfer function is developed. Inductor and 

capacitor design are also discussed in this chapter. 

3.1  Dynamic Modelling and Analysis 

As mentioned in previous chapter, the presented MIMO converter is controlled by switches S1, 

S2, S3, and S4. Each switch needs some gate signal with specific duty in order to provide control 

to the converter. On controlling the duty of the switches, voltage ad current values can be 

regulated. In order to control the converter and design specific controller, initially dynamic 

modelling must be achieved. As discussed in previous chapter, presented converter has two 

main operating modes which is battery discharging mode in which two input sources supply 

power to load and battery charging mode in which source Vin1 supplies both the load power 

and battery (Vin2) for charging purpose. This mode is theoretically explained here but not 

implemented on experimental setup. Each operation modes have different dynamics and so 

each mode is differently modelled. Accordingly, for each operating mode, different controllers 

are needed to be designed separately. Dynamic modelling of both modes is presented in this 

thesis but controllers were designed for battery discharging mode only.  

3.1.1 Dynamic modelling of Battery Discharging Mode 

The basis for optimized controller design is small signal modelling. Especially, for such a 

multi-input multi-output converter, an effective dynamic modelling of converter structure will 

be helpful to realize closed-loop control, and moreover, to optimize the converter dynamics. 

Unlike conventional SISO converter, the MIMO converter is higher order system, and it is even 
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more problematic to derive the plant transfer functions making it more difficult to obtain values 

of zeros and poles for the purpose of analysis. As an alternative, matrix representation of plant 

dynamics is obtained and computer simulation software is used to plot graphs of different 

transfer functions. In small signal modelling method [30], the state variables, duty ratios, and 

input voltages contain two components, dc values (X, D, V) and perturbations (𝑥̂, 𝑑̂, 𝑣). It is 

assumed that the perturbations are quite small and do not vary significantly during one 

switching period. So, the following equations for proposed converter are: 

 

{
 
 
 

 
 
 

𝑖𝐿(𝑡) =  𝐼𝐿 + 𝑖̂𝐿(𝑡)

𝑣𝑜1(𝑡) =  𝑉𝑜1 + 𝑣𝑜1(𝑡)

𝑣𝑜2(𝑡) =  𝑉𝑜2 + 𝑣𝑜2(𝑡)

𝑑1(𝑡) =  𝐷1 + 𝑑̂1(𝑡)

𝑑2(𝑡) =  𝐷2 + 𝑑̂2(𝑡)

𝑑3(𝑡) =  𝐷3 + 𝑑̂3(𝑡)

𝑑4(𝑡) =  𝐷4 + 𝑑̂4(𝑡)

 

 

(3.1) 

where inductor current iL(t) and capacitor voltages vO1(t) and vO2(t) are state variables. If we 

substitute (3.1) into (2.1)–(2.4), apply the averaging to four state equations multiplied with 

corresponding duty cycle value, and subsequently neglecting second-order terms, we find 

small-signal model equations that are presented as follows: 

 

{
 
 
 

 
 
 𝐿

𝑑𝑖̂𝐿(𝑡)

𝑑𝑡
 =  (𝑉𝑖𝑛2 − 𝑉𝑖𝑛1)𝑑̂3(𝑡) + 𝐷3𝑣𝑖𝑛2(𝑡) +  (1 − 𝐷3)𝑣𝑖𝑛1(𝑡)

−(1 − 𝐷1)𝑣̂𝑂1(𝑡) + (𝐷4 − 1)𝑣𝑂2(𝑡) + 𝑉𝑂1𝑑̂1(𝑡) + 𝑉𝑂2𝑑̂4(𝑡)

𝐶1
𝑑𝑣𝑜1(𝑡)

𝑑𝑡
=  −𝐼𝐿𝑑̂1(𝑡) + (1 − 𝐷1)𝑖̂𝐿(𝑡) −

𝑣𝑜1(𝑡)

𝑅1

𝐶2
𝑑𝑣𝑜2(𝑡)

𝑑𝑡
=  −𝐼𝐿𝑑̂4(𝑡) + (1 − 𝐷4)𝑖̂𝐿(𝑡) −

𝑣𝑜2(𝑡)

𝑅2

 

 

(3.2) 

Thus, the system can be represented in a matrix form using a state-space model such taking 

iL(t), vO1(t), and vO2(t) as state variables. The state-space model is as follows: 

 
{
𝑑𝑋 

𝑑𝑡
= 𝐴𝑋 + 𝐵𝑈

𝑌 = 𝐶𝑋 + 𝐷𝑈

 

 

(3.3) 

where X represent state variable matrix, U represent control input matrix having d1(t), d3(t) and 

d4(t), and Y represents system output matrix having vO1(t), vT (t), and ib(t). Thus, matrices X, 

Y and U are as follows: 
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𝑋 = [

𝑖̂𝐿(𝑡)

𝑣𝑜1(𝑡)

𝑣𝑜2(𝑡)
] , 𝑌 = [

𝑣𝑜1(𝑡)

𝑣𝑇(𝑡)

𝑣𝑜2(𝑡)
] , 𝑈 = [

𝑑̂4(𝑡)

𝑑̂3(𝑡)

𝑑̂1(𝑡)

] 

 

(3.4) 

Substitute the A, B, C, and D matrices using equations (3.2) and state equations (3.3), and 

following results is obtained: 

 

𝐴 = 

[
 
 
 
 
 0

(𝐷1 − 1)
𝐿

(𝐷4 − 1)
𝐿

(1 − 𝐷1)
𝐶1

−
1

𝑅1𝐶1
0

(1 − 𝐷4)
𝐶2

0 −
1

𝑅2𝐶2 ]
 
 
 
 
 

𝐵 =  

[
 
 
 
 
 
𝑉𝑂2
𝐿

𝑉𝑂2
𝐿

(𝑉𝑖𝑛2 − 𝑉𝑖𝑛1)
𝐿

0 −
𝐼𝐿
𝐶1

0

−
𝐼𝐿
𝐶2

0 0 ]
 
 
 
 
 

𝐶 =  [
0 1 0
0 1 1
𝐷3 0 0

]

𝐷 =  [
0 0 0
0 0 0
0 𝐼𝐿 0

]

 

 

(3.5) 

where Vin1 and Vin2 are input supply voltages. Also, VO1 & VO2 are load voltages at the output. 

In the A, B, C, and D matrices, each parameter value except duty cycle of switches D1, D3, D4, 

and dc value of inductor current IL, is known. The following equation evaluates inductor current 

value: 

  

𝐼𝐿 = 
𝐼𝑏
𝐷3

 

 

(3.6) 

where Ib is the battery current. So, now the unknown parameters of abovementioned matrices 

are D1, D3, and D4. The values of duty applied to the switches is obtained by steady-state 

analysis which is shown in following equation: 
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[

𝑉𝑂1 𝑉𝑖𝑛2 − 𝑉𝑖𝑛1 𝑉𝑂2
𝑅1𝐼𝑏 𝑉𝑂1 0
0 𝑉𝑂2 𝑅2𝐼𝑏

] [

𝐷1
𝐷3
𝐷4

] = [

𝑉𝑂2 + 𝑉𝑂1 − 𝑉𝑖𝑛1
𝑅1𝐼𝑏
𝑅2𝐼𝑏

] 

 

(3.7) 

So, from the above-mentioned matrix equation, duty to the switches is achieved and is 

substituted in A, B, C, and D matrices. As represented in the system small-signal models, state 

variables are controlled by three control variables d1(t), d3(t), and d4(t). The transfer function 

matrix of the converter is obtained from the small signal model as follows: 

  

𝐺 = 𝐶(𝑆𝐼 − 𝐴)−1𝐵 + 𝐷 

 

(3.8) 

where 

  

𝑦 = 𝐺𝑢 

 

(3.9) 

The rank of transfer function matrix denotes the number of control variables. In this thesis, 

according to the number of control variables and from (3.4), rank of transfer function matrix G 

is 3×3 

  

[

𝑦1
𝑦2
𝑦3
] = [

𝑔11 𝑔12 𝑔13
𝑔21 𝑔22 𝑔23
𝑔31 𝑔32 𝑔33

]  [

𝑢1
𝑢2
𝑢3
] 

 

(3.10) 

where y and u are the system output and input vectors, and component gij represents the transfer 

function between yi and uj. So, there are three transfer functions as follows: 

 

{
  
 

  
 
𝑣𝑂1(𝑠)

𝑑̂4(𝑠)
= 𝑔11 

𝑣𝑇(𝑠)

𝑑̂3(𝑠)
= 𝑔22

𝑖̂𝑏(𝑠)

𝑑̂1(𝑠)
= 𝑔33

 

 

(3.11) 
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Fig. 3.1 Control block diagram of MIMO converter for (a) battery discharging mode, and (b) battery      

  charging mode. 

