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Abstract 

In a renewable energy system, multiple energy sources (such as combining renewable energy 

and energy storage) are utilized together to enhance the overall energy conversion reliability 

since renewable energy, such as wind and solar, are intermittent in nature.  In conventional 

power architecture, each energy source requires a dedicated individual power converter to 

perform specific control or power management function.  To reduce the overall number of 

circuit components, multi-input converter (MIC) configuration provides a cost effective 

power architecture when multiple energy sources are utilized, as they can use fewer filter 

circuit components and utilize smaller system space.  To maximize the features offered by 

MICs, a truly power efficient and compact MIC should utilize minimal number of active 

switching components with soft-switching features, while at the same time, assist each 

energy power interface to achieve all the required control functions.   

In the first part of this thesis, a class of several soft-switched DC-DC MICs is proposed, 

where each input module of the devised MICs utilizes only a single switch.  Each of the 

presented MIC circuits can also be integrated with a front-end (either single phase or three 

phase) AC-DC stage without adding additional switches to interface with renewable energy 

generation unit that outputs an AC voltage.  In addition, input power factor correction is also 

provided. 

The second part of this thesis investigates the use of the devised DC-DC MIC circuit to 

improve the double power conversion steps typically seen in a solar-battery energy 

conversion system with a common DC grid that utilizes a bi-directional energy storage power 

converter.  This chapter focuses on the development of a soft-switched MIC circuit that 
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consists of integrated unidirectional energy storage (i.e. battery) power interface, for use in 

module-connected solar energy power optimizer system with distributed energy storage.  In 

the proposed circuit, the storage charging (storage absorbs power) circuit is integrated with 

the input stage of the main converter via high frequency AC link, whereas the storage 

discharging (storage delivers power) circuit is connected to the output stage of MIC.   As a 

result, energy is directed from the input to the battery and from the battery to the load 

through a single power conversion step.    

The third part of this thesis utilizes the circuit concepts devised previously to develop a new 

soft-switched MIC configuration that consists of an integrated unidirectional energy storage 

power interface, as well as to provide output voltage regulation.   Hence, the proposed MIC 

is applicable for both regulated and unregulated grids. The control mechanism of the 

proposed system is presented. The operating principles and characteristics of each proposed 

converter topology are provided in detail.  Simulation and experimental results on proof-of-

concept prototypes are provided to demonstrate the functionalities of each devised MIC 

topology. 
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Chapter 1 Introduction 

As of 2018, global energy demand reached 26589TWh [1]. 74% of today’s global energy [1] 

is generated from fossil fuel resources. These resources are limited and power generation 

from these resources results in global warming due to greenhouse gas emissions. Therefore, 

renewable resources such as wind, solar, hydro, ocean waves and tides, biomass, and 

geothermal have attracted attention to meet the growing energy demand and to reduce 

greenhouse gas emissions.  

Power generation from renewable resources has been growing rapidly over the past decade. 

According to the Renewable Energy Statistics 2019 [2], power generation from such sources 

reached 2356GW by the end of 2018 (Figure 1-1). The percentage growth rates of the power 

generation from different renewable resources in the past decade (from 2009 to 2018) are 

shown in Figure 1-2. The global total installed capacity has increased from 23.5GW to 

486GW for solar and from 150GW to 563GW for wind in the last decade [2].  This rapid 

growth has been largely driven by factors including the cost-competitiveness and 

technological improvement, governments’ policies, better access to financing, energy 

security and environmental concerns, and growing demand for energy in developing and 

emerging economies [3]. The global weighted average levelized cost of electricity has 

dropped (2010-2018) from 0.37USD/kW to 0.09USD/kW for solar, from 0.34USD/kW to 

0.19USD/kW for offshore wind, and from 0.08USD/kW to 0.06USD/kW for onshore wind 

[4]. Therefore, wind and solar energy have become the most promising among renewable 

energy resources. 
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Figure 1-1 Power generation from renewable sources in the past decade [2] 

 

Figure 1-2 Percentage growth rate of renewable power generation by source type [2] 

1.1 Power Generation from Renewable Resources 

 Solar Energy 

The solar photovoltaic (PV) module converts the solar energy to direct current (DC) 

electrical energy.  A PV module comprises of PV cells. In a typical commercial PV module, 

60 or 72 PV cells are connected in series and parallel to achieve certain voltage and power 

levels. PV modules connected in series to achieve further higher voltage level are termed as 
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PV string. PV strings are connected in parallel to form PV array to attain higher power level. 

