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ABSTRACT 

 This research work presents a high gain direct current–direct current (DC–DC) converter 

which is derived from a traditional boost converter. Electrical power systems are changing from a 

centralized generation model to a hybrid model with distributed generation. Distributed renewable 

energy sources such as photovoltaic (PV) modules, wind and fuel cells are becoming possible 

alternatives. However, to connect these systems to the grid, reliable DC–DC boost converters with 

high voltage gain is becoming a requirement. Firstly, a new open-loop DC–DC boost converter 

with superior performance in terms of voltage step-up ratio and reduced voltage stress on the 

switches, compared to other existing high gain DC–DC boost converter counterparts is proposed. 

Along with analyzing the operation principle of the proposed converter, design procedure and 

component selection procedures are presented in this report. Experimental results along with 

simulation results are provided to validate the fundamentals of the open-loop proposed converter. 

This converter can easily achieve a gain of 20 while benefiting from the continuous input current. 

Secondly, to effectively maintain the voltage output at the required level, closed loop dc-dc 

converter with Proportional–Integral-Differential (PID) controller was proposed and simulated. 

Thirdly a multi-loop with Proportional–Integral (PI) was proposed and simulated. Later, a charge 

controller was designed and operated along with closed loop dc-dc converter to supply load with 

two different voltage requirements. Simulation results are presented and analyzed to validate the 

theoretical results of the closed loop converter. Based on the simulation results the proposed 

controller can maintain the output voltage at the required level with respect to the changes in load. 
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CHAPTER I 

INTRODUCTION 

Direct Current–Direct Current (DC–DC) boost converters are widely used in power, 

industrial, and consumer products as shown in Figure 1. Renewable energy sources can be an 

appropriate alternative for the fossil fuels due to their advantage of inexhaustible resources, fuel 

diversification, and environmental friendliness. To connect these systems to the network, DC–DC 

boost converters with wide dc conversion ratios are needed [1]. The basic DC–DC boost converters 

are not suitable for this application due to the need of operating at extreme duty ratios, hence 

alternative topologies need to be considered [1]. The main objective of such a system is to 

maximize energy yield and minimize maintenance.  

 

Figure 1. General applications of DC–DC boost converters. 

1 
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To achieve the above objective, the converters should be able to produce the required 

output from the minimum input with high conversion efficiency at low cost, and size [2] – [3]. A 

good DC–DC boost converter should satisfy the following three types of requirements: 

1. Economic requirements: 

The circuit should be energy efficient, small in size, light in weight, and low in 

cost. 

2. Steady-state performance requirements: 

The output voltage, output current, and AC ripple should be within the specified 

range. 

3. Dynamic performance requirements: 

The circuit should be stable, and the output voltage should be kept within the 

specified range under small disturbances at the source voltage and the load.  

(i.e. the converter should have good line and load regulation). 

In admission to the above, one of the major challenges faced by designers of today’s DC–

DC boost converter’s is to optimize the converters design based on contradictory constraints: low 

cost and increased life. A solution to improve the life and efficiency of DC–DC boost converters 

is by reducing the voltage stress on the switches. The future converters should also reduce the issue 

of voltage fluctuations occurring due to the intermittent nature of renewable energy sources.  

There are two main types of DC–DC boost converters: linear and switch-mode. In general, 

linear DC–DC boost converters are not energy efficient and are very large, while switch-mode 

DC–DC boost converters can meet the three requirements previously mentioned. In switching 

converters, lossless elements such as efficient switches, inductors, and capacitors are used to store 

energy temporarily and transmit it to the load. By properly choosing the switching frequency, 
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inductance, and capacitance values, the converter can be of small size and light weight and can 

filter out large alternating current (AC) ripples, so that the steady-state performance requirements 

are met. Despite all the advantages of switches, they also make the circuits nonlinear and difficult 

to analyze.  

Switched DC–DC boost converters can be classified into two categories, pulse width 

modulation (PWM) converters and soft switching converters, which are also called resonant 

converters. In soft-switching converters the increased peak currents for the same output voltage is 

a major disadvantage. Using PWM technique, there is an efficient regulation over a wide range of 

voltage inputs and outputs. The only disadvantage with this method is small loss of power during 

switching because of the finite values of voltage and current during the switching transient.  

Analysis, control, and stabilization are the main issues in switching converters. Along with 

novel design, the converter needs to be properly analyzed. To facilitate the analysis and design of 

these converters, a good analysis method is also needed. The most popular step-up DC–DC boost 

converters till date are discussed in the following section. 
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CHAPTER II 

LITERATURE REVIEW 

DC–DC conversion technology is a major subject area in the field of electrical power 

engineering and is widely used in industrial applications and computer hardware circuits. The  

DC–DC conversion technique was established in the 1920s. A simple voltage conversion, the 

simplest DC–DC boost converter is a voltage divider, but it only converts output voltage lower 

than the input voltage with poor efficiency [5]. The multi-quadrant chopper is the second step in 

DC–DC conversion. Much time has been spent trying to find the equipment to convert the DC 

energy source of one voltage to another DC actuator with another voltage, as does a transformer 

employed in AC–AC conversion [6]. 

2.1 DC–DC Boost Converters 

In 1940s, the buck converter was derived from the “A” type chopper [6] and later boost 

converter was derived from “B” type chopper [8]. From then different topologies for DC–DC boost 

converters have been presented in the literature. Recent converters in this area are studied and 

analyzed as follows. There are numerous isolated DC–DC boost converter topologies presented in 

the literature, in which the voltage is raised by increasing the transformer ratio [8] – [11].  

 

 a  b 

Figure 2. Isolated DC–DC boost converter (a) with two controlled switches (b) with voltage 
doubling rectifier. 
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A model topology is shown in Figure 2. Even though it can achieve the high voltage there are 

many disadvantages. For instance, size, costs, and voltage spikes across the power systems due to 

leakage inductance [12]. 

In applications where galvanic insulation is not a must, non-isolated DC–DC converters 

can be used to achieve voltage step-up or step-down, with consequent reduction of size, weight 

and volume associated to the increase of efficiency because of the lack of a high-frequency 

transformer[12]. The converters with cascaded topologies in [13] can achieve high step-up voltage 

gain with relatively high efficiency. The elementary boost converter with cascaded connection 

topologies is shown in Figure 3. However, connecting two or more converters to form a single 

converter results in increased complexity and cost. In addition, the two converters need to be 

synchronized to avoid beat frequencies [14].  

 

  a  b 

 

 c  d 

Figure 3. Non-isolated DC–DC (a) elementary boost converter (b) double boost circuit  
(c) three-stage boost circuit (d) elementary multiple boost circuit. 
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The coupled inductor converters as shown in Figure 4 (a), (c), are used to meet the 

requirements of high output voltage gains [15]–[17]. The major drawbacks of this topologies are 

voltage spikes across the switches due to leakage inductance. Moreover, the leakage inductance 

increases with a rise in voltage gains, because it requires a higher number of winding turns. To 

compensate for these spikes, isolated topologies with improved active clamping and soft switching 

are presented in [18]–[22]. The model topologies are shown in Figure 4 (b), (d). However, the 

inclusion of clam stage has increased the component count and design complexity and added losses 

at the clamp stage. A topology with improved clamping presented in [23] overcame the 

aforementioned glitches, but at the cost of resonating currents from both the power switch and the 

magnetizing inductance.  

 

 a  b 

 

 c  d 

Figure 4. Non-isolated DC–DC boost converter with coupled inductors (a) fly-back topology  
(b) interleaved cross-winding topology (c) wide input wide output (WIWO) topology (d) 

interleaved topology  
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 a b 

 

 c d 

Figure 5. Non-isolated (a) switched capacitor convertor (b) Hybrid step-up converter with 
switching structure DC–DC boost converter (c) Quadratic boost converter (d) SEPIC converter 

 

Figure 6. Isolated and Non-isolated DC–DC boost converters 
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The main objective here is to reach a high output voltage gain, high efficiency, and low-

cost topology with simple structures. One possible solution for this problem is the use of a 

capacitor-diode voltage multiplier, popularly known as a hybrid switched capacitor, which can 

eliminate the abovementioned drawbacks such as, high size, cost, and low efficiency [24]–[30]. 

The model topologies with switched capacitors is shown in Figure 5. The ladder showing the 

different types of isolated and non-isolated DC–DC boost converters is shown in Figure 6.  

In this research work, a newly configured DC–DC boost converter with high step up ratio 

is proposed. First, the proposed converter under open loop mode, shows improvement in the 

voltage step-up ratio, compared to the existing single-switch boost converters under the same duty 

ratio. Second, along with high output, the proposed structure shows a remarkable reduction in 

voltage stress on switches over existing single-switch converters. 

2.2 Controller for DC–DC Boost Converter 

Analysis, control, and stabilization are the main issues in switching DC–DC boost 

converters. To facilitate the stabilization of these converters, a good analysis method is needed. 

The conventional small signal-based pulse width modulation (PWM) controllers are often used 

although they operate optimally only for specific operating points [31]– [34]. The in-depth studies 

have been applied to various nonlinear controls for DC–DC converters [35] – [36]. They are 

feedback state linearization, input–output linearization, flatness, passivity-based control, dynamic 

feedback control by input–output linearization, exact tracking, error passivity feedback, and 

boundary control. Implementations of them require PWM modulators. Five recent techniques from 

hybrid and optimal controls are evaluated on buck and boost converters [37]. These methods 

display high performances, while respecting circuit constraints. One-cycle control is applied to 

Cuk Converter [38]. Synergetic control is applied to buck and boost converters with an incomplete 
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analysis of the closed-loop system stability [39]. As a primitive-control method for variable 

structure systems, hysteresis control is still popular for converters. A hysteretic current-mode 

control is applied to a buck converter with low-voltage microprocessor loads [40]. A simple, self-

adjusting analog prediction of the hysteresis band is added to the phase-locked-loop control to 

ensure constant switching frequency of three-phase voltage-source inverters [41]. Hysteresis and 

delta-modulation controls are implemented for a buck converter by using sensor-less current mode, 

reporting voltage-source characteristics, excellent open-loop tracking, and near-ideal source 

rejection [42]. 