3.1.2 Dynamic Modelling of Battery Charging Mode 

In this operation mode of presented converter, which Vin1 delivers energy to loads and Vin2 

(battery), switches S1, S2, and S4 are active and switch S3 is inactive. Like battery discharging 

mode, first small signal modelling must be done by substituting (3.1) into (2.5)–(2.8), applying 

the averaging to four state equations multiplied with corresponding duty cycle value, and 

neglecting second-order terms, we obtain the small-signal model equations that are presented 

as follows: 

 

{
 
 
 

 
 
 𝐿

𝑑𝑖̂𝐿(𝑡)

𝑑𝑡
= 𝑣𝑖𝑛1(𝑡) + 𝑉𝑖𝑛2𝑑̂1(𝑡) + (𝐷1 − 𝐷2)𝑣𝑖𝑛2(𝑡) + (𝑉𝑂1 − 𝑉𝑖𝑛2)𝑑̂2(𝑡)

+𝑉𝑂2𝑑̂4(𝑡) + (𝐷2 − 1)𝑣𝑂1(𝑡) − (1 − 𝐷4)𝑣𝑂2(𝑡)

𝐶1
𝑑𝑣𝑜1(𝑡)

𝑑𝑡
=  −𝐼𝐿𝑑̂2(𝑡) + (1 − 𝐷2)𝑖̂𝐿(𝑡) −

𝑣𝑜1(𝑡)

𝑅1

𝐶2
𝑑𝑣𝑜2(𝑡)

𝑑𝑡
=  −𝐼𝐿𝑑̂4(𝑡) + (1 − 𝐷4)𝑖̂𝐿(𝑡) −

𝑣𝑜2(𝑡)

𝑅2

 

 

(3.12) 

These equations can be expressed as state space equations. In this operation mode similar to 

battery discharging mode iL(t), vO1(t), and vO2(t)are the state variables. State variables, input, 

and output matrices are shown below: 

 

𝑦 = [

𝑣𝑂1(𝑡)

𝑣𝑇(𝑡)

𝑖̂𝑏(𝑡)
] , 𝑋 = [

𝑖̂𝐿(𝑡)

𝑣𝑂1(𝑡)

𝑣𝑂2(𝑡)
] , 𝑢 = [

𝑑̂4(𝑡)

𝑑̂1(𝑡)

𝑑̂2(𝑡)

] 

 

(3.13) 
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where vT (t)=vO1(t)+vO2(t). Finally, for this operation mode of converter, similar to previous 

mode, there are A, B, C, and D matrices as follows: 

 

𝐴 = 

[
 
 
 
 
 0

(𝐷2 − 1)
𝐿

(𝐷4 − 1)
𝐿

(1 − 𝐷2)
𝐶1

−
1

𝑅1𝐶1
0

(1 − 𝐷4)
𝐶2

0 −
1

𝑅2𝐶2 ]
 
 
 
 
 

𝐵 =  

[
 
 
 
 
 
𝑉𝑖𝑛2
𝐿

(𝑉𝑂2 − 𝑉𝑖𝑛2)
𝐿

𝑉𝑂2)
𝐿

0 −
𝐼𝐿
𝐶1

0

0 0 −
𝐼𝐿
𝐶2]
 
 
 
 
 

𝐶 =  [
0 1 0
0 1 1

𝐷2 − 𝐷1 0 0
]

𝐷 =  [
0 0 0
0 0 0
−𝐼𝐿 𝐼𝐿 0

]

 

 

(3.14) 

In the aforementioned matrices, all parameters except duty cycle of switches D1, D2, D4, and 

dc value of inductor current IL are known. The following equation evaluates inductor current: 

  

𝐼𝐿 = 
𝐼𝑏

𝐷2 − 𝐷1
 

 

(3.15) 

 

where Ib is desired value of battery current. So, the unknown parameters of abovementioned 

matrices are D1, D2, and D4. The duty ratio values of the switches are obtained by steady-state 

equations as follows: 

 

 

[

𝑉𝑖𝑛2 𝑉𝑂2 − 𝑉𝑖𝑛2 𝑉𝑂2
−𝑉𝑂1 𝑉𝑂1 + 𝑅1𝐼𝑏 0
−𝑉𝑂2 𝑉𝑂2 𝑅2𝐼𝑏

] [
𝐷1
𝐷3
𝐷4

] = [
𝑉𝑂2 + 𝑉𝑂1 − 𝑉𝑖𝑛1

𝑅1𝐼𝑏
𝑅2𝐼𝑏

] 

 

 

(3.16) 
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The transfer function matrix of the converter is obtained from the small signal model which is 

as follows: 

 𝐺 = 𝐶(𝑆𝐼 − 𝐴)−1𝐵 + 𝐷 

 
(3.17) 

where 

 𝑦 = 𝐺𝑢 

 
(3.18) 

where y and u are the system output and input vectors, so the three transfer functions are as 

follows: 

 

{
  
 

  
 
𝑣𝑂1(𝑠)

𝑑̂4(𝑠)
= 𝑔11 

𝑣𝑇(𝑠)

𝑑̂1(𝑠)
= 𝑔22

𝑖̂𝑏(𝑠)

𝑑̂2(𝑠)
= 𝑔33

 

 

(3.19) 

It is important to note that in battery charging mode when the loads power and battery current 

have low values, the converter may possibly go to DCM mode. It is known that DC–DC 

converters will work in DCM if their inductor dc current be less than their inductor current 

ripple. So, for the presented converter in battery charging mode by averaging of the inductor 

voltage and capacitors current during a switching period, the dc equations can be obtained as 

follows: 

 

{
 
 

 
 
𝑉𝑖𝑛2𝐷1 + (𝑉𝑂1 − 𝑉𝑖𝑛2)𝐷2 + 𝑉𝑂2𝐷4 = 𝑉𝑂1 + 𝑉𝑂2 − 𝑉𝑖𝑛1

−𝐼𝐿𝐷2 + 𝐼𝐿 = 
𝑉𝑂1
𝑅1

−𝐼𝐿𝐷4 + 𝐼𝐿 = 
𝑉𝑂2
𝑅2

 

 

(3.20) 

also, the inductor current ripple in battery charging mode can be expressed as 

 ∆𝐼𝐿= 
𝑉𝑖𝑛2𝐷1𝑇𝑠 

𝐿
 

 
(3.21) 

So, from (3.15), (3.20), and (3.21), the converter will work in DCM if the following conditions 

be satisfied: 
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{
  
 

  
 𝑅1 > 

𝑉𝑂1𝐿𝑓𝑠
𝐷1(1 − 𝐷4)𝑉𝑖𝑛1

𝑅2 > 
𝑉𝑂2𝐿𝑓𝑠

𝐷1(1 − 𝐷4)𝑉𝑖𝑛1

𝐼𝑏 < 
𝑉𝑖𝑛1𝐷1(𝐷2 − 𝐷1)

𝐿𝑓𝑠

 

 

(3.22) 

In fact, (3.22) confirms that the presented converter will work in DCM when the output loads 

are light and the battery charging current has low value. Since this mode is not implemented 

experimentally controller design is not performed on this operating mode. 
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CHAPTER 4 

CONTROL STRATEGIES FOR NON-ISOLTAED MULTIPORT DC-

DC BOOST CONVERTER 

 
 

4.1  Introduction 

Small signal modelling of the multiport converter is done using the perturbations as the state 

variables for the state space analysis. Using this state space structure, transfer functions are 

derived for controlling parameters of the multiport converter as discussed in the previous 

chapter. 

 In this chapter, the transfer functions for both the operations modes, i.e. battery 

discharging and battery charging mode, can be derived. Since battery discharging mode is 

presented in this work, only this mode will be further investigated for controller design purpose. 

In this work, battery charging mode is limited to theoretical knowledge only and controller 

design and implementation for this mode will be available for future scope. ATmega328p 

(Arduino UNO) microcontroller have been used to practically implement various control 

strategies on the experimental setup. 

The following section describes different control algorithms for non-isolated multi-

input multi-output DC-DC boost converter i.e. Proportional-Integral (PI) control, Proportional-

Integral-Derivative (PID) control, Fractional Order Proportional-Integral-Derivative (FOPID) 

control, and Artificial Neural Network (ANN) control. The following section also includes 

brief description of ATmega328p (Arduino UNO) microcontroller and computational 

modelling of the above control strategies.  Bode plot analysis have also been presented in this 

chapter for stability analysis. 

4.2  Stability Analysis of Multiport Converter 

According to the three transfer functions obtained for battery discharging mode of the multiport 

converter shown in equations(4.1)-(4.3), these are used to design the controller for the MIMO 

converter. For all three transfer functions, frequency-domain bode plot analysis is obtained by 

using MATLAB/Simulink software to design the system controllers. System controllers 

provides desired steady-state error and sufficient phase margin, high bandwidth and high 

stability. Using A, B, C, and D matrices which are shown in previous chapter and transfer 
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function matrix G, transfer function of g11 is (4.1) shown below. Using MATLAB/Simulink 

software, the open loop bode plot of g11 for converter simulation parameters which is shown 

in table (4.1) is achieved. Bode plot for open loop is shown in Fig. (4.1). Investigating the 

obtained bode plot, it can be understood that the crossover frequency phase of g11 is –178.0°. 

So, the phase margin is not sufficient and closed loop system is unstable. In order to increase 

phase margin and improve system stability, various controllers are designed which is discussed 

later in this chapter. It is obvious that using these controllers will provide system stability. 

Table 4.1 Simulation and Experimental parameters 

Components Symbols Simulation & Experimental parameters 

Inductor L 1.3 mH 

Capacitors C1 200 μF 

C2 200 μF 

Resistors R1 100 Ω 

R2 100 Ω 

Voltage Sources Vin1 18 V 

VBattery (Vin2) 24 V 

Frequency fs 31 kHz 

 

 

Fig. 4.1 Simulated bode plot of g11(s) 
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𝑔11 =  
𝑣𝑂1(𝑠)

𝑑̂4(𝑠)

=  
(

𝑉𝑂2(1 − 𝐷1)
𝐿𝐶1

) 𝑆 + (
(1 − 𝐷1)𝑉𝑂2

𝐿𝑅2𝐶1𝐶2
−

(1 − 𝐷1)(𝐷4 − 1)𝐼𝐿

𝐿𝐶1𝐶2
)

𝑆3 + (
𝑅1𝐶1 + 𝑅2𝐶2

𝑅1𝑅2𝐶1𝐶2
) 𝑆2 +  (

𝐿 + (1 − 𝐷1)2𝑅1𝑅2𝐶2 + (𝐷4 − 1)2𝑅1𝑅2𝐶1

𝐿𝑅1𝑅2𝐶1𝐶2
) 𝑆 +  (

𝑅1(1 − 𝐷1)2 + (𝐷4 − 1)2𝑅2

𝐿𝑅1𝑅2𝐶1𝐶2
)
 

 

(4.1) 

In Fig. 4.2, bode diagram for g22 is shown. It can be observed from the bode plot that the phase 

margin of g22 (in 4.2) is inadequate, so controller is needs to stabilize it. Using the controller 

reduces dc gain and thus increase steady state error. 