Figure 1-3 shows the photographs of PV cell, module, string, and array. 

PV Cell

(a)

PV Module

(b)
PV Array

(d)

PV String

(c)
 

Figure 1-3 (a) PV cell (b) PV module (c) PV string, and (d) PV array [5] 

The equivalent circuit model of a PV module consists of a diode in parallel with an ideal 

current source and the resistive loss elements as shown in Figure 1-4. The ideal current 

source delivers current, Ipv in proportion to the solar irradiance to which it is exposed. The 

shunt resistance, Rsh is the leakage resistance and the series resistance, Rs represents the 

resistance between the cell and its wire lead, and the resistance of the semiconductor itself. 

The output current of the PV module is governed by Eq. 1-1 where I is the terminal current, 

V is the terminal voltage, Id0 the diode reverse saturation current, q is the electronic charge, K 

is the Boltzmann’s constant, n is the diode ideality factor, and T is the absolute temperature. 

ID
Ipv

I

V

+

-

Rs

Rsh

 
Figure 1-4 Equivalent circuit of a PV module 
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Eq. 1-1 

 

The V-I characteristic of PV module is nonlinear and changes with light intensity and 

temperature. In general, there is only one point on each V-I or V-P curve, called the 

Maximum Power Point (MPP), at which the PV module operates with maximum efficiency 

and produces maximum power at a fixed temperature and light intensity. The PV module 

characteristic curves for different light intensity are shown in Figure 1-5. With the change of 

the light intensity, the power generated by the PV panel changes. The change in MPP voltage 

is not significant. However, a significant change happens in PV current as well as in PV 

power. The impedance seen by the PV panel determines the operating point.  

 

Figure 1-5 PV characteristic curves (V-I and V-P) at different solar irradiances 

The power captured by the PV system cannot be directly used by the load. Therefore, the 

power electronics interface (PEI) is required to convert the captured power to the usable 

electrical power as shown in Figure 1-6. Other than conditioning power, PEI is also 

responsible for tracking the MPP of the PV system.  
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DC bus

Power 

Electronics Interface

 

Figure 1-6 PV power conversion system 

 Wind Energy 

Wind turbines convert the kinetic energy in the wind into rotational mechanical power. A 

generator is used to convert this mechanical power to electrical power. The block diagram of 

a wind energy conversion system (WECS) is shown in Figure 1-7. The purpose of the PEI 

required for WECS is same as the PV system. It is needed to capture the maximum amount 

of power and convert it to usable electrical power. Unlike PV system, as the output of the 

generator is alternate current (AC), the WECS requires a front end AC-DC conversion. 

Moreover, a high quality balanced 3-phase current is required to be drawn from the generator 

to optimize the lifetime of the generator.   

The three main factors that influence the captured power of a wind turbine are wind speed 

(Vw), air density (ρ), and blade radius (R). The output power of a wind turbine is defined as 

Eq. 1-2 where Cp is the power coefficient [6]. The maximum value of Cp is 0.59. λ is the tip 

speed ratio and β is the pitch angle. The tip speed ratio λ is given by Eq. 1-3 where ωr is the 

turbines angular speed. 

( ) ,
2

1 32

pw CVRP =  
Eq. 1-2 

w

r

V

R
 =  

Eq. 1-3 
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Figure 1-7 Block diagram of a wind energy conversion system (WECS) 

The power generated by the wind turbine largely depends on the wind speed (Eq. 1-2). 

Higher wind speed results in higher rotational speed and ultimately higher electrical power. 

However, turbines are designed to operate within specific wind speeds. The wind speed at 

which the turbine starts to generate power is called cut-in speed and the wind speed at which 

the turbine shuts down is called the cut-out speed. At rated speed the turbine starts generating 

maximum power and continues till the cut-out speed. Between the cut-in and rated speed, the 

output power cubically depends on the wind speed as of Eq. 1-2.  