The researchers have made efforts to improve dynamic response, transients, and voltage 

ripples for DC–DC converters. Song and Chung [43] claim that boundary control can improve fast 

dynamic response. Through sensitivity analysis, they conclude that the steady state switching 

frequency decreases, or the hysteresis band increases as the equivalent series resistance (ESR) for 

the capacitor increases. Sliding-mode control (SMC) has gained popularity in converters in recent 

years [44]. The indirect control of the current on a switching manifold is used for output voltage 

regulation. Unfortunately, open-loop SMC lacks robustness against system uncertainties and 

disturbances. In [45], a PWM based sliding-mode voltage controller is designed for basic DC–DC 

converters in continuous conduction mode. It is limited to a lower bandwidth application. In [46] 

and [47], sliding mode controllers with dynamic sliding manifolds allow direct control of the 

voltages of buck, boost, and buck–boost converters. However, the output voltage tracking error 

must converge to zero asymptotically in sliding mode. In [48], sliding mode control is applied for 

quadratic boost converter. But, it is difficult to extend this method to more complicated converters 

or converters with other modeling methods. 
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As a practical control method with a deep industrial root, proportional integral and derivate 

(PID) control is widely applied to converters or inverters either in conventional manner or in 

combination with the other control methods discussed above. Closed-loop analysis of such systems 

with a resultant guideline for selecting PID gains has a demand from practicing engineers and 

corporations [49]. In [50], generalized proportional integral (PI) controllers are applied to buck, 

boost, and buck–boost converters based on integral re-constructors of the unmeasured observable 

state variables. However, the system robustness with respect to input voltage variation or 

disturbances is not studied, and extremely large load variation renders loss of feedback for the 

controller [51]. 

The controller of a converter should first guarantee that the system is stable under all 

operating conditions, and secondly robust to maintain the desired operational performance when a 

disturbance occurs in the circuit. For a single-loop feedback DC–DC boost converter operating 

under discontinuous conduction mode (DCM), the stability and dynamic performance can be 

guaranteed through increasing the loop gain as large as possible with a high crossover frequency 

and an adequate gain and phase margins. Whereas, the right half plane zeros for the DC–DC boost 

converters in the continuous conduction mode (CCM) severely restricts crossover frequency of the 

open loop gain, which results in poor dynamic performance if single loop feedback control is 

adopted [52]–[55]. On the other hand, linear multi-loop control has become widely applied 

[56]–[60] due to its simplicity and a long history of proved efficiency and dynamic performance. 

In this research work, a proportional-integral-differential (PID) based single and 

proportional-integral (PI) based multi-loop controllers are used for the closed-loop control. In 

multiloop, the inner current loop is designed to maximize the bandwidth of closed loop system and 

an external voltage loop is used for the regulation task. First the proposed DC–DC boost converter 
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with closed loop controller has minimized the fluctuations in the input voltage. Second the use of 

the PI-based PWM control has the added advantage of easy programming and robustness.   
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CHAPTER III 

MOTIVATION AND PROPOSED WORK 

A novel DC–DC converter that address the issues stated in literature review is proposed in 

this research work. The proposed converter is inspired from the charge pump voltage converter 

[61]. Initially, by integrating the diode-capacitor voltage multiplier (VM) stages along with 

inductors to the boost converter a newly configured non-isolated DC–DC boost converter is 

proposed. This has the higher overall voltage gain and reduced voltage stress. The operation of the 

proposed converter is comparable to its pulse-width-modulation (PWM) counterparts but 

possesses several essential performance advantages: 

• Higher step-up voltage with lower operating duty cycle. 

• Lower voltage stress on the semiconductor devices. 

• Simple control due to use of complementary controlled switches 

• Continuous input and output current. 

Furthermore, the absence of both transformer and extreme duty cycle in the proposed 

converter allows it to operate at high switching frequencies, thereby resulting in higher efficiency, 

reduced size, weight, simple structure and control. This will help in connecting the standalone 

renewable generating units to the distribution systems [62] effectively. 

One of the critical requirements of future distribution systems in the presence of distributed 

generation is active power management. It is critical to ensure the output AC voltage maintain 

within the standard limits by sensing the sudden solar ramping and automatically varying the 

output voltage of the DC-AC converter (inverter). But rather than controlling the inverter, 

controlling the DC–DC boost converter exhibits several advantages, the most important of which 

is easy control and quality of the output voltage sine wave that have been often mentioned in the 
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literature [63], [64]. To automatically achieve and maintain the desired output voltage by 

comparing it with the reference voltage, a closed loop control is designed for the proposed 

converter.  The closed-loop is formed with PI based pulse width modulation (PWM) controller is 

shown in Figure 7. The error between the reference voltage and output voltage determines the PI 

controller action. The PWM block then varies the duty cycle in accordance with the PI output 

voltage signal.  

 

Figure 7. Block diagram of closed-loop converter in distributed generation systems. 

In addition to micro-grid applications, the proposed converter is modified to use for electric 

vehicles (EV). EV’s are growing at a rapid pace in the internal combustion engine dominated 

transportation sector and bring environmental and economic benefits to society. Use of roof 

mounted solar array (RSA) systems to generate the energy required for operating a thermoelectric 

system and the compressors for maintaining the car cabin temperature helps to extend the cruising 

range of electric vehicles [65]. In such systems, managing and maintaining the output voltage is 

crucial. So, the proposed DC–DC boost converter needs a robust controller. The controller of a 

converter should guarantee first that the system is stable under all operating conditions, and second 

that the system is robust enough to maintain the desired operational performance when a circuit 

disturbance occurs. For a single-loop feedback DC–DC boost converter operating under 

discontinuous conduction mode (DCM), the stability and dynamic performance can be guaranteed 

Distributed 
Generation 
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𝐷𝐶𝑙𝑜𝑤 − 𝐷𝐶ℎ𝑖𝑔ℎ 
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by increasing the loop gain as large as possible with a high crossover frequency and adequate gain 

and phase margins. Whereas the right half plane zeros for the DC–DC boost converters in the 

continuous conduction mode (CCM) severely restricts the crossover frequency of the open-loop 

gain, which results in poor dynamic performance if single-loop feedback control is adopted. On 

the other hand, linear multi-loop control has become widely applied due to its simplicity and a 

long history of proven efficiency and dynamic performance. Hence, a multi-loop controller is 

designed for the proposed converter [66].  

Along with this, an inbuilt charge controller is built to manage the output voltage depending 

on the load and solar array power output. The multi-loop-controlled DC–DC boost converter along 

with the charge controller is shown in Figure 8. In these vehicles, the solar panel’s generated 

energy is primarily used to run the cabin temperature control unit when needed and to charge the 

batteries otherwise. To run the cabin temperature control unit, the generated dc voltage from the 

RSC should be boosted to around dc voltage of 156 𝑉 by means of proposed converter and invert 

it to ac voltage of 110 𝑉 (RMS), 60Hz using an inverter circuit [67]. The generated voltage need 

 

Figure 8. Block diagram of the energy management system with charge controller and 
closed loop DC–DC boost converter inside the RSC-EV 
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to be boosted to 500 𝑉𝑑𝑐 for charging the batteries. The charge controller plays a prominent role in 

controlling the output voltage from the DC–DC converter as per the changes in load. 

Below is the summary of the proposed work: 

• An in-depth literature review of existing DC–DC boost converters and their control 

systems. 

• Study of Renewable energy generation systems 

• Propose a novel high voltage step-up gain and low voltage stress DC–DC boost converter 

for distributed generating systems 

• Simulation and experimental validation of the proposed DC–DC boost converter. 

• Develop a closed loop control system to the said converter, such that the small disturbances 

at the source voltage are mitigated. 

• Develop a PWM generator that changes the duty cycle with respect to the data from 

controller. 

• Determine the range of input disturbances that the proposed closed loop DC–DC boost 

converter can mitigate. 

• Propose an intelligent controller that sense the changes in the load and vary the reference 

voltage for the closed loop. 

• Design a control system that provides the required PWM signal for the controlled switch/s 

sensing the error between the output and the reference voltages. 

• Enhance the proposed intelligent controller capability to sense the changes in the input 

voltage along with load changes and there by vary the reference voltage for the closed loop. 

• Develop an advanced closed loop controller that produces the required output mitigating 

the high disturbances in the input. 
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• Analyze the input voltage mitigation capacity of the closed loop controller.  

The rest of this document is organized in the following way. Preliminary results, including 

the design of proposed converter, mathematical analysis and controller design is given in section 

IV. The modelling and analysis of the converter along with simulation and experimental results 

are explained in this section V. Conclusion along with the future work is given in section VI.  
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CHAPTER IV 

METHODOLOGY 

The modelling of the proposed DC–DC boost converter along with mathematical analysis 

is discussed in this section. 

4.1 Modeling of Proposed Converter 

A novel DC–DC converter with high voltage step-up ratio is formed by integrating the 

Diode-capacitor voltage multiplier (VM) stages along with inductors to a single-switch DC–DC 

boost converters, as shown in Figure 9. The proposed converter utilizes a single controllable 

switch, hence enabling an easy driver circuit. For theoretical analysis, the proposed converter is 

considered to operate under a steady-state, continuous-conduction mode (CCM) based on the 

following assumptions. Assumptions for a single-switching cycle 𝑇𝑆 are as follows: 

• All components are ideal.  

• The switching frequency is much higher than the natural frequency, which in turn considers 

inductor currents 𝑖𝐿1
,  𝑖𝐿2

,  𝑎𝑛𝑑 𝑖𝐿3
 and capacitor voltages 𝑉𝐶1

,  𝑉𝐶2
, 𝑎𝑛𝑑 𝑉𝐶0  as constants 

with relatively small ripples [68].  

 

Figure 9. Proposed DC–DC boost converter. 
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Normal operation of the proposed converter involves two modes, as shown in Figure 10(a) 

and 10(b). The active switch (MOSFET) is represented by 𝑆; passive switches (diodes) are 

represented by 𝐷1, 𝐷2, 𝐷3 𝑎𝑛𝑑 𝐷𝑜; and the nominal duty cycle is represented by 𝐷. The key to the 

analysis for determining the output voltage 𝑉0 is to examine the inductor current during switch 

𝑆 ON and OFF periods.  