𝑔22 =  
𝑣𝑇(𝑠)

𝑑̂3(𝑠)

=  
(

𝑉𝑖𝑛2 − 𝑉𝑖𝑛1)
𝐿

) (
(1 − 𝐷1)

𝐶1
−

(𝐷4 − 1)
𝐶2

) 𝑆 + (
(1 − 𝐷1)
𝑅2𝐶1𝐶2

−
(𝐷4 − 1)
𝑅1𝐶1𝐶2

)   (
𝑉𝑖𝑛2 − 𝑉𝑖𝑛1

𝐿
)

𝑆3 + (
𝑅1𝐶1 + 𝑅2𝐶2

𝑅1𝑅2𝐶1𝐶2
) 𝑆2 +  (

𝐿 + (1 − 𝐷1)2𝑅1𝑅2𝐶2 + (𝐷4 − 1)2𝑅1𝑅2𝐶1

𝐿𝑅1𝑅2𝐶1𝐶2
) 𝑆 +  (

𝑅1(1 − 𝐷1)2 + (𝐷4 − 1)2𝑅2

𝐿𝑅1𝑅2𝐶1𝐶2
)
 

 

 

(4.2) 

As mentioned in previous chapter, the current Iin2 (from battery) is controlled from S1. So, 

accordingly inductor current is controlled and its transfer function is shown in (4.3). Bode plot 

of g33 is shown in Fig. 4.3. Phase margin is seen to be inadequate, as a results system is stable 

but dc gain is low. So, in order to compensate the system, controller design is necessary. 

 

Fig. 4.2 Simulated bode plot of g22(s) 
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𝑔33 =  
𝑖̂𝑏(𝑠)

𝑑̂1(𝑠)

=  
(

𝑉𝑜1 − 𝐷3)
𝐿

) 𝑆2 + (
𝐷3𝑉𝑜1

𝐿
(

1
𝑅1𝐶1

+
1

𝑅2𝐶2
) +

𝐼𝐿(1 − 𝐷1)𝐷3

𝐿𝐶1
) 𝑆 + (

𝐷3𝑉𝑜1

𝐿𝑅1𝑅2𝐶1𝐶2
+ 

𝐼𝐿(1 − 𝐷1)𝐷3

𝐿𝑅1𝑅2𝐶1𝐶2
 )

𝑆3 + (
𝑅1𝐶1 + 𝑅2𝐶2

𝑅1𝑅2𝐶1𝐶2
) 𝑆2 +  (

𝐿 + (1 − 𝐷1)2𝑅1𝑅2𝐶2 + (𝐷4 − 1)2𝑅1𝑅2𝐶1

𝐿𝑅1𝑅2𝐶1𝐶2
) 𝑆 +  (

𝑅1(1 − 𝐷1)2 + (𝐷4 − 1)2𝑅2

𝐿𝑅1𝑅2𝐶1𝐶2
)
 

 

(4.3) 

 

Fig. 4.3 Simulated bode plot of g33(s) 

These bode plots are thus required to design controllers. The controllers helps to increase gain 

and tends to stabilize the system. 

4.3  PI controller 

Proportional-Integral (PI) controller consists of two components i.e. proportional and integral 

gain parts. This is generally used to establish the system stability and to reduce steady state 

error. The integral part helps in attaining the desired setpoint diminishing the value of steady 

state error. The control signal generated from the PI controller is determined using the weighted 

sum of: 

                                              𝑢(𝑡) =  𝐾𝑃𝑒(𝑡) + 𝐾𝐼 ∫ 𝑒(𝜏)
𝑡

0
𝑑𝜏                                             (4.4) 
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Fig. 4.4: PI Controller configuration 

where 𝐾𝑃 ,and 𝐾𝐼 are all non-negative, denoting the coefficients for the proportional 

and integral terms, respectively, and 𝑒(𝑡) denotes the error signal generated from difference 

evaluated between setpoint and actual sensed output voltage. The KP and KI values obtained 

from controller design are 50 and 0.8 respectively. The implementation flowchart for PI 

controller is shown in fig. 4.6. 

4.4  PID controller 

Proportional–Integral–Derivative (PID) controllers has wide range of applications. These are 

designed mainly using frequency response and on the hypothesis of linearity. Therefore, they 

work well if this hypothesis is close to the actual behaviour of the system. If not so, 

performance tends to deteriorate. It helps to improve transient response as well as steady state 

response of the MIMO converter. 

The actual response of a PID-controlled system depends on how close the linear model 

represents the actual behaviour of the real system. A PID controller continuously evaluate error 

(difference between setpoint and sensed output feedback voltage) and generate control signal 

in our case pwm is generated. The controller attempts to minimize the error over time by 

adjustment of a control variable, such as the output voltage, to a new value determined by a 

weighted sum: 

                                      𝑢(𝑡) =  𝐾𝑃𝑒(𝑡) + 𝐾𝐼 ∫ 𝑒(𝜏)
𝑡

0
𝑑𝜏 + 𝐾𝐷

𝑑𝑒(𝑡)

𝑑𝑡
                                    (4.5) 
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Fig. 4.5: PID Controller configuration 

where 𝐾𝑃 ,𝐾𝐼 , and 𝐾𝐷 all non-negative, denote the coefficients for the proportional, integral, 

and derivative terms, respectively, 𝑒(𝑡) is error signal and G is a LTI model with transfer 

function configuration. From the output the output voltages are sensed back as feedback and 

error signal is generated which finally result in obtaining the duty ratio for the switches. The 

KP, KI and KD values obtained from controller design are 50, 0.8 and 0.1 respectively. The 

implementation flowchart for PID controller is shown in fig. 4.6. 

4.5  FOPID controller 

The simplest form of fractional order PID (FOPID) controller is the PIλDµ controller, having 

an integrator of order λ and a differentiator of order µ here λ and µ can be any real numbers. 

The control signal u(t) can be expressed in the time domain as 

                                      𝑢(𝑡) =  𝐾𝑃𝑒(𝑡) + 𝐾𝐼𝐷−λe(t) + 𝐾𝐷𝐷µ𝑒(𝑡)                                    (4.6) 

where 𝐾𝑃 ,𝐾𝐼 , and 𝐾𝐷 all non-negative, denote the coefficients for the proportional, integral, 

and derivative terms, respectively, and 𝑒(𝑡) is error signal. By selecting λ=1 and µ=1, a 

conventional PID controller is obtained whereas by setting λ=1 and µ=0, and λ=0 and µ=1 

respectively corresponding classical PI and PD controllers can be recovered. All these can be 

termed as special cases of FOPID controllers. The KP, KI and KD values obtained from 

controller design are 50, 0.874 and 0.631 respectively. The λ is taken as 0.6 and µ as 0.2. The 

implementation flowchart for FOPID controller is shown in fig. 4.6. 
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Fig. 4.6 Flowchart for PI, PID and FOPID control implementation 
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4.6  ANN controller 

Artificial Neural Networks are used as a complex structure to solve various control problems. 

One such problem arises in our converter and it tends to solve it. These networks do not require 

any detailed information about the system. They intakes a set of input data and target data and 

using various training algorithms, the network is trained. They learn the input output 

relationship from training dataset and using backpropagation develop a mathematical model to 

give a desired output. Now a new validation and testing dataset helps to test the network. 

Another benefit of ANN is its capability to handle large and complex systems with many 

consistent parameters. The basic structure of ANN is shown in fig. 4.7. The ANN is 

implemented using nnstart MATLAB toolbox. 

The ANN has various layers termed as input layer, hidden layer and output layer. Here 

the training of network is done using Levenberg-Marquardt algorithm using 4 inputs and 3 

target outputs. Each of the 4 input dataset contains 648 samples and similarly each of the 3 

target dataset consists of 648 samples. The hidden layer has 4 nodes and using the training 

algorithm weights are evaluated. The ANN control implementation flowchart is shown in fig. 

4.8.  

 

Fig. 4.7 Basic ANN implementation structure. 

The W denotes the weight matrix evaluated during training b denotes the bias used to 

compensate any error between target and actual output. Hidden layer uses bipolar sigmoidal 

function as activation function whereas output layer uses pure linear function as activation 

function. Min-max mapping is internally used for the duty constraints i.e. the duty ratio be 

assured in between 0 and 1. 
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SELECT TRAINING ALGORITHM AND 
TRAIN NETWORK

GENERATE CONTROL 
SIGNAL(PWM)
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Fig. 4.8 Flowchart for ANN control implementation 
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4.7  Summary of the Chapter 

The various controllers used in the pwm generation for the MIMO converter have been 

discussed in this chapter. PI, PID and FOPID controllers are discussed with flowchart of 

working and implementation of these controllers on the MIMO converter. ANN controller is 

also discussed with flowchart to give an insight of its working with the MIMO converter. The 

results obtained on implementing these algorithms are discussed in the next chapter. 

 



39 
 

CHAPTER 5 

RESULTS AND DISCUSSIONS 

 

5.1  Introduction 

The previous chapters have discussed the mathematical modelling and controller design for the 

non-isolated multi-input multi-output DC-DC boost converter. Different control strategies 

were discussed in the previous chapter for implementation on the MIMO converter. These 

control strategies help to control desired output voltages by providing required duty to the 

switches. Different controllers have been considered such as PI, PID, FOPID and ANN control. 