The wind speed is always changing and thus the power generation from the wind. At 

different wind speeds, the maximum power can be captured by changing the turbines angular 

speed, ωr. The variation of mechanical power with the change of the turbines angular speed 

ωr, is shown in Figure 1-8 for different wind speeds. Therefore, the maximum power from 

the wind turbine can be captured by controlling the angular speed ωr of the turbine.  
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Figure 1-8 wind turbine mechanical power as a function of rotor speed for various wind 

speed [7] 

1.2 Energy Storage System  

Though renewable resources (such as wind and solar) abound in nature, they are volatile and 

intermittent. Therefore, renewable energy systems are typically combined with energy 

storage systems to provide dispatchable energy (that is, energy on demand) and reliable 

capacity (that is, grid stability). Numerous energy storage systems have been developed over 

the last century. Early large scale systems such as pumped hydro storage (PHS), compressed 

air energy storage (CAES), and power to gas (P2G) utilized physical or thermal media for 

storage. However, the use of such systems is limited by cost, energy density, and siting 

disadvantage. The capacity requirement, discharge duration requirement, and the application 

of energy storage systems have changed with the growth of the power generation from 

renewable sources. Figure 1-9 shows different energy storage systems categorized as 

application, system rating, and the discharge time [8]. Among the energy storage systems, 

battery storage system can be used in a wide range of applications, available in a wide range 

of system capacity and can be used for the discharge time from few minutes to several hours. 

Among the battery storages, Li-ion battery possesses several favorable performances such as 
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lightweight, higher energy density, high round trip efficiency, and longer life. Therefore, the 

global annual capacity of Li-ion has been increased significantly in the past decade [3].  
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Figure 1-9 Comparison of various energy storage systems in terms of application, system 

power rating and discharge time [8] 

In a battery, several battery cells are connected in series and several batteries are connected 

in parallel to form a battery pack [9]. Figure 1-10 shows a simplified battery power 

conversion system. The PEI needs to be capable of bidirectional power flow to charge and 

discharge the battery. The simplified Li-Ion battery charging profile is illustrated in Figure 

1-11. It has two distinct operating modes: i) constant current (CC) mode and ii) constant 

voltage (CV) mode. In CC mode, the charging circuit supplies preset maximum allowable 

charging current until battery voltage reaches floating voltage. During CV mode, the battery 

voltage is regulated at the float voltage until the charging current drops to a certain value 

(e.g. 3%-5% of rated current) [10]. The life and capacity of the battery storage depend on 

several factors including cycle count, depth of discharge, charging modes, maintenance, 



 

9 

temperature and age [11]. Among these factors, charging modes are maintained by the 

charging circuit and controller.  

DC busBidirectional 

Power 

Battery

Pack

Battery cell

Power 

Electronics Interface

 
Figure 1-10 Battery power conversion system 

 

Figure 1-11 simplified charging profile of Li-Ion battery for a single battery cell (HE-4813) 

Maintaining CC and CV mode is required to avoid overcharging and/or losing capacity. 

However, the battery capacity depends on the charging rate, C. For example, charging at 0.7 

C results in a capacity of 50% to 70% when 4.1 or 4.2 V is reached, whereas charging at less 

than 0.2 C can result in a full battery as soon as the voltage reaches 4.1 or 4.2 V. The 
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decreased charging current does not result in losing the capacity of the battery, rather it 

decreases the CV mode charging time [12]. 

1.3 Power Electronics Interface for the Renewable Energy System 

The power captured by the renewable energy systems cannot be used directly by the load. 

The power electronics interface (PEI) is required to convert and control the captured power 

into usable electric power. This energy is then provided to the load or to the grid. The energy 

sources (wind, PV, and battery) can be integrated at the AC grid (AC-coupled) or at the DC 

link (DC-coupled) as shown in Figure 1-12 and Figure 1-13 respectively. These energy 

sources are typically compatible with the DC distribution system. Therefore, for each source 

one extra conversion step (DC-AC) is required for AC coupled system. Hence, DC networks 

require a reduced number of conversion stages to accommodate energy transfer between 

renewable sources and loads, leading to lower capital cost and higher efficiency.  
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Figure 1-12 Conventional AC-coupled renewable energy system 
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Figure 1-13 Conventional DC-coupled renewable energy system 

The battery storage system can be co-located (on the same site) or in different locations with 

the renewable energy systems. The co-located system can reduce soft costs (site preparation, 

land acquisition, installation labor, permitting, interconnection, and EPC (engineering, 

procurement, and construction) [3].  Figure 1-14 shows the DC-coupled co-located system 

costs the lowest among the DC-coupled and AC coupled (co-located and in different sites) 