 

a 

 

b 

Figure 10. Topological stages for the proposed converter in Figure 9: (a) controlled switches 𝑆 −
𝑂𝑁 topology, and (b) controlled switches 𝑆 − 𝑂𝐹𝐹 topology. 
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4.1.1 Mode-I 

In mode I, when the control switches 𝑆 is ON, and the diodes 𝐷2, 𝐷3 are forward-biased 

and the diodes 𝐷1, 𝐷𝑜 are reverse-biased as shown in Figure 10(a). The inductor  𝐿1 is charged 

form input source 𝑉𝑖𝑛, whereas inductors 𝐿2, 𝐿3 are charged from capacitors 𝐶1, 𝐶2 respectively. 

The current in the inductors rise linearly as shown in Figure 11 during ON period. The change in 

inductor current is represented by ∆𝑖𝐿. 

Based on the above discussion, the following relationships are developed:  

 𝐿1
𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝑖𝑛 (1a) 

 𝐿2
𝑑𝑖𝐿2

𝑑𝑡
= 𝑉𝐶1

 (1b) 

 𝐿3
𝑑𝑖𝐿3

𝑑𝑡
= 𝑉𝐶1

− 𝑉𝐶2
 (1c) 

 𝐶1
𝑑𝑉𝐶1

𝑑𝑡
= −𝑖𝐿2

 (1d)

 𝐶2
𝑑𝑉𝐶2

𝑑𝑡
= −𝑖𝑜 (1e) 

 𝐶0
𝑑𝑉𝐶0

𝑑𝑡
= 𝑖𝐿1

+ 𝑖𝐿2
− 𝑖𝐿3

 (1f) 

4.1.2 Mode-II 

In mode II, when the control switches 𝑆 is OFF, the diodes 𝐷2, 𝐷3 are reverse-biased as 

shown in Figure 10(b). Diodes 𝐷1, 𝐷𝑜 are forward-biased, providing a path for the inductors 

𝐿1, 𝐿2, 𝑎𝑛𝑑 𝐿3 to deliver stored energy to capacitors 𝐶1, 𝐶2, and 𝐶0, respectively. Accordingly, 

during OFF period the current in the inductors drops linearly as shown in Figure 11. 

 𝐿1
𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝑖𝑛 − 𝑉𝐶1

 (2a) 

 𝐿2
𝑑𝑖𝐿2

𝑑𝑡
= (𝑉𝐶1

+ 𝑉𝐶0
) − 𝑉𝑜 (2b) 

 (𝐿3 − 𝐿2)
𝑑𝑖𝐿3

𝑑𝑡
= 𝑉𝐶0

 (2c) 
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 𝐶1
𝑑𝑉𝐶1

𝑑𝑡
= 𝑖𝐿1

− 𝑖𝐿2
− 𝑖𝐿3

 (2d) 

 𝐶2
𝑑𝑉𝐶2

𝑑𝑡
= 𝑖𝐿2

+ 𝑖𝐿3
− 𝑖𝑜 (2e) 

 𝐶0
𝑑𝑉𝐶0

𝑑𝑡
= 𝑖𝐿2

 (2f) 

 

Figure 11. Equivalent inductor current waveforms for converter shown in Figure 9 in continuous 
conduction mode. 
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4.2 Modified Proposed Converter 

In the proposed converter, the diode 𝐷3 is turned ON in both mode I and II as shown in 

Figure 10. This results in more stress on the diode, hence to avoid this a modified converter is 

proposed as shown in Figure 12. In addition to existing controlled switch 𝑆1, an additional 

controlled switch 𝑆2 is added.  

 

Figure 12. Modified proposed DC–DC boost converter. 

Normal operation of the modified proposed converter involves two modes as shown in 

Figs. 13(a), (b). The complimentary controlled active switches (MOSFET) are represented 

by 𝑆1, 𝑆2; passive switches (diodes) are represented by𝐷1, 𝐷2, 𝐷3 𝑎𝑛𝑑 𝐷𝑜; and the nominal duty 

cycle is represented by 𝐷. The key to the analysis for determining the output voltage 𝑉0 is to 

examine the voltage second balance in inductors. 
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a 

 

b 

Figure 13. Topological stages for the modified proposed converter in Figure 12:  
(a) controlled switches 𝑆1 − 𝑂𝑁, 𝑆2 − 𝑂𝐹𝐹 topology, and (b) controlled switches 𝑆1 −

𝑂𝐹𝐹, 𝑆2 − 𝑂𝑁 topology. 
4.2.1 Mode-I 

In mode I, when the control switches 𝑆1 is ON, 𝑆2 is OFF, the diodes 𝐷2, 𝐷3 are forward-

biased and the diodes 𝐷1, 𝐷𝑜 are reverse-biased as shown in Figure 13(a). The inductor  𝐿1 is 

charged form input source 𝑉𝑖𝑛, whereas inductors 𝐿2, 𝐿3 are charged from capacitors 𝐶1, 𝐶2 
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respectively. The current in the inductors rise linearly as shown in Figure 14 during ON period. 

The change in inductor current is represented by ∆𝑖𝐿. 

Based on the above discussion, the following relationships are developed:  

 𝐿1
𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝑖𝑛 (3a) 

 𝐿2
𝑑𝑖𝐿2

𝑑𝑡
= 𝑉𝐶1

 (3b) 

 𝐿3
𝑑𝑖𝐿3

𝑑𝑡
= 𝑉𝐶1

− 𝑉𝐶2
 (3c) 

 𝐶1
𝑑𝑉𝐶1

𝑑𝑡
= −𝑖𝐿2

− 𝑖𝐿3
 (3d)

 𝐶2
𝑑𝑉𝐶2

𝑑𝑡
= 𝑖𝐿3

 (3e) 

 𝐶0
𝑑𝑉𝐶0

𝑑𝑡
= −𝑖0 (3f) 

4.2.2 Mode-II 

In mode II, when the control switches 𝑆1 is OFF, 𝑆2 is ON, the diodes 𝐷2, 𝐷3 are reverse-

biased as shown in Figure 13(b). Diodes 𝐷1, 𝐷𝑜 are forward-biased, providing a path for the 

inductors 𝐿1, 𝐿2, 𝑎𝑛𝑑 𝐿3 to deliver stored energy to capacitors 𝐶1, 𝐶2, and 𝐶0, respectively. 

Accordingly, during OFF period the current in the inductors drops linearly as shown in Figure 14. 

 𝐿1
𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝑖𝑛 − 𝑉𝐶1

 (4a) 

 𝐿2
𝑑𝑖𝐿2

𝑑𝑡
= (𝑉𝐶1

+ 𝑉𝐶2
) − 𝑉𝑜 (4b) 

 𝐿3
𝑑𝑖𝐿3

𝑑𝑡
= 𝑉𝐶1

 (4c) 

 𝐶1
𝑑𝑉𝐶1

𝑑𝑡
= 𝑖𝐿1

− 𝑖𝐿2
− 𝑖𝐿3

 (4d) 

 𝐶2
𝑑𝑉𝐶2

𝑑𝑡
= −𝑖𝐿2

 (4e) 

 𝐶0
𝑑𝑉𝐶0

𝑑𝑡
= 𝑖𝐿2

− 𝑖0 (4f) 
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Analyzing the (1a – 1f), (2a – 2f), (3a – 3f) & (4a – 4f), the operation of the proposed and 

modified converter is same except the additional controlled witch 𝑆2. Hence for steady-state 

analysis, either of these equations can be used.  

 

Figure 14. Equivalent inductor current waveforms for converter shown in Figure 12 in 
continuous conduction mode. 

 

4.3 Analysis of the Proposed Converter 

This section presents the steady-state analysis and switching voltage stress analysis.  
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4.3.1 Steady-State Conditions of Converter 

A steady-state operation requires that the inductor current at the end of the switching cycle 

is the same as that at the beginning, meaning that the net change in inductor current over one period 

is zero. Therefore, as can be seen in Figure 14, the volt-second balance of inductor 𝐿1 is 

𝐿1:    
𝑉𝑖𝑛𝑇𝑂𝑁

𝐿1
=

(𝑉𝐶1−𝑉𝑖𝑛)(𝑇−𝑇𝑂𝑁)

𝐿1
 

  ⇒ 𝑉𝑖𝑛 = 𝑉𝐶1
(1 − 𝐷)  (5) 

where 𝐷 is the switching duty cycle for switch 𝑆1, 𝑇𝑂𝑁 is the time for which the switch 𝑆1 

is ON, 𝑇𝑂𝐹𝐹 is the time for which the switch 𝑆1 is OFF and 𝑇 (𝑇𝑂𝑁  + 𝑇𝑂𝐹𝐹) is the switching period.  

Similarly, the volt-second balance of inductors 𝐿2 and 𝐿3 is 

𝐿2:  
𝑉𝐶1𝑇𝑂𝑁

𝐿2
=

[𝑉𝑜−(𝑉𝐶1+𝑉𝐶2)](𝑇−𝑇𝑂𝑁)

𝐿2
 

 ⇒ 𝑉𝐶1
= (1 − 𝐷)[𝑉𝑜 − 𝑉𝐶2

] (6) 

𝐿3: 
(𝑉𝐶1−𝑉𝐶2)𝑇𝑂𝑁

𝐿3
=

−𝑉𝐶1
(𝑇−𝑇𝑂𝑁)

𝐿3
 

 ⇒ 𝑉𝐶1
= 𝑉𝐶2

𝐷 ⇒ 𝑉𝐶2
= [

1

𝐷(1−𝐷)
] 𝑉𝑖𝑛  (7) 

By solving (5) – (7), the step-up ratio M is determined as 

 𝑀 = 
𝑉𝑜

𝑉𝑖𝑛
= 

1

𝐷(1−𝐷)2
  (8) 

The state equations of the proposed converter given by rewriting the (1) ─ (7): 

 𝑑𝑖𝐿1

𝑑𝑡
= 

𝑉𝑖𝑛

𝐿1
 𝑢 + 

𝑉𝑖𝑛−𝑉𝐶1

𝐿1
 (1 − 𝑢)  (9a) 

 𝑑𝑖𝐿2

𝑑𝑡
= 

𝑉𝐶1

𝐿2
 𝑢 +

(𝑉𝐶1+𝑉𝐶2)−𝑉𝐶𝑜

𝐿2
 (1 − 𝑢) (9b) 

 
𝑑𝑖𝐿3

𝑑𝑡
= 

𝑉𝐶1−𝑉𝐶2

𝐿3
 𝑢 + 

𝑉𝐶1

𝐿3
 (1 − 𝑢) (9c) 
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 𝑑𝑉𝐶1

𝑑𝑡
= 

−𝑖𝐿2−𝑖𝐿3

𝐶1
 𝑢 + 

𝑖𝐿1−𝑖𝐿2−𝑖𝐿3

𝐶1
 (1 − 𝑢)  (9d) 

 𝑑𝑉𝐶2

𝑑𝑡
= 

𝑖𝐿3

𝐶2
𝑢 −

𝑖𝐿2

𝐶2
 (1 − 𝑢)   (9e) 

 
𝑑𝑉𝐶0

𝑑𝑡
= 

−𝑉𝐶2

𝑅𝐶0
 𝑢 +

𝑖𝐿2−(𝑉𝐶2/𝑅)

𝐶0
 (1 − 𝑢)  (9f) 

Where 𝑢 =  1 when the control switch 𝑆1 is ON, and 𝑢 =  0 when the control switch 𝑆1 

is OFF. 