In this chapter, the numerical investigation of the performance of the different control 

strategies on MIMO converter are analysed. Effects of input voltage variations and load 

variations on output load voltages are shown in this chapter. Input voltage Vin1 is varied for 

two different Vin2 values i.e. 12 V and 24 V keeping in mind the constraint that Vin1 < Vin2. 12V 

and 24V signify one battery and two battery system respectively. Load variations are shown in 

three ways. Each variation of load include decrease in R1 and R2 values individually and then 

decreasing both the loads simultaneously and proportionally. Simulated data and experimental 

results for input as well as load variations are compiled to evaluate the performance of the 

control strategies implemented on MIMO converter. The experimental results are also 

compared with the simulated data for giving a wider overview of the performance of the MIMO 

converter. Finally, simulated data and hardware results are individually compared for finding 

best control strategy considering input variations and load variations. Power and efficiency 

variation curves are also presented in this chapter.           

5.2  Open Loop System 

The switches of the non-isolated multi-input multi-output DC-DC boost converter has been 

subjected to duty cycles of constant value directly feeded from the microcontroller as discussed 

in the previous chapter. Simulation and experimental results are hereby compiled graphically 

subjected to input voltage variations, load variations and controller parameter variations. 

5.2.1 Performance of Open Loop on Input Variations 

The performance of the non-isolated multi-input multi-output DC-DC boost converter in open 

loop subjected to input variations is discussed in this section. Duty ratio of each switch is 
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provided through the microcontroller. Input voltage Vin1 is varied keeping Vin2 as 12 V and 24 

V respectively. Load R1 and R2 are kept at 100Ω each.  

  
(a) (b) 

  
(c) (d) 

Fig. 5.1 Simulated vs experimental results of open loop system for (a) VT (b) V01 (c) VT and (d)V01 with input 

voltage variations keeping Vin2 as 12V and 24V respectively. 

Fig. 5.1 shows output voltage variation as input voltage (Vin1) is varied. Fig. 5.1(a-b) shows 

output voltage variation for 12V battery as Vin2. In open loop, as the input voltage is increasing 

from 0 to 11V (keeping in mind the constraint Vin1<Vin2) output voltages keep on increasing 

since duty ratios are constant. VT increases from 12.4 V to 30.4V in simulation whereas 

experimental results show increase in VT from 9.9V to 27V. V01 increases from 8.34V to 21.7V 
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for simulation while experimental results show its variation from 7.2V to 20V. Fig. 5.1(c-d) 

shows output voltage variation for 24V battery as Vin2. In open loop, as the input voltage is 

increasing from 0 to 23V (keeping in mind the constraint Vin1<Vin2) output voltages keep on 

increasing. VT increases from 28.99 V to 66.16V in simulation whereas experimental results 

show increase in VT from 24.52V to 72.1V. V01 increases from 21.84V to 49.01V for simulation 

while experimental results show its variation from 18.02V to 54.8 V. The experimental results 

show slight variation from simulation data resulting due to drop in internal resistance of each 

component used. 

5.2.2 Performance of Open Loop on Load Variations 

The performance of the non-isolated multi-input multi-output DC-DC boost converter in open 

loop subjected to load variations is discussed in this section. Duty ratio of each switch is 

provided through the microcontroller. The load variations are performed in three parts. Firstly, 

load R1 is varied and results are accumulated. Then load R2 is varied and data is collected. 

Finally, both the loads R1 and R2 are varied simultaneously and proportionally. During the 

whole procedure of simulation and experimental data acquisition, the input voltages Vin1 and 

Vin2 are kept at 18V and 24V respectively. The loads R1 and R2 varies from 100Ω to 10Ω with 

a difference of 10Ω each. 
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(c) (d) 

  
(e) (f) 

Fig. 5.2 Simulated vs experimental results of open loop system for (a) VT (b) V01 (c) VT (d)V01 (e) VT and (f) 

V01 with load resistance variations. 

Fig. 5.2 shows output voltage variation as load resistance is varied. Fig. 5.2(a-b) shows output 

voltage variation with change in load resistance R1 from 100Ω to 10Ω with an interval of 10Ω. 

In open loop, as R1 value decreases, VT increases whereas V01 decreases continuously. Fig. 

5.2(c-d) shows output voltage variation with change in load resistance R2 from 100Ω to 10Ω 

with an interval of 10Ω. In open loop, as R2 value decreases, VT decreases whereas V01 

increases continuously. Fig. 5.2(e-f) shows output voltage variation with change in load 

resistance R1 and R2 simultaneously and proportionally from 100Ω to 10Ω with an interval of 
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10Ω. In open loop, as R1 and R2 value decreases, VT decreases as well as V01 also decreases 

continuously. The experimental results show slight variation from simulation data resulting 

due to drop in internal resistance of each component used.   

 

 

(a) 

 

(b) 
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(c) 

 

(d) 
 Fig. 5.2.1 Simulated results for open loop of (a) Output Voltages (VT and V01) (b) Input Current Iin1 (c) 

Input Current Iin2 and (d) Inductor Current IL 

Fig. 5.2.1 shows simulated results obtained using MATLAB environment. Fig. 5.2.1(a) shows 

output voltage waveforms, Fig. 5.2.1(b-c) indicates input current waveforms from sources Vin1 

and Vin2 respectively. 5.2.1(d) shows the inductor current waveform. The waveforms are 

established for 18V and 24V as input sources respectively with 100Ω resistance at load. The 

average Iin1 value is 0.5A whereas average Iin2 value is 0.3A. The inductor average current can 

be observed as 0.8A. 
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(a) 

 

(b) 
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(c) 

 

(d) 
Fig. 5.2.2 Experimental results for open loop of (a) Output Voltages (VT and V01) (b) Input Current Iin1 (c) 

Input Current Iin2 and (d) Inductor Current IL 

Fig. 5.2.2 shows experimental results obtained from DSO. Fig. 5.2.2(a) shows output voltage 

waveforms obtained on DSO, Fig. 5.2.2(b-c) indicates input current waveforms from sources 

Vin1 and Vin2 respectively obtained on DSO. 5.2.1(d) shows the inductor current waveform 

captured on DSO. 
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5.3 Closed Loop System 

The duty of the switches for the non-isolated multi-input multi-output DC-DC boost converter 

has been evaluated on basis of the control algorithms viz. PI, PID, FOPID and ANN 

implemented using the microcontroller and the duty is variable in order to maintain output 

voltage constant. It is the duty of switch S1 to maintain VT, switch S3 to maintain IB and switch 

S4 to maintain V01 which has been discussed in the previous chapters. Simulated and 

experimental results are graphically compared subjected to input voltage variations as well as 

load variations. 

5.3.1 Performance of PI controller on Input Variations 

The performance of the non-isolated multi-input multi-output DC-DC boost converter with 

closed loop PI controller subjected to input variations is discussed in this section. Duty ratio of 

each switch is evaluated using the control algorithm programmed in the microcontroller. Input 

voltage Vin1 is varied keeping Vin2 as 12V and 24V respectively. Load R1 and R2 are kept at 

100Ω each. 
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(c) (d) 

Fig. 5.3 Simulated vs experimental results of closed loop PI control for (a) VT (b) V01 (c) VT and (d)V01 with 

input voltage variations keeping Vin2 as 12V and 24V respectively.  

Fig. 5.3 shows output voltage variation as input voltage (Vin1) is varied. Fig. 5.3(a-b) shows 

output voltage variation for 12V battery as Vin2. In closed loop PI control, as the input voltage 

is increasing from 0 to 11V (keeping in mind the constraint Vin1<Vin2) output voltages tries to 

maintain the desired setpoint voltages. The desired VT is 20V whereas desired V01 is 15V. VT 

tries to maintain 20V at output as Vin1 varies from 3V to 9V in simulation whereas Vin1 varies 

from 3V to 9V during experimentation. V01 tries to maintain 15V as Vin1 varies from 3V to 

11V in simulation whereas Vin1 varies from 4V to 10V during experimentation. Fig. 5.3(c-d) 

shows output voltage variation for 24V battery as Vin2. Using PI control, as the input voltage 

is increasing from 0 to 23V (keeping in mind the constraint Vin1<Vin2) output voltages tries to 

maintain the desired setpoint voltages. The desired VT is 50V whereas desired V01 is 30V. VT 

tries to maintain 50V at output as Vin1 varies from 11V to 23V in simulation whereas Vin1 

varies from 13V to 21V during experimentation. V01 tries to maintain 30V as Vin1 varies from 

5V to 23V in simulation whereas Vin1 varies from 7V to 20V during experimentation. The 

constraints of duty ratios make it hard to maintain desired setpoints during initial and final Vin2 

values. Internal resistance of each component also adds to slight variation in simulation and 

experimental data. 

5.3.2 Performance of PI controller on Load Variations 

The performance of the non-isolated multi-input multi-output DC-DC boost converter with 

closed loop PI controller subjected to load variations is discussed in this section. Duty ratio of 

each switch is evaluated using the control algorithm programmed in the microcontroller. The 
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load variations are performed in three parts. Firstly, load R1 is varied and results are 

accumulated. Then load R2 is varied and data is collected. Finally, both the loads R1 and R2 are 

varied simultaneously and proportionally. During the whole procedure of simulation and 

experimental data acquisition, the input voltages Vin1 and Vin2 are kept at 18V and 24V 

respectively. The loads R1 and R2 varies from 100Ω to 10Ω with an interval of 10Ω each.  
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(e) (f) 

Fig. 5.4 Simulated vs experimental results of closed loop PI control for (a) VT (b) V01 (c) VT (d)V01 (e) VT 

and (f) V01 with load resistance variations. 