PV-battery systems. 
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Figure 1-14  2018 cost benchmark for PV-battery system (4-hour duration) in co-located and 

in different sites (DC- coupled and AC coupled) 

 Power Electronics Interface for PV System 

The output voltage of a PV module is low. Therefore, several PV modules are connected in 

series to achieve higher voltage and in parallel to achieve higher power level. Depending on 

the arrangement of PV modules and power electronic interfaces, PV PEIs are categorized as 

centralized, string/ multi-string type and module integrated type [13] as shown in Figure 

1-15. The centralized converter is a single, high voltage, and high power converter and is 

connected with the PV array. The centralized converter (Figure 1-15.a) suffers from several 

issues including 1) each module may not operate at maximum power point (MPP), therefore 

maximum energy harvesting is challenging, 2) power degradation due to mismatch between 

PV panels caused by partial shading, dissimilar aging of PV panels, manufacturing 

imperfections, and dirt accumulation, and 3) losses in string diode and junction box [13]. The 

multi-string and string technologies (Figure 1-15.b) are the modified version of the 

centralized technology and overcome partially disadvantages of centralized technology [14]. 

Module integrated technology (Figure 1-15.c and Figure 1-15.d) has been proposed to 
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overcome the aforementioned disadvantages suffered by centralized, string and multi-string 

technologies.  It also offers advantages such as maximum energy harvest, improved safety, 

increased lifetime and reliability, enhanced performance monitoring, and flexible PV array 

design and installation [14].   
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Figure 1-15 PV power electronics interface (a) centralized, (b) string/multistring, (c) micro-

converter, and (d) power optimizer 
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There are two types of module integrated converters for DC integration: the power optimizer 

and the micro-converter. The micro-converter offers maximum power point tracking (MPPT) 

and high step up conversion with galvanic isolation. Therefore, the system becomes complex 

and it requires a complicated control system. On the other hand, the power optimizer is a 

non-isolated converter with MPPT and performs pre-regulating of the fluctuating voltage of 

the PV panel to some desired DC voltage level (typically up to 100V) [15]. Therefore, the 

power optimizer is simple and cost effective. The input and output voltage and current rating 

of power optimizer are low. Therefore, low rating components can be used in power 

optimizer. Typically, several PV panels combined with power optimizer are then connected 

in series to achieve desired high DC voltage level [16].  The series configuration of the 

power optimizer can be extended to i modules to meet different power and voltage levels.  

In case of partial shading, the power harvesting by series connected power optimizer will not 

be affected. The PV module under the shading generates lower current. The unequal current 

generated by PV modules connected in series forces all panels to carry the lowest current 

generated by the shaded panel. However, the output side components of the power optimizers 

carry the output current, not the current generated by the respective PV panel. Therefore, 

partial shading will not affect other modules. With the module integrated power optimizer, 

36% of the power lost from partial shading can be recovered as MPP tracking of each module 

is separate from each other [17]. 

 Power Electronics Interface for Battery Storage System 

In conventional DC-coupled PV-battery system, a bidirectional converter is used for the 

bulky centralized battery system as shown in Figure 1-13. In case of centralized battery 

system, if one or several cells fail, the entire battery system has to stop working or works 
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with degraded performance such as voltage drop. Therefore, the system becomes less 

reliable. Moreover, the centralized battery system is less efficient and requires a larger 

system to support the same load [18]. To overcome these drawbacks, the decentralized 

battery system (Figure 1-16) is introduced [19]. The decentralized system offers easy 

assembly and customization (in terms of voltage and power). Moreover, in the decentralized 

battery system, battery cells do not have to be of the same brand or series. This feature is 

beneficial, especially during battery replacement. Better thermal balancing is achievable by 

assigning less power to the high thermal stressed cell in case of the decentralized system.  

There are further advantages of the decentralized battery system in power electronics point of 

view such as 1) cell equalizer is not required and 2) reduced power and voltage stress of the 

power electronics. 
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Figure 1-16 Block diagram of decentralized battery system 

Conventionally the centralized battery system is connected with the renewable energy 

systems at the DC link through a bidirectional converter. Therefore, the battery charging 
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power is processed twice and the battery charging efficiency suffers. DC link integration of 

the PV-battery system is shown Figure 1-17 (a). The battery charging power is processed 

first by the DC-DC converter#1 (PV to DC bus) and then by the DC-DC bidirectional 

converter#2 (DC bus to battery). Similarly, if the battery is connected with the PV system at 

the front end as shown in Figure 1-17 (b) through a bidirectional converter, the discharge 

power will process twice; first by the DC-DC bidirectional converter#2 and then by the DC-

DC converter#1. Assume, the efficiency of both converters is 97% and battery charging 

power from PV is 100W. Therefore, power at DC link is 97W (97% PV to DC link converter 

efficiency) and the power to the battery is 94.1W (97% DC link to battery converter 

efficiency). Ultimately, battery charging efficiency becomes 97%*97% = 94.1%. The same 

efficiency loss happens in case of front end integration with bidirectional converter. 