The behavior of the proposed converter can be described through a state-space model by 

means of state-space equations of the resulting current flow during modes I and II. The state-space 

variables are identified as three inductor currents and three capac1-itor voltages. Thus, the resultant 

equation is given by  

 

[
 
 
 
 
 
 
𝑖𝐿1
̇

𝑖𝐿2
̇

𝑖𝐿3
̇

𝑉𝐶1
̇

𝑉𝐶2
̇

𝑉𝐶𝑜
̇ ]
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
 0 0 0

−(1−𝑢)

𝐿1
0 0

0 0 0
1

𝐿2

(1−𝑢)

𝐿2

−(1−𝑢)

𝐿2

0 0 0
1

𝐿3

𝑢

𝐿3
0

(1−𝑢)

𝐶1

−1

𝐶1

−1

𝐶1
0 0 0

0
−(1−𝑢)

𝐶2

𝑢

𝐶2
0 0 0

0
(1−𝑢)

𝐶𝑜
0 0 −

1

𝑅𝐶0
0 ]

 
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
 
𝑖𝐿1

𝑖𝐿2

𝑖𝐿3

𝑉𝐶1

𝑉𝐶2

𝑉𝐶𝑜]
 
 
 
 
 
 

+

[
 
 
 
 
 
 

1

𝐿1

0
0
0
0
0]
 
 
 
 
 
 

 𝑉𝑖𝑛 (10) 

The model in (10) is non-linear, because the steady state matrix depends on the switching 

function 𝑢(𝑡) with a binary value of 1 when switch 𝑆1 is turned ON, and 0 when switch 𝑆1 is turned 

OFF.  

 

4.3.2 Voltage stress on the switches 

One of the major factors in designing a controller is the stress created during switching 

operations. The voltage stress on switch and diodes is calculated by rewriting (1)─(7) as follows: 
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Switch 𝑆1: 𝑉𝑆1−𝑠𝑡𝑟𝑒𝑠𝑠 =  𝐷𝑉𝑂  (11) 

Switch 𝑆2: 𝑉𝑆2−𝑠𝑡𝑟𝑒𝑠𝑠 = (1 − 𝐷)𝑉𝑂  (12) 

Diode 𝐷1: 𝑉𝐷1−𝑠𝑡𝑟𝑒𝑠𝑠 =  𝐷(1 − 𝐷)𝑉𝑂 (13) 

Diode 𝐷2: 𝑉𝐷2−𝑠𝑡𝑟𝑒𝑠𝑠 = 𝐷2𝑉𝑂 (14) 

Diode 𝐷3: 𝑉𝐷3−𝑠𝑡𝑟𝑒𝑠𝑠 = 𝑉𝑂  (15) 

Diode 𝐷0: 𝑉𝐷0−𝑠𝑡𝑟𝑒𝑠𝑠 = (1 − 𝐷)𝑉𝑂  (16) 

The voltage stress on the switch 𝑆1 of the proposed converter is given in (11), and its 

performance is compared with the other traditional converters in section E. 

4.3.3 Topologies Comparison 

The averaged circuit model for the proposed converter, shown in Figure 15 is used to 

measure the voltage conversion ratio and semiconductor normalized peak voltage. The voltage 

gain ratio 𝑀 and the normalized switch stress 𝑀𝑠 for the proposed converter and other traditional 

boost converters are listed in Table 1 

 

Figure 15. Averaged circuit model for converter shown in Figure 12. 
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The relations of Table 1 are graphically illustrated as shown in Figure 16. The voltage gain 

of the proposed converters is higher than their equivalent counterparts, shown in Figure 16 (a) for 

the same duty cycle.  At lower duty cycles the proposed converter has similar performance with 

traditional converters but for 𝐷 > 0.3 the voltage gain has great change.  The proposed converter 

normalized voltage stress on active and passive switches is compared as shown in Figure 16 (b) with 

the traditional boost converter counterparts.  It can be interpreted from the graph, for the same 

voltage gain ratio, the proposed converter is subjected to low voltage stress on the switches. 

Table 1. Performance Comparison of Boost Converters 

Converter 𝑴 =
𝑽𝒐

𝑽𝒊𝒏
 𝑴𝑺 =

𝑽𝑺

𝑽𝒐
 

Proposed Converter 
1

𝐷(1 − 𝐷)2
 𝐷 

Conventional Boost Converter 
1

1 − 𝐷
 1 

Conventional Quadratic Boost 

Converter 

1

(1 − 𝐷)2
 1 

Conventional Cuk Converter 
𝐷

(1 − 𝐷)
 1

𝐷
 

Self-Lift DC/DC Converter 
2 − 𝐷

1 − 𝐷
 

1

2 − 𝐷
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a 

 

b 

Figure 16. CCM characteristics for proposed converter and other boost converter counterparts:  
(a) voltage conversion ratio M as function of duty cycle D, and (b) normalized switch voltage 𝑀𝑠 

as a function of duty cycle D. 
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4.4 Single loop controller 

One of the critical requirements of future distribution systems in the presence of distributed 

generation is active power management. It is critical to ensure that the AC voltage varies with 

sudden solar ramping, which requires the controller to follow the reference voltage through output 

feedback. The circuit diagram of the closed-loop proportional integral derivative (PID) based 

PWM controller is shown in Figure 17. For controlling, it is vital to select the appropriate variable 

from the view point of performance and implementation. In this converter, the natural state 

variables are inductor currents and capacitor voltages. The use of output capacitor voltage for the 

feedback is a common practice in voltage-programmed control [69].  

 

Figure 17. Schematic of proposed converter with closed-loop PID-based PWM control. 
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The steady-state operating conditions obtained from (1) – (7) are as follows: 

From equation 5,   𝑉𝐶1
=

𝑉𝑖𝑛

1−𝐷
   (15a) 

From equation 7, 𝑉𝐶2
=

𝑉𝑖𝑛

𝐷(1−𝐷)
 (15b) 

From equation 8, 𝑉𝐶𝑜
=

𝑉𝑖𝑛

𝐷(1−𝐷)2
 (15c) 

𝐼𝑑𝑒𝑎𝑙𝑙𝑦, 𝑃𝑖𝑛 = 𝑃𝑜𝑢𝑡 

𝑉𝑖𝑛𝐼𝐿1
=

𝑉𝑜
2

𝑅
⇒ 𝑉𝑖𝑛𝐼𝐿1 =

[
𝑉𝑖𝑛

𝐷(1−𝐷)2
]
2

𝑅
  

 𝐼𝐿1
=

𝑉𝑖𝑛

𝑅𝐷2(1−𝐷)4
 (15d) 

From figure 13 (a), 

𝐼𝐿1
(1 − 𝐷) = 𝐼𝐿2

⇒ 𝐼𝐿2
=

𝑉𝑖𝑛

𝑅𝐷2(1−𝐷)4
 .  (1 − 𝐷)   

 𝐼𝐿2
=

𝑉𝑖𝑛

𝑅𝐷2(1−𝐷)3
 (15e) 

From figure 13 (a), 𝐼𝐿3
= −𝐼𝐿2

 

 𝐼𝐿3
=

−𝑉𝑖𝑛

𝑅𝐷2(1−𝐷)3
 (15f) 

The similar methodology used by the authors in [70]–[72] for linearizing the chopper 

circuit is used in this model. First, the perturbations are added, thus breaking down the duty ratio 

and input voltage, respectively, as 

 𝑈(𝑡) = 𝑈 + �̃�(𝑡)   (16a) 

 𝑉𝑖𝑛(𝑡) = 𝑉𝑖𝑛 + �̃�𝑖𝑛(𝑡)   (16b) 

where the nominal operation points are represented by uppercase characters and the 

perturbations are represented by ~. When (15a)–(15f) and (16a)–(16b) are substituted into 

expression (10), and assuming the perturbations are sufficiently small such that non-linear terms 
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can be neglected, a linear model in (17) is obtained. The derived linear model can be used for 

analysis and controller design under different control strategies. 
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�̃�(𝑡)

�̃�𝑖𝑛(𝑡)
] (17) 

Without loss of generality, the above expression is generalized as  

  𝑥(𝑡)̇ = 𝐴 𝑥(𝑡) + 𝐵 𝑢(𝑡) 

where  �̃�(𝑡) = [�̃�(𝑡) �̃�(𝑡)]𝑇 ∈ ℝ2 is the input vector, 𝑨 ∈ ℝ6×6 & 𝑩 ∈ ℝ6 are constant matrices 

�̃�(𝑡)̇ = [𝑖̃𝐿1
̇ 𝑖̃𝐿2

̇ 𝑖̃𝐿3
̇ �̃�𝐶1

̇ �̃�𝐶2
̇ �̃�𝐶0

̇ ]
𝑇

∈ ℝ6, �̃�(𝑡) = [𝑖̃𝐿1
𝑖̃𝐿2

𝑖̃𝐿3
�̃�𝐶1

�̃�𝐶2
�̃�𝐶0]

𝑇 ∈ ℝ6 

is the state vector.  

The error between the reference voltage and output voltage determines the PID controller 

action. The PWM block then varies the duty cycle in accordance with the PID output voltage 

signal. The PID controller is an economical and robust controller that is commonly used in industry 

applications. Since RSC electric vehicle requires an effective and economical control device, the 

PID controller is used in this work. Tuning of PID controller involves designing the controller 

constants 𝐾𝑝, 𝐾𝑖, 𝑎𝑛𝑑 𝐾𝑑  per performance requirements. Several methods are available in the 

literature to design these parameters. The ultimate cycling method given by Ziegler-Nichols rules 

[73] is used in this work. The output of the PID controller is equal to 𝑢(𝑡), which is given by 

 𝑢(𝑡) =  𝐾𝑃𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡 + 𝐾𝑑
𝑑𝑒(𝑡)

𝑑𝑡
 (18) 
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where e(t) is the error between the reference signal and the system output. The generated error 

signal was fed through the circuit, thus generating the output voltage, which was then fed to the 

PWM generator through the saturation block.  