Fig. 5.4 shows output voltage variation as load resistance is varied. Fig. 5.4(a-b) shows output 

voltage variation with change in load resistance R1 from 100Ω to 10Ω with an interval of 10Ω. 

In closed loop PI control, as R1 value decreases, desired VT and V01 i.e. 50V and 30V is 

maintained respectively. Desired VT is maintained from 100Ω to 50Ω during simulation 

whereas from 100Ω to 50Ω during experimentation. Desired V01 is maintained from 100Ω to 

60Ω during simulation whereas from 100Ω to 50Ω during experimentation. Fig. 5.4(c-d) shows 

output voltage variation with change in load resistance R2 from 100Ω to 10Ω with an interval 

of 10Ω. In closed loop PI control, as R2 value decreases, desired VT and V01 i.e. 50V and 30V 

is maintained respectively. Desired VT is maintained from 100Ω to 10Ω during simulation 

whereas from 100Ω to 10Ω during experimentation. Desired V01 is maintained from 100Ω to 

60Ω during simulation whereas from 100Ω to 70Ω during experimentation. Fig. 5.4(e-f) shows 

output voltage variation with change in load resistance R1 and R2 from 100Ω to 10Ω with an 

interval of 10Ω simultaneously and proportionally. In closed loop PI control, as R1 and R2 value 

decreases, desired VT and V01 i.e. 50V and 30V is maintained respectively. Desired VT is 

maintained from 100Ω to 50Ω during simulation whereas from 100Ω to 50Ω during 

experimentation. Desired V01 is maintained from 100Ω to 50Ω during simulation whereas from 

100Ω to 50Ω during experimentation. The constraints of duty ratios and inductor saturation 

point make it hard to maintain desired setpoints during low load resistance values. Internal 

resistance of each component also adds to slight variation in simulation and experimental data. 
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(a) 

 
(b) 

Fig. 5.4.1 Output Voltage (VT & V01) plot for (a) simulated and (b) experimental results. 

Fig. 5.4.1 shows the output voltage waveforms obtained from simulation and experimental 

results. Fig. 5.4.1(a) shows output voltage waveforms obtained during simulation whereas Fig. 

5.4.1(b) indicates output voltage waveform during experimental results obtained on DSO. 

These waveforms are obtained for PI control strategy implemented on the non-isolated multi-

input multi-output DC-DC boost converter. It can be observed during simulation VT and V01 

reaches 50V and 30V similar to experimental values i.e. 48.76V and 30.00V respectively. The 

input voltages Vin1 and Vin2 were taken as 18V and 24V respectively and load resistance as 

100Ω each. 
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5.3.3 Performance of PID controller on Input Variations 

The performance of the non-isolated multi-input multi-output DC-DC boost converter with 

closed loop PID controller subjected to input variations is discussed in this section. Duty ratio 

of each switch is evaluated using the control algorithm programmed in the microcontroller. 

Input voltage Vin1 is varied keeping Vin2 as 12V and 24V respectively. Load R1 and R2 are kept 

at 100Ω each.  

  
(a) (b) 

  
(c) (d) 

Fig. 5.5 Simulated vs experimental results of closed loop PID control for (a) VT (b) V01 (c) VT and (d)V01 

with input voltage variations keeping Vin2 as 12V and 24V respectively. 

0

5

10

15

20

25

30

0 1 2 3 4 5 6 7 8 9 10 11

V
T(

V
)

Vin1(V)

VT E VT S

0

2

4

6

8

10

12

14

16

18

0 1 2 3 4 5 6 7 8 9 10 11

V
0

1
(V

)

Vin1(V)

V01 E V01 S

0

10

20

30

40

50

60

0 2 4 6 8 10 12 14 16 18 20 22

V
T(

V
)

Vin1(V)

VT E VT S

0

5

10

15

20

25

30

35

40

0 2 4 6 8 10 12 14 16 18 20 22

V
0

1
(V

)

Vin1(V)

V01 E V01 S



53 
 

Fig. 5.5 shows output voltage variation as input voltage (Vin1) is varied. Fig. 5.5(a-b) shows 

output voltage variation for 12V battery as Vin2. In closed loop PID control, as the input voltage 

is increasing from 0 to 11V (keeping in mind the constraint Vin1<Vin2) output voltages tries to 

maintain the desired setpoint voltages. The desired VT is 20V whereas desired V01 is 15V. VT 

tries to maintain 20V at output as Vin1 varies from 3V to 9V in simulation whereas Vin1 varies 

from 4V to 11V during experimentation. V01 tries to maintain 15V as Vin1 varies from 3V to 

11V in simulation whereas Vin1 varies from 6V to 9V during experimentation.  

Fig. 5.5(c-d) shows output voltage variation for 24V battery as Vin2. Using PID control, 

as the input voltage is increasing from 0 to 23V (keeping in mind the constraint Vin1<Vin2) 

output voltages tries to maintain the desired setpoint voltages. The desired VT is 50V whereas 

desired V01 is 30V. VT tries to maintain 50V at output as Vin1 varies from 13V to 23V in 

simulation whereas Vin1 varies from 15V to 21V during experimentation. V01 tries to maintain 

30V as Vin1 varies from 5V to 23V in simulation whereas Vin1 varies from 7V to 20V during 

experimentation.  

The constraints of duty ratios make it hard to maintain desired setpoints during initial 

and final Vin2 values. Internal resistance of each component also adds to slight variation in 

simulation and experimental data. 

5.3.4 Performance of PID controller on Load Variations 

The performance of the non-isolated multi-input multi-output DC-DC boost converter with 

closed loop PID controller subjected to load variations is discussed in this section. Duty ratio 

of each switch is evaluated using the control algorithm programmed in the microcontroller. 

The load variations are performed in three parts. Firstly, load R1 is varied and results are 

accumulated. Then load R2 is varied and data is collected. Finally, both the loads R1 and R2 are 

varied simultaneously and proportionally.  

During the whole procedure of simulation and experimental data acquisition, the input 

voltages Vin1 and Vin2 are kept at 18V and 24V respectively. The loads R1 and R2 varies from 

100Ω to 10Ω with an interval of 10Ω each. 
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(e) (f) 

Fig. 5.6 Simulated vs experimental results of closed loop PID control for (a) VT (b) V01 (c) VT (d)V01 (e) VT 

and (f) V01 with load resistance variations. 

Fig. 5.6 shows output voltage variation as load resistance is varied. Fig. 5.6(a-b) shows output 

voltage variation with change in load resistance R1 from 100Ω to 10Ω with an interval of 10Ω. 

In closed loop PID control, as R1 value decreases, desired VT and V01 i.e. 50V and 30V is 

maintained respectively. Desired VT is maintained from 100Ω to 50Ω during simulation 

whereas from 100Ω to 30Ω during experimentation. Desired V01 is maintained from 100Ω to 

30Ω during simulation whereas from 100Ω to 60Ω during experimentation. Fig. 5.6(c-d) shows 

output voltage variation with change in load resistance R2 from 100Ω to 10Ω with an interval 

of 10Ω. In closed loop PID control, as R2 value decreases, desired VT and V01 i.e. 50V and 30V 

is maintained respectively. Desired VT is maintained from 100Ω to 10Ω during simulation 

whereas from 100Ω to 50Ω during experimentation. Desired V01 is maintained from 100Ω to 

60Ω during simulation whereas from 100Ω to 70Ω during experimentation. Fig. 5.6(e-f) shows 

output voltage variation with change in load resistance R1 and R2 from 100Ω to 10Ω with an 

interval of 10Ω simultaneously and proportionally. In closed loop PID control, as R1 and R2 

value decreases, desired VT and V01 i.e. 50V and 30V is maintained respectively. Desired VT 

is maintained from 100Ω to 30Ω during simulation whereas from 100Ω to 30Ω during 

experimentation. Desired V01 is maintained from 100Ω to 30Ω during simulation whereas from 

100Ω to 50Ω during experimentation. The constraints of duty ratios and inductor saturation 

point make it hard to maintain desired setpoints during low load resistance values. Internal 

resistance of each component also adds to slight variation in simulation and experimental data. 
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(a) 

 
(b) 

Fig. 5.6.1 Output Voltage (VT & V01) plot for (a) simulated and (b) experimental results. 

Fig. 5.6.1 shows the output voltage waveforms obtained from simulation and experimental 

results. Fig. 5.6.1(a) shows output voltage waveforms obtained during simulation whereas Fig. 

5.6.1(b) indicates output voltage waveform during experimental results obtained on DSO. 

These waveforms are obtained for PID control strategy implemented on the non-isolated multi-

input multi-output DC-DC boost converter. The simulation results obtained shows output 

voltages VT and V01 as 50V and 30V respectively whereas experimental results show 49.863V 

and 30.791V respectively. The input voltages Vin1 and Vin2 were taken as 18V and 24V 

respectively and load resistance as 100Ω each. 
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5.3.5 Performance of FOPID controller on Input Variations 

The performance of the non-isolated multi-input multi-output DC-DC boost converter with 

closed loop FOPID controller subjected to input variations is discussed in this section. Duty 

ratio of each switch is evaluated using the control algorithm programmed in the 

microcontroller. Input voltage Vin1 is varied keeping Vin2 as 12V and 24V respectively. Load 

R1 and R2 are kept at 100Ω each.  

  
(a) (b) 

  
(c) (d) 

Fig. 5.7 Simulated vs experimental results of closed loop FOPID control for (a) VT (b) V01 (c) VT and (d)V01 

with input voltage variations keeping Vin2 as 12V and 24V respectively. 
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Fig. 5.7 shows output voltage variation as input voltage (Vin1) is varied. Fig. 5.7(a-b) shows 

output voltage variation for 12V battery as Vin2. In closed loop FOPID control, as the input 

voltage is increasing from 0 to 11V (keeping in mind the constraint Vin1<Vin2) output voltages 

tries to maintain the desired setpoint voltages. The desired VT is 20V whereas desired V01 is 

15V. VT tries to maintain 20V at output as Vin1 varies from 4V to 9V in simulation whereas 

Vin1 varies from 5V to 10V during experimentation. V01 tries to maintain 15V as Vin1 varies 

from 4V to 11V in simulation whereas Vin1 varies from 3V to 11V during experimentation. 