Therefore, using a bidirectional converter affect the system efficiency. However, using 

separate unidirectional converter for charging and discharging requires more components and 

makes the system bulky.  
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Figure 1-17 Battery integration with PV system using bidirectional converter 
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1.4 Performance Characteristics of the Power Converter 

Power converter is essential for power conversion and control of renewable energy system 

and battery storage system. Power converters typically consist of passive circuit components 

such as inductors (L) and capacitors (C), and active components (that is, power switches). 

Among the power switches, diodes are not controllable; that means the turn on and turn off 

of the diode cannot be controlled. However, power switches such as MOSFET (Metal Oxide 

Silicon Field Effect Transistors) and IGBT (Insulated Gate Bipolar Transistors) are 

controllable. The circuit components (active and passive) used in power converters are not 

ideal and are a source of energy losses. The main losses that are associated with these 

components are conduction losses (active and passive components) and switching losses 

(active component).   

 Conduction and Switching Losses 

Conduction loss happens in both active and passive components of the power converters due 

to the non-ideal characteristics. In practical, components have the parasitic resistive element 

in series of components. Therefore, when current flows through the components, the resistive 

loss happens. This loss is termed as conduction loss. The parasitic resistors (ESR-effective 

series resistor of the capacitor, DCR-DC resistor of the inductor, and Rds_on- resistance 

between drain and source in case of MOSFET) are responsible for the conduction loss. The 

conduction loss, PD is shown in Eq. 1-4 where Icond is the current through the component and 

Rparasitic is the parasitic resistive element of the component.  

parasiticcondD RIP = 2
 Eq. 1-4 
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Switching loss happens during any switching transition (that is, switch turn on and turn off). 

In practical, the switch voltage or switch current does not go to zero instantaneously at the 

instant of turn on or turn off. Therefore, for a period of time, there is an overlap of switch 

voltage (vs) and current (is) (Figure 1-18) which causes the switching loss. The total 

switching loss, Psw_loss is the sum of turn on loss, Pon and turn off loss, Poff (Eq. 1-5). Psw_loss 

depends on the switching frequency, fs other than overlapping time, and voltage and current 

associated with the loss as shown in Eq. 1-6. This type of switching is termed as hard 

switching.  

offonlosssw PPP +=_  Eq. 1-5 

)(5.0_ firvfvrissslosssw ttttfivP +++=  Eq. 1-6 
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Figure 1-18 Switching power loss (hard switching) 

 Soft Switching and Hard Switching 

The switching transition (turn on or turn off) where switching losses occur, is termed as hard 

switching (Figure 1-18). The reason for hard switching is the overlap between the switch 

tri- current rising time 

tfv- voltage falling time 

trv- voltage rising time 

tfi- current falling time 
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voltage and current. Hard switching is explained in the previous section. However, there are 

several techniques with which the switch voltage and current overlap can be reduced or 

completely eliminated. Switching transition where switching losses are eliminated or reduced 

is termed as soft switching. 

There are two types of soft-switching: zero-voltage switching (ZVS) and zero-current 

switching (ZCS) as shown in Figure 1-19. Although there are many different techniques to 

achieve ZVS and ZCS, they follow the general principles. Both ZVS and ZCS operations can 

reduce the switching losses of either a MOSFET or an IGBT. However, ZVS is preferred 

over ZCS for MOSFETs [20]. In the case of MOSFETs, ZVS can substantially reduce the 

losses caused by the discharging of parasitic capacitance, Cds into the device when it is turned 

on whereas ZCS cannot. 
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Figure 1-19 Soft switching (a) ZVS buck converter (half wave) and (b) ZCS buck converter 

(half wave) 

 Power Quality 

The power quality of AC source (such as grid, generator) depends on the harmonic content of 

line currents drawn by the converter. Power factor is the most important factor to measure 

power quality. Power factor is the ratio of the real power, P to the apparent power, S drawn 
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by a load from an AC source as shown in Eq. 1-7 [21]. The power factor can also be 

expressed as the product of the distortion power factor, Kθ and the displacement power 

factor, Kd. The distortion power factor, Kd is the ratio of the fundamental root-mean-square 

(rms) current (Irms,1) to the total rms current (Irms). The displacement power factor Kθ is the 

cosine of the displacement angle, and θ is the phase difference between the fundamental 

input current and the input line voltage. 