Table 2. Controller Parameters for Ziegler-Nichols method 
Controller 𝑲𝒑 𝑻𝒊 𝑻𝒅 

PID 0.6 𝑃𝑢 𝑃𝑢/2 𝑃𝑢/2 

To meet the required performance in terms of steady-state error and settling time, direct 

adjustment of control parameters was used in this work. To determine the necessary parameters, 

PID controller was connected to the base system, and tuned as follows 

• The input was increased manually, and it was determined that the resulting steady-state 

value of the process output was increasing, which confined the proportional control gain 

as positive.  

• The PID controller was turned into a proportional (P) controller by setting 𝑇𝑖 = ∞,  𝑇𝑑 =

0. The proportional gain 𝐾𝑝 was increased from zero until sustained periodic oscillation in 

the output was observed.  

• Once the system started to oscillate, critical values of the period 𝑃𝑢 of the sustained 

oscillations were noted. 

• The controller parameters were calculated using Table 2. 

4.5 Pulse Width Modulation Generator with Saturation limiter 

The PWM generator was used to fire the forced commutated device used in the proposed 

circuit. Pulses were generated by comparing a reference modulating signal generated by the PID 

block explained in section IV-A to a triangular career waveform of switching frequency chosen as 

100 KHz. 
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The maximum and minimum values of the duty cycle were enforced to ensure that 

switching operations are within safe limits. To limit the duty cycle, upper and lower bounds for 

the control signal were applied through a saturation limiter. The output of the PID controller was 

connected to the PWM controller through a saturation limiter, as shown in Figures 17, 18. The 

output exactly matched the input within the hard limits; however, if the voltage variation is too 

high, then the controller will try to operate at the boundary conditions. This is a very important 

safety measure in practical applications. 

4.6 Single loop DC–DC boost converter with change in reference voltage 

The DC–DC boost converter with the single loop controller is shown in Figure 18. The 

charge controller regulates the reference voltage depending on the load. The error between the 

output and reference voltages is used to generate the PWM signal. The generated PWM signal is 

used to control the switches 𝑆1, 𝑆2. The charge controller acts as the smart system that regulates the 

reference voltage for the DC–DC boost converter depending on the load. The load status is taken 

as one input and energy generated by the solar cells is taken as other input.  

 

Figure 18. Schematic of the closed loop converter with inbuilt charge controller 
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The proposed single loop DC–DC boost converter with inbuilt controller is shown in  

Figure 19. The energy generated from solar photo-voltaic (PV) cells is used to charge the battery. 

The generated solar PV voltage needs to step-up in-order to charge the battery and therefore DC–

DC boost converter plays a prominent role in stepping up the generated voltage. The charge 

controller sets the reference voltage by comparing the voltage between the battery and the 

generated solar energy. With enough generation from solar PV cells, the voltage is stepped up and 

used to charge the battery. 

 

Figure 19. Schematic of the proposed single loop converter with inbuilt controller for roof top 
solar panel electric vehicle 

 
4.7 Multi-loop controller 

The block diagram of the electric vehicle with closed-loop DC–DC boost converter used 

to control the car cabin temperature is shown in Figure 20. These days, for better utilization of 

energy, the cabin temperature is controlled by using the thermoelectric systems based 

individualized heating/cooling car seats. Due to the unique advantage of thermoelectric systems 

for this application, car seats in the front and rear cabin can be individually heated or cooled based 

on the occupant’s preference. As the individual controls the temperature selection switch, airflow 

is directed through a thermoelectric heat pump which adjusts the temperature. The seat application, 

Closed Loop DC–DC 

Converter with 

Inbuild Controller 

Roof Top 

Solar PV Cells 
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often considered a green-energy application, has the potential to reduce the total energy 

consumption by enabling the smaller compressors to be used for the main cabin. 

The input voltage and the cabin temperatures are measured and send to the charge controller. 

The charge controller does the following:  

• Converts the measured cabin temperature 𝑇𝑐𝑎𝑏𝑖𝑛 to the voltage signal 𝑉𝑇.  

• Sets the reference voltage 𝑉𝑟𝑒𝑓 by comparing the voltages 𝑉𝑇 and 𝑉𝑖𝑛 as shown in  

Table 3. 

Table 3. Reference voltage set by charge controller based on 𝑉𝑇 and 𝑉𝑖𝑛 

Thermoelectric 

System 

Roof Top Solar 

Panel Output 
Input Load 𝑽𝒓𝒆𝒇 

ON 

16 V > 𝑉𝑖𝑛< 28 V Solar Panels 
Thermoelectric 

System 
325 V 

𝑉𝑖𝑛< 16 V Battery 
Thermoelectric 

System 
325 V 

OFF 
𝑉𝑖𝑛>16 V Solar panels Battery 500 V 

𝑉𝑖𝑛< 16 V - - - 

The output voltage is compared with the reference and the resulting error signal is used to 

generate the PWM signal required to turn on the switch S. The derived models using averaging 

techniques describe the behavior of the converter up to half the switching frequency. These models 

are only valid in CCM. As stated in section II, the CCM assumes the peak inductor current ripple 

is always smaller than the dc component in the inductor current. This means, when the switch 𝑆 is 

𝑂𝐹𝐹, the total inductor current is always positive and hence the diodes are forced to turn on. The 
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derived linear model is used for the controller design under different control tactics. The selection 

of variables plays a prominent role in the controller’s operation and performance.  

In this DC–DC boost converter the inductor currents 𝑖̃𝐿1
, 𝑖̃𝐿2

, 𝑖̃𝐿3
 and capacitor voltages 

�̃�𝐶1
, �̃�𝐶2

, �̃�𝐶0
 corresponds to natural state variables and switch currents 𝑖̃𝑠 is the derived state 

variable. This current corresponds to 𝑖̃𝑠 = 𝑖̃𝐿1
+ 𝑖̃𝐿2

+ 𝑖̃𝐿3
, when the switch 𝑆 is 𝑂𝑁 and 𝑖̃𝑠 = 0 

when switch 𝑆 is 𝑂𝐹𝐹. The output voltage constitutes to the first loop and the switch current creates 

the second loop as shown in Figure 20. The use of switch current is a common practice in current 

feedback control [74], [75]. In this converter, the use of inductor current is considered for this 

control. It is valid under the following assumptions (𝑖) magnitude of the inductor ripple is small 

(𝑖𝑖) artificial ramp waveform is small.  

Figure 20. Schematic of the closed loop converter with inbuilt charge controller 
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The reason for choosing the inductor currents for the feedback control is as follows. Like 

traditional boost converter, all the transfer functions �̃�𝐿2
(𝑠)

�̃�(𝑠)
,

 �̃�𝐿3
(𝑠)

�̃�(𝑠)
,

�̃�𝐶1
(𝑠)

�̃�(𝑠)
,

�̃�𝐶2
(𝑠)

�̃�(𝑠)
,

�̃�𝐶0
(𝑠)

�̃�(𝑠)
 except 

�̃�𝐿1
(𝑠)

�̃�(𝑠)
 are stable and in non-minimum  phase, that is, the zeros with 𝑅𝑒(𝑠) > 0. The transfer 

function �̃�𝐿1
(𝑠)

�̃�(𝑠)
 is stable and is in minimum phase. For typical values, the transfer function �̃�𝑠(𝑠)

�̃�(𝑠)
 is 

also stable and is in minimum phase. Hence, use of this as feedback is advantageous. 

The switch current along with gain 𝑁 constitutes to the current loop and output voltage 

along with gain 𝑁 constitutes to the voltage loop. The current loop is used as inner loop, because 

the variations are comparatively small to the outer voltage loop. In [76], the output voltage-to-duty 

ratio is second order, with the addition of second loop the dynamic behavior is changed to 

dominant first order. This has drastically simplified the output voltage loop design. In the voltage 

loop the output voltage is amplified with a gain 𝑁 and then compared with the reference 

voltage 𝑉𝑟𝑒𝑓. The resultant error signal is fed to the modulator block. Similarly, the measured 

current signal is fed to the modulator block after amplifying with a gain 𝑁. The gains 𝑁 adds the 

damping to the resonant peaks, which results in single dominant pole transfer function. The 

frequency response of  �̃�𝑠(𝑠)
�̃�(𝑠)

 and �̃�𝐶2
(𝑠)

�̃�(𝑠)
 for different values of gains are shown in Figure 21 (a), (b) 

respectively. The gains 𝑁 are selected such that the resonant peak of the high frequency response 

is below 0 𝑑𝑏. From the Figure 21 the value of 𝑁 = 9.  

Once the voltage and current loops are realized the conventional controller is designed in 

the modulator. The PI controller is an economical and robust controller that is commonly used in 

industry applications. Since RSC electric vehicle requires an effective and economical control 

device, the PI controller is used in this work. Tuning of PI controller involves designing the 

controller constants 𝐾𝑝, 𝑎𝑛𝑑 𝐾𝑖 as per performance requirements. Several methods are available 
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in the literature to design these parameters. The ultimate cycling method given by Ziegler-Nichols 

rules is used in this work. The output of the PI controller is equal to u(t), which is given by 

 𝑢(𝑡) =  𝐾𝑃𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡  (19) 

Where 𝑒(𝑡), is the error between the signals fed into the modulator. The generated error 

signal was fed through the circuit, thus generating the output voltage, which was then fed to the 

PWM generator through the saturation block. 

To meet the required performance in terms of steady-state error and settling time, direct 

adjustment of control parameters was used in this work. To determine the necessary parameters, 

PI controller was connected to the base system, and tuned as follows 

• The input was increased manually, and it was determined that the resulting steady-state 

value of the process output was increasing, which confined the proportional control gain 

as positive.  

• The PI controller was turned into a proportional (P) controller by setting 𝑇𝑖 = ∞,  𝑇𝑑 = 0. 

The proportional gain 𝐾𝑝 was increased from zero until sustained periodic oscillation in 

the output was observed.  