Fig. 5.7(c-d) shows output voltage variation for 24V battery as Vin2. Using FOPID control, as 

the input voltage is increasing from 0 to 23V (keeping in mind the constraint Vin1<Vin2) output 

voltages tries to maintain the desired setpoint voltages. The desired VT is 50V whereas desired 

V01 is 30V. VT tries to maintain 50V at output as Vin1 varies from 11V to 23V in simulation 

whereas Vin1 varies from 14V to 21V during experimentation. V01 tries to maintain 30V as Vin1 

varies from 3V to 23V in simulation whereas Vin1 varies from 7V to 21V during 

experimentation. The constraints of duty ratios make it hard to maintain desired setpoints 

during initial and final Vin2 values. Internal resistance of each component also adds to slight 

variation in simulation and experimental data. 

5.3.6 Performance of FOPID controller on Load Variations 

The performance of the non-isolated multi-input multi-output DC-DC boost converter with 

closed loop FOPID controller subjected to load variations is discussed in this section. Duty 

ratio of each switch is evaluated using the control algorithm programmed in the 

microcontroller. The load variations are performed in three parts. Firstly, load R1 is varied and 

results are accumulated. Then load R2 is varied and data is collected. Finally, both the loads R1 

and R2 are varied simultaneously and proportionally. During the whole procedure of simulation 

and experimental data acquisition, the input voltages Vin1 and Vin2 are kept at 18V and 24V 

respectively. The loads R1 and R2 varies from 100Ω to 10Ω with an interval of 10Ω each.  
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(a) (b) 

  
(c) (d) 
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(e) (f) 

Fig. 5.8 Simulated vs experimental results of closed loop FOPID control for (a) VT (b) V01 (c) VT (d)V01 (e) 

VT and (f) V01 with load resistance variations. 

Fig. 5.8 shows output voltage variation as load resistance is varied. Fig. 5.8(a-b) shows output 

voltage variation with change in load resistance R1 from 100Ω to 10Ω with an interval of 10Ω. 

In closed loop FOPID control, as R1 value decreases, desired VT and V01 i.e. 50V and 30V is 

maintained respectively. Desired VT is maintained from 100Ω to 40 Ω during simulation 

whereas from 100Ω to 40Ω during experimentation. Desired V01 is maintained from 100Ω to 

30Ω during simulation whereas from 100Ω to 50Ω during experimentation. Fig. 5.8(c-d) shows 

output voltage variation with change in load resistance R2 from 100Ω to 10Ω with an interval 

of 10Ω. In closed loop FOPID control, as R2 value decreases, desired VT and V01 i.e. 50V and 

30V is maintained respectively. Desired VT is maintained from 100Ω to 10Ω during simulation 

whereas from 100Ω to 10Ω during experimentation. Desired V01 is maintained from 100Ω to 

70Ω during simulation whereas from 100Ω to 80Ω during experimentation. Fig. 5.8(e-f) shows 

output voltage variation with change in load resistance R1 and R2 from 100Ω to 10Ω with an 

interval of 10Ω simultaneously and proportionally. In closed loop FOPID control, as R1 and R2 

value decreases, desired VT and V01 i.e. 50V and 30V is maintained respectively. Desired VT 

is maintained from 100Ω to 30Ω during simulation whereas from 100Ω to 70Ω during 

experimentation. Desired V01 is maintained from 100Ω to 30Ω during simulation whereas from 

100Ω to 30Ω during experimentation. The constraints of duty ratios and inductor saturation 

point make it hard to maintain desired setpoints during low load resistance values. Internal 

resistance of each component also adds to slight variation in simulation and experimental data. 
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(a) 

 
(b) 

Fig. 5.8.1 Output Voltage (VT & V01) plot for (a) simulated and (b) experimental results. 

Fig. 5.8.1 shows the output voltage waveforms obtained from simulation and experimental 

results. Fig. 5.8.1(a) shows output voltage waveforms obtained during simulation whereas Fig. 

5.8.1(b) indicates output voltage waveform during experimental results obtained on DSO. 

These waveforms are obtained for FOPID control strategy implemented on the non-isolated 

multi-input multi-output DC-DC boost converter. The simulations voltages i.e. VT and V01 

settles at 50V and 30V respectively whereas it can be observed that experimental values show 

47.57V and 29.308V respectively. The input voltages Vin1 and Vin2 were taken as 18V and 24V 

respectively and load resistance as 100Ω each. 
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5.3.7 Performance of ANN controller on Input Variations 

The performance of the non-isolated multi-input multi-output DC-DC boost converter with 

closed loop ANN controller subjected to input variations is discussed in this section. Duty ratio 

of each switch is evaluated using the control algorithm programmed in the microcontroller. 

Input voltage Vin1 is varied keeping Vin2 as 12V and 24V respectively. Load R1 and R2 are kept 

at 100Ω each.  

  
(a) (b) 

 

  
(c) (d) 

Fig. 5.9 Simulated vs experimental results of closed loop ANN control for (a) VT (b) V01 (c) VT and (d)V01 

with input voltage variations. 
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Fig. 5.9 shows output voltage variation as input voltage (Vin1) is varied. Fig. 5.9(a-b) shows 

output voltage variation for 12V battery as Vin2. In closed loop ANN control, as the input 

voltage is increasing from 0 to 11V (keeping in mind the constraint Vin1<Vin2) output voltages 

tries to maintain the desired setpoint voltages. The desired VT is 20V whereas desired V01 is 

15V. VT tries to maintain 20V at output as Vin1 varies from 0V to 11V in simulation whereas 

Vin1 varies from 4V to 11V during experimentation. V01 tries to maintain 15V as Vin1 varies 

from 0V to 11V in simulation whereas Vin1 varies from 5V to 11V during experimentation. 

Fig. 5.9(c-d) shows output voltage variation for 24V battery as Vin2. Using ANN control, as the 

input voltage is increasing from 0 to 23V (keeping in mind the constraint Vin1<Vin2) output 

voltages tries to maintain the desired setpoint voltages. The desired VT is 50V whereas desired 

V01 is 30V. VT tries to maintain 50V at output as Vin1 varies from 6V to 20V in simulation 

whereas Vin1 varies from 12V to 22V during experimentation. V01 tries to maintain 30V as Vin1 

varies from 6V to 23V in simulation whereas Vin1 varies from 8V to 21V during 

experimentation. The constraints of duty ratios make it hard to maintain desired setpoints 

during initial and final Vin2 values. Internal resistance of each component also adds to slight 

variation in simulation and experimental data. 

5.3.8 Performance of ANN controller on Load Variations 

The performance of the non-isolated multi-input multi-output DC-DC boost converter with 

closed loop ANN controller subjected to load variations is discussed in this section. Duty ratio 

of each switch is evaluated using the control algorithm programmed in the microcontroller. 

The load variations are performed in three parts. Firstly, load R1 is varied and results are 

accumulated. Then load R2 is varied and data is collected. Finally, both the loads R1 and R2 are 

varied simultaneously and proportionally. During the whole procedure of simulation and 

experimental data acquisition, the input voltages Vin1 and Vin2 are kept at 18V and 24V 

respectively. The loads R1 and R2 varies from 100Ω to 10Ω with an interval of 10Ω each.  
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(a) (b) 

 

  
(c) (d) 
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(e) (f) 

Fig. 5.10 Simulated vs experimental results of closed loop ANN control for (a) VT (b) V01 (c) VT (d)V01 (e) 

VT and (f)V01 with input voltage variations keeping Vin2 as 12V and 24V respectively. 

Fig. 5.10 shows output voltage variation as load resistance is varied. Fig. 5.10(a-b) shows 

output voltage variation with change in load resistance R1 from 100Ω to 10Ω with an interval 

of 10Ω. In closed loop ANN control, as R1 value decreases, desired VT and V01 i.e. 50V and 

30V is maintained respectively. Desired VT is maintained from 100Ω to 40Ω during simulation 

whereas from 100Ω to 40Ω during experimentation. Desired V01 is maintained from 100Ω to 

50Ω during simulation whereas from 100Ω to 50Ω during experimentation. Fig. 5.10(c-d) 

shows output voltage variation with change in load resistance R2 from 100Ω to 10Ω with an 

interval of 10Ω. In closed loop ANN control, as R2 value decreases, desired VT and V01 i.e. 

50V and 30V is maintained respectively. Desired VT is maintained from 100Ω to 10Ω during 

simulation whereas from 100Ω to 10Ω during experimentation. Desired V01 is maintained from 

100Ω to 60Ω during simulation whereas from 100Ω to 70Ω during experimentation. Fig. 

5.10(e-f) shows output voltage variation with change in load resistance R1 and R2 from 100Ω 

to 10Ω with an interval of 10Ω simultaneously and proportionally. In closed loop ANN control, 

as R1 and R2 value decreases, desired VT and V01 i.e. 50V and 30V is maintained respectively. 

Desired VT is maintained from 100Ω to 50Ω during simulation whereas from 100Ω to 50Ω 

during experimentation. Desired V01 is maintained from 100Ω to 50Ω during simulation 

whereas from 100Ω to 50Ω during experimentation. The constraints of duty ratios and inductor 

saturation point make it hard to maintain desired setpoints during low load resistance values. 

Internal resistance of each component also adds to slight variation in simulation and 

experimental data. 
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(a) 

 
(b) 

Fig. 5.10.1 Output Voltage (VT & V01) plot for (a) simulated and (b) experimental results. 