( )
( ),1 1 ,1

1

cos
cos

rms rms rms

d

rms rms rms

v i iP
PF K K

S v i i



= = = =  

Eq. 1-7

 

 

When a converter has less than unity power factor, it means that the converter absorbs 

apparent power that is higher than the active power it consumes. This implies that the power 

source should be rated to a higher volt-ampere (VA) rating than what the load needs. In 

addition, the current harmonics generated by the converter deteriorates the power quality of 

the source, which eventually affects other equipment such as the generator of the wind 

turbine. 

Total harmonic distortion (THD) is another factor that measures the harmonic distortion 

present in the line current and eventually the power quality. THD is defined as a function of 

PF (Eq. 1-8) [21]. As the power factor approaches unity, THD will approach zero. However, as 

THD approaches zero, the power factor becomes a function of θ. A perfectly sinusoidal 

current can also result in poor power factor if it is out of phase with the line voltage. 

1
1

2
−=

PF
THD  

Eq. 1-8 
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1.5  MPPT Techniques for PV System 

Tracking MPP is essential for PV energy system. Otherwise, the captured power could be 

significantly lower than the available power. The output power from PV is affected by 

factors such as temperature, light intensity, the angle of the light on the panel, cloud cover, 

and clarity of the atmosphere. The nonlinear characteristic of V-I and V-P curve of PV 

module with the change of light intensity is shown in Figure 1-5. Each curve has only one 

point where the maximum power occurs. The location of the MPP is not known. However, 

the MPP can be tracked. Figure 1-20 shows the MPPT controller of the PV system.  
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Figure 1-20 MPPT for PV system 

Many MPPT technique have been developed and implemented [21]-[29]. Each technique has 

its own advantages and disadvantages. These techniques vary in different aspect such as 

complexity, sensor required, convergence speed, cost, range of effectiveness and so on [22] 

[23].  Among these techniques, most popular techniques can be categorized as – 

1. Heuristic search (Perturb & Observe method) 

2. Extreme value searching (Incremental conductance) 

3. Intelligent control (Fuzzy logic, and neural network) 
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Among these techniques, the Perturb & Observe (P&O) method [24] [25] is one of the most 

straightforward and popular algorithms because of its simplicity. The goal of tracking MPP is 

achieved by varying the control parameter such as frequency and duty ratio. By changing the 

control parameter, the operating point (operating voltage and current) of the PV panel can be 

changed. In case of P&O, the change of control parameter continues until the MPP is tracked.  

Figure 1-21 shows the V-I (red) and V-P (blue) curves of a panel for two different light 

intensity 700W/m2 (dotted lines) and 1000W/m2 (solid lines). At 700W/m2, the voltage and 

current at MPP are 25V and 5.3A, and maximum power is 160W. However, the voltage and 

current at MPP are 33V and 9A for 1000 W/m2 and maximum power is 255W. Assume, the 

panel is operating at MPP for 700 W/m2. At this point, light intensity changed from 700W/m2 

to 1000W/m2. Therefore, the characteristics curve of the panel shifted from 700W/m2 to 

1000W/m2. If the control parameter of the converter remains same, the converter will extract 

the same power from PV (green dotted arrow from dotted blue curve to solid blue curve). 

Therefore, the converter is extracting less power compared to available power from PV. In 

P&O method, a step change in control parameter (duty ratio or frequency) is made and the 

process is repeated periodically until MPP is reached as shown with the yellow dotted arrow 

in Figure 1-21. 
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Figure 1-21 Maximum power point tracking using P&O 

Continuous oscillation around the MPP is an intrinsic problem of the P&O method. The 

oscillation can be minimized by reducing the perturbation step size. However, small 

perturbation size increases the convergence time. One of the solutions of this conflicting 

problem is to use a variable perturbation step size [24]. 