• Once the system started to oscillate, critical values of the period 𝑃𝑢 of the sustained 

oscillations was noted. 

• The controller parameters are selected as 𝐾𝑝 𝑖𝑠 10 𝑎𝑛𝑑 𝐾𝑖 𝑖𝑠 1. 
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a 

 

b 

Figure 21. Frequency response of (a) 𝑖̃𝑠(𝑠)/�̃�(𝑠)  for different values of gain 𝑁  
(b) �̃�𝑜(𝑠)/�̃�(𝑠) for different values of gain 𝑁 
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4.8 Full bridge DC-AC Converter 

The ac output is synthesized from a dc input by using a sinusoidal pulse width modulation 

(SPWM) driven full bridge voltage source inverter (VSI) proposed by Maddukuri et. al [77]. 

SPWM signal is generated by PIC18F1320 microcontroller and the VSI topology is formed with 

four IRF740 MOSFET switches. The four MOSFET’s are labeled as 𝑄1+, 𝑄1−, 𝑄2+, and 𝑄2− as 

shown in Figure 22. Switching states of the inverter are shown in the Table 4. To generate the 

states, a carrier-based bipolar PWM technique [78] is used. The ac output voltage waveform in a 

SPWM driven full-bridge VSI is basically a fluctuated sine waveform. It is filtered with RLC filter 

circuit. The maximum amplitude of the fundamental phase voltage in the linear region (𝑚𝑎 ≤  1) 

is 𝑣𝑖  /2, the maximum amplitude of the fundamental ac output line voltage is 

 𝑣0−𝑎𝑐 = 𝑚𝑎√3 
𝑣𝑖𝑛−𝑑𝑐 

2
 , 0 ≤ 𝑚𝑎 ≤ 1 (20) 

where, 𝑣𝑖𝑛−𝑑𝑐 is the output from the boost converter and 𝑚𝑎 is modulation index  

   

Figure 22.  Schematic of the SPWM driven dc-ac converter 

 

+ - 

𝑄1+ 

𝑄2− 

𝑄2+ 

𝑄1− 

𝑉𝑖𝑛−𝑑𝑐 

(Output of DC–
DC Boost 
Converter) 

𝑉𝑜−𝑎𝑐 

PIC18f1320 Microcontroller 
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Table 4. Switching States of the Full Bridge VSI 

State Number State 𝑽𝒐−𝒂𝒄 Components Conducting 

1 
𝑄1+, 𝑄2− are ON 

+𝑉𝑖𝑛−𝑑𝑐 𝑄1+, 𝑄2− If 𝑖0 > 0 
𝑄1−, 𝑄2+ are OFF 

2 
𝑄1−, 𝑄2+ are ON 

−𝑉𝑖𝑛−𝑑𝑐 𝑄1−, 𝑄2+ If 𝑖0 < 0 
𝑄1+, 𝑄2− are OFF 
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CHAPTER V 

RESULTS 

This section includes the component selection and simulation validation of the proposed 

converter.  

5.1 Component Selection 

5.1.1 Inductor Selection 

To validate the preceding analysis, the converter needs to operate under a steady-state, 

continuous conduction mode. The minimum value of inductors to generate the continuous current 

is computed as follows: 

For 𝐿1:   

𝑃𝑖𝑛 = 𝑃𝑜𝑢𝑡 ⟹ 𝑉𝑖𝑛𝐼𝐿1
=

𝑉𝑜
2

𝑅
 

𝐼𝐿1
=

𝑉𝑖𝑛

𝑅𝐷2(1 − 𝐷)4
 & 

△ 𝑖𝐿1

2
=

𝑉𝑖𝑛𝐷𝑇

2𝐿1
 

 𝐼𝐿1(min) = 𝐼𝐿1
−

△𝑖𝐿1

2
≥ 0 ⟹ 𝐿1(min) ≥

𝐷3(1−𝐷)4𝑅

2𝑓
 (19) 

Similarly,  

𝐼𝐿2 =
𝑉𝑖𝑛

𝑅𝐷2(1 − 𝐷)3
 & 

△ 𝑖𝐿2

2
=

𝑉𝑖𝑛𝐷𝑇

2𝐿2
 

 𝐼𝐿2(min) = 𝐼𝐿2
−

△𝑖𝐿2

2
≥ 0 ⟹ 𝐿2(min) ≥

𝐷3(1−𝐷)2𝑅

2𝑓
 (20) 

𝐼𝐿3
=

−𝑉𝑖𝑛

𝑅𝐷2(1 − 𝐷)3
 & 

△ 𝑖𝐿3

2
=

−𝑉𝑖𝑛𝐷𝑇

2𝐿3(1 − 𝐷)
 

  𝐿3(min) ≥
𝐷3(1−𝐷)2𝑅

2𝑓
  (21) 
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The peak value of inductor currents is given by solving (4a) ─ (4f) 

For 𝐿3: Solving (4e) and (4f) 

 𝐼𝐿3,   𝑝𝑘 =
−𝑉𝑖𝑛

𝑅𝐷2(1−𝐷)3
×

1−𝐷

𝐷
⟹ 𝐼𝐿3

=
−𝑉𝑖𝑛

𝐷3(1−𝐷)2𝑅
 (22) 

For 𝐿2: Solving (4b), (4e) and (4f) 

 𝐼𝐿2,   𝑝𝑘 =
𝑉𝑖𝑛

𝐷3(1−𝐷)2𝑅
 (23) 

For 𝐿1: Solving (4b), (4d), (4e) and (4f) 

𝐼𝐿1,   𝑝𝑘 =
𝐼𝐿2,   𝑝𝑘

(1 − 𝐷)
+ 𝐼𝐿3,   𝑝𝑘  ⇒  𝐼𝐿1,   𝑝𝑘 = 

𝑉𝑖𝑛

𝑅𝐷3(1 − 𝐷)3
+

−𝑉𝑖𝑛

𝑅𝐷3(1 − 𝐷)2
 

 ⟹ 𝐼𝐿1,   𝑝𝑘 =
𝑉𝑖𝑛

𝐷2(1−𝐷)3𝑅
 (24) 

5.1.2 Capacitor Selection 

The minimum value of output capacitor to maintain the continuous output voltage is as 

follows: 

For output capacitor 𝐶𝑂: |∆𝑄| =
𝑉𝑜

𝑅
𝐷𝑇 ⟹ |𝐶𝑜∆𝑉𝑜| =

𝑉𝑜

𝑅
𝐷𝑇 

 𝐶𝑜 (min)∆𝑉𝑜 ≥
𝑉𝑜

𝑅
𝐷𝑇 

 𝐶𝑜 (min) ≥
𝐷

𝑅 (
∆𝑉𝑜
𝑉𝑜

)𝑓
 (25)  

The peak value of capacitor voltage is given by solving (4a) ─ (4c) 

For 𝐶1: 𝑉𝐶1
=

𝑉𝑖𝑛

1−𝐷
 (26) 

For 𝐶2: 
𝑉𝑖𝑛

1−𝐷
+

𝑉𝑖𝑛

𝐷(1−𝐷)
= 𝑉𝐶2

(1 − 𝐷) ⟹ 𝑉𝐶2
=

𝑉𝑖𝑛.(1+𝐷)

𝐷(1−𝐷)2
 (27) 

For 𝐶0: 𝑉𝐶0
=

𝑉𝐶1

𝐷 (1−𝐷)
⟹ 𝑉𝐶0

=
𝑉𝑖𝑛

𝐷(1−𝐷)2
 (28) 
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5.1.3 MOSFET Selection 

Metal-oxide semiconductor field-effect transistors are heavily used in a most of the 

electronics we use every day. When looking at it from a sheer numbers’ perspective, the clear 

majority are contained within what is known as an integrated circuit. These parts can contain 

anywhere from hundreds to billions of the devices on a single chip and perform a myriad of 

different functions. 

The basic function of a MOSFET is to act like a switch, making or breaking a connection 

with an electronic circuit. MOSFET’s are analogous to a switch on a wall, but instead of using a 

mechanical means to turn it on, MOSFETs are turned on with an electrical signal. Their 

applications range from controlling small lights and LED’s all the way up to large industrial 

motors. 

Selecting the right MOSFET for a design can be a daunting task, as there are several 

parameters which manufacturers publish that are inherent to the parts design and construction. 

Below is a list of the key parameters to keep in mind when choosing a part: 

▪ Channel Type (N channel or P Channel) 

▪ Max Drain to Source Voltage (𝑉𝑑𝑠𝑠) 

▪ Drain to Source Resistance (𝑅𝑑𝑠𝑜𝑛) 

▪ Maximum DC Drain Current 

▪ Gate Threshold Voltage (𝑉𝑡ℎ) 

• Gate Charge (𝑄𝑔) 

• Package/Case 
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5.1.3.1. Channel Type  

It refers to the construction of the silicon inside the device. N channel MOSFETs will turn 

on with a positive voltage on the gate relative to the source where P-channel MOSFETs will turn 

on with a negative voltage on the gate relative to the source. Depending on where the device is 

used in the circuit and what voltage will be applied to the gate can help decide which part to be 

used. Here the Arduino micro controller, whose PWM signal has a positive magnitude voltage is 

used to turn on the MOSFET. Hence, N-channel MOSFET was chosen.  

5.1.3.2. Max Drain to Source Voltage (𝑽𝒅𝒔𝒔) 

It is the rating given to the parts ability to block voltage applied to it when it is off. A good 

rule of thumb is to choose a part whose voltage rating is twice that of the expected voltage applied 

to the drain. Reasoning behind this is that short voltage spikes well above the input voltage are 

common in electrical systems where switching MOSFETs are present. The expected output voltage 

for the prototype is 450V, hence twice the expected voltage, i.e. 𝑉𝑑𝑠𝑠 = 900𝑉 rated MOSFET is 

required.  

5.1.3.3. Drain to Source Resistance (𝑹𝒅𝒔𝒐𝒏) 

It is an important parameter as it will dictate how much heat is being generated by the 

device while it is conducting. One critical thing to keep in mind is that the 𝑅𝑑𝑠𝑜𝑛 in the datasheet 

is specified at a certain gate to source voltage and temperature, so differences in either of these 

will result in different 𝑅𝑑𝑠𝑜𝑛 values. To dissipate less heat and reduce the power drop it is preferred 

to use a MOSFET with low 𝑅𝑑𝑠𝑜𝑛. 