Fig. 5.10.1 shows the output voltage waveforms obtained from simulation and experimental 

results. Fig. 5.10.1(a) shows output voltage waveforms obtained during simulation whereas 

Fig. 5.10.1(b) indicates output voltage waveform during experimental results obtained on DSO. 

These waveforms are obtained for ANN control strategy implemented on the non-isolated 

multi-input multi-output DC-DC boost converter. The simulations voltages i.e. VT and V01 

settles at 50V and 30V respectively whereas it can be observed that experimental values show 

50.01V and 30.649V respectively. The input voltages Vin1 and Vin2 were taken as 18V and 24V 

respectively and load resistance as 100Ω each. 
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5.4  Comparative Analysis 

The graphical investigation of the non-isolated multi-input multi-output DC-DC boost 

converter has been done in this section by comparing various simulated and experimentally 

implemented control algorithms. It is the duty of switch S1 to maintain VT, switch S3 to 

maintain IB and switch S4 to maintain V01 which has been discussed in the previous chapters. 

Simulation and experimental results are compared graphically subjected to input voltage 

variations as well as load variations. 

5.4.1 Performance of various control algorithms subjected to input variations  

The simulated and experimental output voltage (VT) variation with input voltage (Vin2 as 12V) 

has been shown in Fig. 5.11 and Fig. 5.12 respectively. The trend shown in Fig. 5.11 is that 

ANN controller has the best performance as it almost keeps 20V at output whereas in Fig. 5.12 

ANN and PI controller performs better than other controllers. It can be observed from the figure 

that open loop voltage keeps on increasing whereas other control strategies increases till the 

setpoint is achieved and then follows the setpoint pattern. However, due to duty constraints 

setpoint voltage is not followed during initial and final values of input voltages. So, the voltage 

at initial and final points will be less and more than the setpoint value respectively.  

 

Fig. 5.11 Simulated output voltage vs input voltage (Vin1) variations keeping 12V as Vin2  
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Fig. 5.12 Experimental output voltage vs input voltage (Vin1) variations keeping 12V as Vin2  

The simulated and experimental output voltage (VT) variation with input voltage (Vin2 as 24V) 

has been shown in Fig. 5.13 and Fig. 5.14 respectively. The trend shown in Fig. 5.13 is that 

ANN controller has the best performance as it almost keeps 50V at output whereas in Fig. 5.14 

PID and PI controller performs better than other controllers and they almost overlaps each 

other. It can also be observed from the figure that open loop voltage keeps on increasing 

whereas other control strategies increases till the setpoint is achieved and then follows the 

setpoint pattern. However, due to duty constraints setpoint voltage is not followed during initial 

and final values of input voltages. So, the voltage at initial and final points will be less and 

more than the setpoint value respectively.  
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Fig. 5.13 Simulated output voltage vs input voltage (Vin1) variations keeping 24V as Vin2  

 

Fig. 5.14 Experimental output voltage vs input voltage (Vin1) variations keeping 24V as Vin2  
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The simulated and experimental output voltage (V01) variation with input voltage (Vin2 as 12V) 

has been shown in Fig. 5.15 and Fig. 5.16 respectively. The trend shown in Fig. 5.15 is that 

ANN controller has the best performance as it almost keeps 15V at output followed by FOPID 

controller whereas in Fig. 5.16 FOPID and PI controller gives better performance than other 

controllers. In Fig. 5.16, initially PID gives worst results but finally it follows ANN controller. 

It can be observed from the figure that open loop voltage keeps on increasing whereas other 

control strategies increases till the setpoint is achieved and then follows the setpoint pattern. 

However, due to duty constraints setpoint voltage is not followed during initial and final values 

of input voltages. So, the voltage at initial and final points will be less and more than the 

setpoint value respectively.  

 

Fig. 5.15 Simulated output voltage (V01) vs input voltage (Vin1) variations keeping 12V as Vin2  
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Fig. 5.16 Experimental output voltage (V01) vs input voltage (Vin1) variations keeping 12V as Vin2  

The simulated and experimental output voltage (V01) variation with input voltage (Vin2 as 24V) 

has been shown in Fig. 5.17 and Fig. 5.18 respectively. The trend shown in Fig. 5.17 is that 

FOPID controller has the best performance as it almost keeps 30V at output whereas in Fig. 

5.18 ANN and FOPID controller performs better than other controllers. It can be observed from 

the figure that open loop voltage keeps on increasing whereas other control strategies increases 

till the setpoint is achieved and then follows the setpoint pattern. Here also in Fig. 5.18 PID 

gives worst results during initial input voltage values but finally follows the setpoint. However, 

due to duty constraints setpoint voltage is not followed during initial and final values of input 

voltages. So, the voltage at initial and final points will be less and more than the setpoint value 

respectively.  
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Fig. 5.17 Simulated output voltage (V01) vs input voltage (Vin1) variations keeping 24V as Vin2  

 

Fig. 5.18 Experimental output voltage (V01) vs input voltage (Vin1) variations keeping 24V as Vin2  

5.4.2 Performance of various control algorithms subjected to load variations  

The variation of output voltage (VT) with load resistance (R1) has been shown in Fig. 5.19 and 

Fig. 5.20 for simulation and experimental data respectively. It can be observed in Fig. 5.19 that 
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ANN controller has the best performance as it almost keeps 50V at output whereas in Fig. 5.20 

all controller almost follows same pattern diminishing the open loop voltage from 60V to 50V. 

It can be observed from the figure that open loop voltage is more whereas other control 

strategies follows the setpoint pattern. However, due to duty constraints and inductor saturation 

point voltage values are not evaluated experimentally below some resistance values.  

 

Fig. 5.19 Simulated output voltage vs load (R1) variations 

 

Fig. 5.20 Experimental output voltage vs load (R1) variations 
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The variation of output voltage (VT) with load resistance (R2) has been shown in Fig. 5.21 and 

Fig. 5.22 for simulation and experimental data respectively. It can be observed in Fig. 5.21 that 

PID and FOPID controller have the best performance as it almost keeps 50V at output whereas 

in Fig. 5.22 ANN controller gives best possible results followed by other controllers.  

 

Fig. 5.21 Simulated output voltage vs load (R2) variations 

 

Fig. 5.22 Experimental output voltage vs load (R2) variations 
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The variation of output voltage (VT) with load resistance (R1 & R2) has been shown in Fig. 

5.23 and Fig. 5.24 for simulation and experimental data respectively. It can be observed in Fig. 

5.23 that FOPID and ANN controller has the best performance as it almost keeps 50V at output 

whereas in Fig. 5.24 ANN controller gives better results. However, due to duty constraints and 

inductor saturation point voltage values are not evaluated experimentally below some 

resistance values. 

 

Fig. 5.23 Simulated output voltage vs load (R1 and R2) variations 

 

Fig. 5.24 Experimental output voltage vs load (R1 and R2) variations 
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The variation of output voltage (V01) with load resistance (R1) has been shown in Fig. 5.25 and 

Fig. 5.26 for simulation and experimental data respectively. It can be observed in Fig. 5.25 that 

PID controller has the best performance as it almost keeps 30V at output whereas in Fig. 5.26 

ANN and FOPID controller gives better results. However, due to duty constraints and inductor 

saturation point voltage values are not evaluated experimentally below some resistance values. 

 

Fig. 5.25 Simulated output voltage (V01) vs load (R1) variations 

 

Fig. 5.26 Experimental output voltage (V01) vs load (R1) variations 

The variation of output voltage (V01) with load resistance (R2) has been shown in Fig. 5.27 and 

Fig. 5.28 for simulation and experimental data respectively. It can be observed in Fig. 5.27 that 

0

5

10

15

20

25

30

35

40

45

50

100 90 80 70 60 50 40 30 20 10

V
0

1
(V

)

R1(Ω)

V01 S OL V01 S PI V01 S PID V01 S FOPID V01 S ANN

0

5

10

15

20

25

30

35

40

45

50

100 90 80 70 60 50

V
0

1
()

V

R1(Ω)

V01 E OL V01 E PI V01 E PID V01 E FOPID V01 E ANN



77 
 

PID controller has the best performance as it almost keeps 30V at output whereas in Fig. 5.28 

PI controller gives better results with respect to other control strategies.  

 

Fig. 5.27 Simulated output voltage (V01) vs load (R2) variations 

 

Fig. 5.28 Experimental output voltage (V01) vs load (R2) variations 

The variation of output voltage (V01) with load resistance (R1 & R2) has been shown in Fig. 

5.29 and Fig. 5.30 for simulation and experimental data respectively. It can be observed in Fig. 

5.29 that PID controller has the best performance as it almost keeps 30V at output whereas in 

Fig. 5.30 PI controller gives better results. However, due to duty constraints and inductor 

saturation point voltage values are not evaluated experimentally below some resistance values. 

0

10

20

30

40

50

60

100 90 80 70 60 50 40 30 20 10

V
0

1
(V

)

R2(Ω)

V01 S OL V01 S PI V01 S PID V01 S FOPID V01 S ANN

0

10

20

30

40

50

60

100 90 80 70 60 50 40 30 20 10

V
0

1
(V

)

R2(Ω)

V01 E OL V01 E PI V01 E PID V01 E FOPID V01 E ANN



78 
 

 

Fig. 5.29 Simulated output voltage (V01) vs load (R1 and R2) variations 

 

Fig. 5.30 Experimental output voltage (V01) vs load (R1 and R2) variations 
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5.4.3 Performance of simulated output voltages subjected to various control    

 algorithms  

 

Fig. 5.31 Simulated total output voltage waveform 

Figure 5.31 shows comparison of simulated output voltage (VT). The PI control scheme reaches 

settling tie much faster followed by ANN controller. Small sustained oscillations are present 

in all control schemes which are very less in case of ANN controller. PID and FOPID 

controllers follow almost same pattern with less oscillations than PI controller after transient 

period. The maximum starting peak voltage is reached by ANN controllers which is 108V 

whereas it is 100V for other controllers. PI controller settles in 0.024 seconds whereas other 

controllers settles in 0.06 seconds. The controller parameters considered here were discussed 

in the previous chapter. 