5.1.3.4. Gate Threshold Voltage (𝑽𝒕𝒉) 

It is the voltage at which the device will begin to conduct. This parameter is important 

depending on what voltage is available from the MCU or gate driver. In the prototype the Arduino 
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microcontroller is used. The PWM voltage magnitude from the microcontroller is 5V and hence 

the MOSFET with 𝑉𝑡ℎ < 5𝑉 is preferred.  

5.1.3.5. Maximum DC Drain Current 

This quantifies the maximum current a device can withstand indefinitely given adequate 

cooling. This rating can be a bit deceiving as it isn't always a guarantee of device reliability. 

Depending on the 𝑉𝑑𝑠, the device may only be able to conduct a small fraction of this current before 

failure. The only way to be sure the device can withstand the desired current is to refer to the safe 

operating area curve in the device’s datasheet. From the above discussion the STP5NK100Z, 

𝑉𝑑𝑠 = 1000 𝑉, 𝑅𝑑𝑠𝑜𝑛 = 3Ω. From Figure 23 it can be interpreted that, for 450 V and DC drain 

current of 0.25A, this MOSFET can bare the drain current up to 10msec without damage. 

 

Figure 23. Safe operating area for STP5NK100Z N- Channel MOSFET 
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5.2  Simulation Validation 

Circuit simulations were performed for the proposed converter using the MATLAB and 

PSpice software to validate the theoretical results from section III. Based on the (19) ─ (26), the 

values of inductors and capacitors is chosen and listed in Table 5.  

Table 5. Key Circuit Parameters for Proposed Converter 

Component Rating 

Capacitor C1 100 𝜇𝐹 

Capacitor C2 100 𝜇𝐹 

Capacitor C0 100 𝜇𝐹 

Inductor L1 180 𝜇𝐻 

Inductor L2 900 𝜇𝐻 

Inductor L3 100 𝜇𝐻 

5.2.1 Open-loop Simulation Results 

The simulated output voltage and current waveforms for the proposed converter with 

resistive load are shown in Figs. 23(a), (b), respectively. It is clear from Figure 24 that the output 

voltage acquired from the simulation results for an input voltage of 15V and duty-cycle 0.8 is  

430 V, which is 93% of the theoretical output voltage given in (29). 

𝑉𝑜

𝑉𝑖𝑛
=

1

𝐷(1 − 𝐷)2
=

1

0.8(1 − 0.8)2
= 31 

 ⟹ 𝑉𝑜 = 31 ∗ 15 = 465 𝑉 (29) 

This proves that the proposed converter can achieve the high step-up voltages within the 

safe duty cycles.  
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a 

 

b 

Figure 24.  Open-loop output waveforms: (a) output voltage, and (b) output current. 
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Figure 25. Simulation waveforms of output voltage for DC–DC proposed boost converter (PBC), 
conventional quadratic boost converter (QBC), and traditional boost converter (BC) with duty 

cycle D = 0.8 and input voltage Vin = 10 V. 

In Figure 25, with input voltage of 10 V and duty cycle of 0.8., the simulation output 

voltage of the proposed converter is compared with the other boost converter counterparts. From  

the figure, it can be interpreted that the proposed converter has clearly provided a higher output, 

which is a beneficial support for applications that need high step-up voltage.  

5.2.2 Single-loop Simulation Results 

The ability of the proposed controller to minimize changes in the input voltage is evaluated 

using the circuit shown in Figure 26. The input voltage was recorded on a typical sunny day on 

March 17, 2016, using solar panels mounted in the campus. The parameters used in the closed-loop 

analysis are shown in Table 6. The output voltage across the resistive load for the proposed 

converter with input voltage of 24V and reference voltage of 480 V are shown in Figure 26. The 
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waveform of the constant output voltage 𝑉𝑜 is shown in Figure 26 (a). It was observed that the 

settling time was about three seconds; the settled output voltage is shown in Figure 26 (b). 

Overshoot was observed due to disturbances in the designed controller, and once the output 

achieved the settled constant voltage, the input disturbances were able to be mitigated when the 

input was within the range of ±2%. A zoomed view of the output voltage waveform of the proposed 

DC–DC boost converter is shown in Figure 26 (c) to indicate the harmonic distortion in the output 

DC voltage, which was found to be ± 0.8%, within the standard limits [79].  

Table 6. Parameters for Closed-Loop Controller 
 

Rated Input of Solar Panel 

Voltage 
24 V DC 

Range of Input Voltage 

due to Intermittency 
16–28 V DC 

Varying Duty Cycle 
0.2–0.8, controlled by PI-based PWM 

controller 

Constant Output 

Reference Voltage 

325 V with Thermoelectric control systems ON 

500 V with Thermoelectric control systems 

OFF (battery charging mode) 
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a 

 

b 

Figure 26. Output waveforms of proposed converter under closed-loop operation:  
(a) voltage, (b) settled output voltage, and (c) zoom of voltage 
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c 

Figure 26. (continued) 

Efficiency of the proposed converter 

𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
 

𝑃𝑜𝑢𝑡 = 𝑃𝑖𝑛 − 𝑃𝑙𝑜𝑠𝑠 

𝑃𝑙𝑜𝑠𝑠 = 𝑃𝑠𝑤𝑖𝑡𝑐ℎ + 𝑃𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑠 + 𝑃𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟𝑠 

⇒ 𝑃𝑙𝑜𝑠𝑠 = 𝑃𝑠𝑤𝑖𝑡𝑐ℎ + 𝑃𝐿1
+ 𝑃𝐿2

+ 𝑃𝐿3
+ 𝑃𝐶1

+ 𝑃𝐶2
+ 𝑃𝐶3

 

⇒ 𝑃𝑙𝑜𝑠𝑠 = 𝑖𝑠𝑤𝑖𝑡𝑐ℎ
2 𝑅𝑂𝑁 + 𝑖𝐿1

2 𝑟𝐿1−𝑒𝑠𝑟 + 𝑖𝐿2

2 𝑟𝐿2−𝑒𝑠𝑟 + 𝑖𝐿3

2 𝑟𝐿3−𝑒𝑠𝑟 + 𝑖𝐶1

2 𝑟𝐶1−𝑒𝑠𝑟 + 𝑖𝐶2

2 𝑟𝐶2−𝑒𝑠𝑟

+ 𝑖𝐶3

2 𝑟𝐶3−𝑒𝑠𝑟 

 

𝐹𝑜𝑟 𝐷 = 0.8, 𝑓 = 100𝑘𝐻𝑧, 𝑅 = 3.2𝑘Ω 

𝐼𝐿1,   𝑝𝑘 =
𝑉𝑖𝑛

𝐷2(1 − 𝐷)3𝑅
=

15

0.82 ∗ 0.23 ∗ 3.2𝑘
= 0.916 𝐴 

𝐼𝐿2,   𝑝𝑘 =
𝑉𝑖𝑛

𝐷3(1 − 𝐷)2𝑅
=

15

0.83 ∗ 0.22 ∗ 3.2𝑘
= 0.239 𝐴 

𝐼𝐿3,   𝑝𝑘 =
𝑉𝑖𝑛

𝐷3(1 − 𝐷)2𝑅
=

15

0.83 ∗ 0.22 ∗ 3.2𝑘
= 0.239 𝐴 

⇒ 𝑃𝑙𝑜𝑠𝑠 = 0.452 ∗ 3 + 0.00052 ∗ 3 + 0.912 ∗ 48𝑚 + 0.242 ∗ 175𝑚 + 0.242 ∗ 9𝑚 + (2.72

+ 0.32 + 0.452) ∗ 20𝑚 = 0.809 𝑊 
𝑃𝑖𝑛 = 𝑃𝑜𝑢𝑡 + 𝑃𝑙𝑜𝑠𝑠 

%𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝑜𝑢𝑡 + 𝑃𝑙𝑜𝑠𝑠
∗ 100 =

50

50 + 0.809
∗ 100 = 98.4 % 
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5.2.3 Single-Loop with Charge Controller Simulation Results 

The ability of the proposed converter to produce the required output was tested using the 

simulations. The waveform of the constant output voltage V0 with reference voltage as 325 V and 

500 V respectively for the proposed DC–DC converter with input voltage of 24 V is shown in 

Figure 27. The harmonic distortion in the output DC voltage, which was found to be ± 0.4%, within 

the standard limits [79]. It is observed that the settling time is about 0.1 seconds, which proves that 

the PID gain is adjusted properly and once output achieved the settled constant voltage, input 

disturbances could be mitigated.  

 The output DC voltage from the proposed converter when there is enough and without 

enough generated electric energy is showing Figure 27 (a), (b) respectively. As explained in  

section 4, the charge controller plays a prominent role in regulating the output voltage from the 

DC–DC boost converter. As stated in the introduction, the proposed converter is capable to give the 

constant output dc voltage when the input is varying within the specified limits of ±2%, which helps 

to improve the battery life by reducing the charging discharging cycles. 

 

a 

Figure 27.  Output DC waveform from the proposed converter with change in load:  
(a) with enough generation, and (b) with no-enough generation 
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b 

Figure 27. (continued) 
 

5.2.4 Multi-loop Controller Simulation Results 

The waveform of the constant output voltage 𝑉𝑜 with reference voltage of 325 V and 500 V 

respectively for the controlled DC–DC boost converter with varying input voltage is shown in 

Figure 28. The output ac voltage with varying input voltage is shown in Figure 29. The harmonic 

distortion in the output DC voltage, which was found to be ±0.4%, within the standard limits. It is 

observed that the settling time is about 0.1 seconds, which proves that the PI gain is adjusted 

properly and once output achieved the settled constant voltage, input disturbances could be 

mitigated.  

As explained in section III, the charge controller plays a prominent role in regulating the 

output voltage from the DC–DC boost converter. As stated in the introduction, the proposed 

converter is capable to minimize the varying input voltage when is within the specified limits, which 

helps to improve the battery life by reducing the charging discharging cycles. 
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a 

 

b 

Figure 28. Output DC waveform from the proposed converter with change in load:  
(a) with enough generation (b) with no-enough generation 
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5.2.5 Multiloop Controlled DC-DC Converter Response with Respect to Change in Input  

As stated in the introduction, the proposed converter can minimize the varying input voltage 

when it is within the specified limits (rated voltage ± 10% V), which in-turn gives a constant input 

voltage for the load and batteries.  Thereby improves the battery life by reducing the charging-

discharging cycles. The simulated response of the dc-dc converter with respect to changes in input 

voltage is shown in Figure 29. When the input voltage is within the specified limits, for instance 

here a 24V rated solar array is used hence the accepted input range is between 16-28V. When the 

voltage is changing between this ranges, the controller took 1.3 seconds to mitigate the changes in 

the input voltage. This is within the range of 2 seconds as per IEEE 1453-2004 standard and can be 

considered as constant output voltage. 