 

Fig. 5.32 Simulated total output voltage waveform with load switching 
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Figure 5.32 shows the trend of output voltage comparison as load is increased by sudden 

switching. The load resistance R1 and R2 are decreased from 100Ω to 75Ω at t=0.25 seconds 

and further decreased to 60Ω at t=0.5 seconds. It can be observed from the figure that output 

voltage remains constant but sustained oscillations are increased as in case of PI, PID and 

FOPID controller. PI controller has more oscillations. ANN controller settles with least 

oscillations at the desired setpoint voltage i.e. 50V.  

5.4.4 Performance of simulated output voltages with varying control parameters 

 

Fig. 5.33 Simulated total output voltage waveform with varying PI controller parameters 

Figure 5.33 shows the trend of output voltage waveform as PI controller parameters are varied. 

It can be observed that on increasing KP and KI values sustained oscillation diminishes and 

setpoint voltage is reached. Further increment in parameter values results in increment of 

amplitude of sustained oscillations. 

 

Fig. 5.34 Simulated total output voltage waveform with varying PID controller parameters 
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Figure 5.34 shows the trend of output voltage waveform as PID controller parameters are 

varied. It can be observed that on increasing KP, KI and KD values sustained oscillation 

diminishes and setpoint voltage is reached. Further increment in parameter values results in 

increment of amplitude of sustained oscillations. 

5.4.5 Performance of experimental output voltages subjected to various control         

 algorithms 

  
(a) (b) 

  
(c) (d) 

Fig. 5.35 Experimental output voltage waveforms of (a) PI controller (b) PID controller (c) FOPID 

controller (d) ANN controller 

The experimental output voltage waveform is compared in the fig. 5.35. Figure 5.35(a) shows 

output voltage for PI controller, Figure 5.35(b) shows output voltage for PID controller, Figure 

5.35(c) shows output voltage for FOPID controller and Figure 5.35(d) shows output voltage 
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for ANN controller. It can be noticed that ANN controller settles nearest to the setpoint voltages 

i.e. VT as 50V and V01 as 30V. Considering Vin1 as 18V, Vin2 as 24V and load resistances as 

100Ω each. 

5.4.6 Performance of Power and Efficiency for multiport converter 

Figure 5.36 showcase the power input, power output and efficiency plots. 
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(c) 

Fig. 5.36 Comparison of (a) input power (b) output power and (c) efficiency under various control strategies 

with input voltage (Vin1) variations keeping Vin2 as 24V and load resistances as 100Ω each. 

Figure 5.36 showcase the power input, power output and efficiency plots. The input voltage is 

varied accordingly. Figure 5.36 (a) shows experimental results comparison of input power, 

figure 5.36 (b) shows experimental results comparison of output power and figure 5.36 (c) 

shows experimental results comparison of efficiency considering input voltage variations. It 

can be clearly stated from the figure that power rating of ANN controller is much more than 

other control strategies whereas efficiency of PI and FOPID controller is much better. Open 

loop shows more input as well as output power. This is because constant duty is given to the 

switches of the converter which results in more voltage than the desired setpoint voltages. PI 

control has more efficiency for high input voltage values whereas PID control has more 

efficiency for low input voltage values. FOPID controller has almost same efficiency for low 

as well as high input voltage value. ANN controller also has more efficiency for low as well as 

mid voltage values. 
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Table 5.1 Comparison of results under different control strategies for multiport converter considering 

Vin1=18V, Vin2=24V and R1=R2=100Ω 

Control Algorithm Pin1(W) Pin2(W) PO1(W) PO2(W) Efficiency(%) 

Open Loop 9.18 9.6 6.07 5.29 60.5 

PI 6.84 7.44 7.56 3.74 79.2 

PID 5.04 5.28 5.48 2.65 78.8 

FOPID 5.22 5.76 6.38 3.09 79.2 

ANN 10.44 6.72 9.98 2.89 75.05 
 

The power and efficiency of the multiport converter has been examined under the influence of 

various control strategies. Open loop shows more input as well as output power. This is because 

constant duty is given to the switches of the converter which results in more voltage than the 

desired setpoint voltages. Among control strategies implemented, ANN controller provides 

more power to the output i.e. 12.88 watts but efficiency of PI and FOPID controller is much 

better as shown in Table 5.1. Overall efficiency of all control algorithms is more than open 

loop system. The abovementioned results obtained for the converter are evaluated using Vin1 

as 18V, Vin2 as 24V and load resistances at 100Ω each. 

5.5 Summary of the Chapter 

This chapter has thoroughly discussed the performance of the different control strategies 

implemented on the non-isolated multi-input multi-output DC-DC boost converter mentioned 

in previous chapter. The performance for both input variations and load variations have been 

evaluated through simulations as well as experimentally. Different controller parameters are 

considered for the evaluation of system performance. The major finding of the results will be 

presented in the next chapter. 
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CHAPTER 6 

CONCLUSION AND FUTURE SCOPE 

 

This dissertation work has been done to obtain the dynamic behaviour of the non-isolated dual-

input dual-output DC-DC boost converter. Various control strategies are implemented using 

ATmega328p microcontroller. MATLAB/Simulink based model is developed and simulated 

results are compared with experimental results. The converter switches were given duty using 

various control algorithms viz. PI, PID, FOPID and ANN and effect of input as well as load 

variations were scrutinized. The following conclusions were drawn from this work. 

6.1 Conclusion 

• The dynamic modelling of the non-isolated multi-input multi-output DC-DC boost 

converter has been performed mathematically as well as computationally using 

MATLAB/Simulink® environment. 

• Proper designing and fabrication of the non-isolated multi-input multi-output DC-DC 

boost converter along with gate driver circuit using TLP 250H has been accomplished 

using MOSFET as switches. 

• Programming of various control logics have been particularly implemented using 

ATmega328p (Arduino) microcontroller. 

• The simulation results were obtained using MATLAB/Simulink® environment and 

have been compared with experimental results obtained from fabricated MIMO 

converter. Duty to the switches have been given by the driver circuit which in turn is 

connected to the microcontroller. 

• The results are obtained for input voltage variation as well as load resistance variation. 

Input voltage (Vin1) is varied keeping Vin2 as 12V and 24V respectively and following 

the condition Vin1 < Vin2. The load resistance is varied from 100Ω to 10Ω individually 

and then simultaneously and proportionally. 

• Among all the control strategies implemented, ANN was found to be the best control 

algorithm as it gives best performance in both input variation as well as load variations. 
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• PI and PID controllers give better results in input voltage variations whereas FOPID 

controller gives better results during load resistance variations. 

• ANN controller has more power rating whereas PI and FOPID controller have much 

better efficiency. 

6.2 Future Scope 

• Integration of the non-isolated multi-input multi-output DC-DC boost converter with 

multilevel inverters can be done. 

• Switching losses of each switch and fabrication costing of single converter can be 

determined.  

• In this work, battery charging mode was theoretically examined but practical 

implementation is possible with design of different control parameters. 

• More power rating circuit can be designed in order to meet electric vehicle 

requirements. 
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APPENDIX A 

EXPERIMENTAL SETUP 

 
 

 

Fig. A.1 PCB driver and converter circuit 

 

Fig. A.2 Voltage sensor circuit 
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Fig. A.3 Experimental setup 
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APPENDIX B 

PCB DESIGN CIRUITS 

 
 

 

Fig. B.1 PCB for MIMO converter 

 

Fig. B.2 PCB for driver circuit 



APPENDIX C 

DATASHEET OF MOSFET 

 
 

 

 



 



 



 



APPENDIX D 

DATASHEET OF DRIVER IC 

 

 



 

 



 

 



 



APPENDIX E 

DATASHEET OF DIODE 

 

 



 

 

 



 



 

 

 



APPENDIX F 

ARDUINO UNO 

 

 







 

 



APPENDIX G 

DATASHEET OF VOLTAGE SENSOR 

 

 







 

 

 



APPENDIX G 

INDUCTOR DESIGN 

 
 

We use the Area Product Approach to calculate various parameters of the Inductor. 

Step 1: Ascertaining Inductor Value –  

Based on the circuit design of the Non-Isolated Boost Converter, the Inductor 

that we wish to design is of the magnitude 1.3mH. 

Step 2: Ascertaining the Magnetic Energy required to be stored in the Inductor- 

              𝐸 =  
1

2
𝐿𝐼𝑚

2  ,  

Step 3: Calculating the Area Product to calculate the size of the Core  

𝐴𝑝 =  𝐴𝑐 ∗ 𝐴𝑤 =  
2𝐸

𝐾𝑤𝐾𝑐𝐽𝐵𝑚
 ,  

   Utilization Factor 𝐾𝑤 , Crest Factor 𝐾𝑐, Current Density 𝐽 , Flux Density 𝐵𝑚. 

Step 4: Calculating the Number of Turns(N) that need to be wound on the Inductor 

               𝑁 =  
𝐿𝐼𝑚

𝐴𝑐𝐵𝑚
             

Step 5: Calculating the Wire Gauge for winding the Inductor  

𝑎𝑤  =  𝐼/𝐽 where I is IL (or avg. Input current)  

            Step 6: Verifying & Cross- Checking the calculations  

              𝑁. 𝑎𝑤   <   𝐾𝑤. 𝐴𝑤 , 

 

 