 

 a b

 

 c d 

Figure 29. Response of the proposed dc-dc converter with respect to changes (a) in input at time 
period of 1.3 seconds (b) in input at time period of 1.4 seconds (c) in input at time period of 1.2 

seconds (d) in input at time period of 1.1 seconds 
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5.2.6 Output Voltage from the DC-AC Converter 

The constant dc voltage of 325V is shown in Figure 28 is given as an input to the inverter 

circuit shown in Figure 22. The inverter circuit produces the alternating voltage of 230V (RMS) 

with 50 Hz frequency, as shown in Figure 30. This energy is used to drive the thermoelectric 

systems and the compressors.  

 

a 

 

b 

Figure 30. Output RMS-AC waveform from the DC-AC converter with change in load  
(a) AC waveform for the whole operation of load (b) Zoomed output voltage for one millisecond 

showing the 50 HZ frequency 
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From Figures 28 and 29, the following were observed:  

• When thermoelectric system is ON 

o With enough generation from solar cells, the intelligent DC–DC boost converter 

could produce a high step-up dc voltage of 325V from a low input voltage with a 

quick settling time, which is converted to ac by inverter and fed to the 

thermoelectric system. 

o When the generation is less than the limit the charge, controller supplies the energy 

to the load from the battery. 

• When thermoelectric system is OFF 

o With enough generation from solar cells, the intelligent DC–DC boost converter 

produces a high step-up dc voltage of 500V and charge the battery. 

• The use of a complimentary controlled switches has made the controller easy to design and 

operate.  

The huge fluctuating nature in input voltage was handled with the intelligent DC–DC boost 

converter, which provided a constant output voltage and advantageous in RSC–EV. 

5.3 Experimental Validation 

A 45-W high-voltage converter was constructed and tested to demonstrate its feasibility. 

First the circuit was designed and tested in PSpice software, upon the successful simulation, 

printed circuit board (PCB) was developed and printed in the lab. The experimental setup is shown 

in Figure 31. This section explains the process in detailed.  
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5.3.1 PCB Design 

5.3.1.1 Schematic Design 

The schematic of the proposed DC–DC boost converter with Arduino Uno microcontroller 

was designed in Proteus software as shown in Figure 31. DC–DC boost converters with faster 

switching frequencies are becoming popular due to their ability to decrease the size of the output 

capacitor and inductor to save board space. A DC–DC boost converter switching at 1 or 2 MHz 

sounds like a great idea, but there is more to understand about the impact to the power supply 

system than size and efficiency. Several design examples will be shown in the literature [80] 

revealing the benefits and obstacles when switching at faster frequencies. Here the pulse width 

modulation (PWM) signal was generated using the microcontroller operating at a switching 

frequency of 100 𝑘𝐻𝑧. After successful simulation, the PCB was developed as shown in Figure 

32 in Proteus ARES software. In this converter only through hole components were chosen, so 

single-sided PCB was a cheaper option. In addition, it also helps in keeping the noise level low. 

The 3-dimentional image of the PCB was shown in Figure 33. This helps in fixing the mistakes 

during prototyping than at design level. 
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Figure 31. Schematic of the proposed open-loop converter developed in Proteus software 

 

Figure 32. PCB of the proposed open-loop converter developed in Proteus software 
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Figure 33. 3-dmentional image of the PCB 

5.3.1.2 PWM Signal Generation 

PWM, is a technique for getting analog results with digital means. A digital signal switched 

between on and off to create a square wave. This ON-OFF pattern can simulate voltages in between 

full on (5 Volts) and off (0 Volts) by changing the portion of the time the signal spends on versus 

the time that the signal spends off. The duration of "on time" is called the pulse width. 

In Figure 34, the green lines represent a regular time-period. This period is the inverse of 

the PWM frequency. In other words, with Arduino's PWM frequency at about 1 MHz, the green 

lines would measure 1 microsecond each. A call to analogWrite () is on a scale of 0 - 255, such 

that  

• analogWrite (0) requests a 0% duty cycle (always off),  

• analogWrite (127) is a 50% duty cycle (on half the time), and  

• analogWrite (255) is a 100% duty cycle (always on). 
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Figure 34. Pulse width modulation signal from Arduino microcontroller 

5.3.1.3 Continuity Test Results 

This test was performed to check if there were any bridge connections in the soldered 

components.  

Because of this test two errors were identified:  

 The first was, in the combined PCB, as the track sizes chosen were T30 and T60, which 

was big compared to the size of the PCB, resulted in the introduction of noise into the 

system. To eliminate the noise, few connections were removed and reconnected using the 

extra wire.  

 The second was the negative terminals of the bridge rectifier IC and the output from the 

RC filter were connected to a common pin.  

 The switch S2 was not connected 
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The above three errors were eliminated by making the following changes in the PCB:  

✓ The ground pin of the Arduino was not properly grounded due to the presence of noise in 

those tracks. Hence, with the help of external wires those connections were formed.  

✓ The second error was eliminated by introducing two separate vero-pins. The vero- pins 

were connected using the wire. 

✓ The third error was eliminated by manually connecting the MOSFET with wires.  

5.3.2 System Test Results 

A prototype circuit of the proposed DC–DC boost converter is shown in Figure 35. The 

converter is switched at 100 kHz with the circuit parameters as shown in Table 7. One 

STP5NK100Z N-Channel MOSFET and four 1N4007RLG diodes are selected as the switch 𝑄 and 

diodes 𝐷1, 𝐷2, 𝐷3, 𝐷4 respectively.  

Table 7. Key Circuit Parameters of the Prototype Circuit 
 

Component Name Component Identification 
(Manufacture Number) Component Value 

Capacitor 𝐶1 150 RMI 100 𝜇𝐹, 𝐸𝑆𝑅 20 𝑚Ω 

Capacitor 𝐶2 R60EW61005000K 100 𝜇𝐹, 𝐸𝑆𝑅 20 𝑚Ω 

Capacitor 𝐶𝑜 R60EW61005000K 100 𝜇𝐹, 𝐸𝑆𝑅 20 𝑚Ω 

Inductor L1 PCV 2 VT Power Chock 180 𝜇𝐻, 𝐸𝑆𝑅 48 𝑚Ω 

Inductor L2 1540 M22 900 𝜇𝐻, 𝐸𝑆𝑅 175 𝑚Ω 

Inductor L3 7447231101 100 𝜇𝐻, 𝐸𝑆𝑅 9 𝑚Ω 

Arduino Uno Mega 
2560 

ATmega328P  
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Figure 35. Photograph of the prototype and the measuring setup 

An input of 15V DC was supplied to the prototype connected with a 3.2 kΩ resistor. 

Initially the duty cycle was chosen as 0.2 and increased to 0.8 in steps of 0.1. The graphs shown 

in Figure 36, illustrates the outputs from the proposed converter setup. 

 

Figure 36. Change in output with respect to change in duty cycle from experimental setup. 
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Referring to Figure 36, the measured DC output voltage from the experimental setup is 

418 V. This is 90% of theoretically measured value, thus the voltage gains in (6) is fulfilled. 

Voltage across the uncontrolled switches for the proposed DC–DC boost converters for the 

typical values of input of 15 V and output of 50 V are shown in Figure 37. The values are in close 

approximation to (12) – (15). The measured full-load efficiency of this converter is about 92.8%. 

The converter efficiency can be further improved by using a MOSFET of 𝑅𝐷𝑆−𝑂𝑁 and capacitors 

of lower equivalent series resistance. However, the experimental results are in good agreement 

with the theoretical analysis.   

 

 

 

 a b  

 

 c d 

Figure 37. Simulation and experimental waveforms of voltage stress on uncontrolled switches: 
(a) across diode D1, (b) across diode D2, (c) across diode D3, and (d) across diode D4. 
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CHAPTER VI 

CONCLUSION  

A new DC–DC boost converter with a high voltage step-up ratio is presented in this paper, 

which consists of two active switches, four passive switches and three LC filters. By increasing 

the passive inductor-capacitor cells, the voltage gain of the system is improved. The operation and 

voltage transfer function of the proposed converter is derived under continuous conduction mode. 

In comparison with other dc-dc boost converter counterparts, the proposed converter has improved 

characteristics in terms of high voltage step-up ratio and reduced voltage stress on the active and 

passive switches. The high voltage gain at low duty cycles results in the reduction of conduction 

losses. Use of a complimentary controlled active switch resulted in stress-free control system. The 

analysis and performance have been fully validated experimentally on a 15V input, 418V output 

hardware prototype. Experimental results demonstrate that the proposed converter is an excellent 

candidate for high step-up voltage gain applications 

A simple yet robust closed-loop-controlled DC–DC converter with built-in charge 

controller for the RSA-EV is later proposed and analyzed. The charge controller played a 

prominent role in controlling the output voltage from the proposed converter according to changes 

in load and energy from the solar array. The charge controller could switch between the battery 

and the RSA, depending on the energy requirements. Initially single-loop PID converter is 

designed and analyzed. Use of the PID-based PWM control has the added advantage of easy 

programming and robustness. The simulation results presented clearly demonstrate validity of the 

theoretical analysis. But the right half plane zeros for the DC–DC converters in CCM severely 

restricted the crossover frequency of the open-loop gain, which resulted in poor dynamic 

performance if single-loop feedback control is adopted. Later a multi-loop control is proposed. 
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This has resulted in changing the output voltage-to-duty ratio to dominant first order thereby 

drastically simplified the output voltage loop design. The proposed controller gave a constant 

output voltage from a variable input (rated ± 10%). This helps in operating the thermostat systems 

more effectively and increases the life of the battery, because the charging-discharging cycles are 

reduced, due to the use of energy from the RSA. Use of the PI-based PWM control has the added 

advantage of easy programming and robustness. The simulation results presented here clearly 

demonstrate the fundamentals of the proposed multi-loop-controlled DC–DC converter.  
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