Another popular algorithm for tracking MPP is the Incremental Conductance method 

(IncCond) [26] [27]. The IncCond method is based on the fact that the slope of the V-P curve 

at MPP is zero (Eq. 1-9), positive on the left side of the MPP (Eq. 1-10) and negative on the 

right side of MPP (Eq. 1-11). It is developed to eliminate the oscillations around the 

maximum power point (MPP). However, it requires complex mathematical calculation and 

results longer time to reach MPP.  

0
dI I dp

dV V dV
= −  =  at MPP 

Eq. 1-9 

0
dI I dp

dV V dV
 −    left of MPP 

Eq. 1-10 

0
dI I dp

dV V dV
 −    right of MPP 

Eq. 1-11 
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Microcontrollers have made the intelligent control for tracking MPP popular over the last 

decade. Intelligent controllers do not require precise input. Fuzzy logic control [28] [29] 

generally consists of three stages: fuzzification, rule base table lookup, and defuzzification. 

During fuzzification, numerical input variables are converted into linguistic variables.  [28] 

utilizes five linguistic variables: NB (negative big), NS (negative small), ZE (zero), PS 

(positive small), and PB (positive big). The more fuzzy levels used by the logic controller, 

the more accurate its performance is. However, additional levels increase the difficulty of 

implementation. In the defuzzification stage, the fuzzy logic controller output is converted 

from a linguistic variable to a numerical variable which provides an analog signal to the 

power converter to track the MPP.  

Neural networks [30] generally have three basic layers: input, hidden, and output layers. The 

hidden layer could be of with several layers. The number of nodes in each layer vary and are 

user-dependent. The input variables can be PV array parameters like open circuit voltage 

(VOC) and short circuit current (ISC), atmospheric data like light intensity and temperature, or 

any combination of these. The output is usually one or several control signals of the 

converter.  

The intelligent control methods perform well under varying atmospheric conditions. The 

oscillation at MPP is minimum. However, the effectiveness of these methods varies with PV 

to PV and different atmospheric conditions. Therefore, these methods require high 

knowledge and experience to get the best of it.   
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1.6 Existing Power Electronics Interface for Renewable Energy 

Systems and Battery Storage Systems 

The power electronics interface for renewable energy systems and battery storage systems 

requires several features including power conditioning such as (1) provide proper input to 

load power conversion, (2) regulate output voltage, (3) maximum power point tracking 

(MPPT) of PV and wind energy system, (4) power factor correction (PFC) of wind energy 

system, (4) bidirectional power path to charge and discharge the battery, and (5) following 

the battery charging profile (CC- constant current mode and CV-constant voltage mode) as 

explained in previous section. There are existing standard power converters used in 

conventional power conversion process of renewable energy systems and battery storage 

systems. These converters are used for individual power processing by each source.  

 Standard DC-DC Converter 

The basic non-isolated (such as buck, boost, and buck-boost) and isolated (such as flyback, 

forward, and half-bridge) converters are commercially utilized to convert the generated 

electrical energy by the renewable energy systems to usable electrical power. Among the 

non-isolated converters boost converter is popular for the PV system. Figure 1-22 shows the 

DC-DC boost converter. The boost converter is capable of stepping up the voltage. That 

means the output voltage is higher than the input voltage. When the switch S1 is on, the diode 

D is reverse biased and the inductor L is connected across the input. The inductor stores 

energy at this time period. When the switch S1 is off, the diode D is forward biased and 

allows inductor and the input source to supply power to the load. The other two kinds of 

basic non-isolated converter (buck and buck-boost converter) also consist of switch, diode, 

inductor, and capacitor. These converters are single switch converter. With the switch turn on 
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and off, input is connected and disconnected with the output. The inductor is utilized to store 

energy and diode allows the path to release inductor charge.  
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Figure 1-22 DC-DC boost converter 

Figure 1-23 shows a buck-boost type isolated converter named flyback converter. The input 

transformer Tin isolates the output from the input. When the switch in on, energy is stored in 

the transformer and the diode is reverse biased. Therefore, no power flows from input to 

output. When the switch is off, diode becomes forward biased. The stored energy is now 

transferred to the output.  
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Figure 1-23 Isolated buck-boost type DC-DC converter/flyback converter 

The voltage gain expressions of the basic DC-DC converters are presented by Eq. 1-12, Eq. 

1-13, and Eq. 1-14. From the gain expressions, the only control parameter of these converters 

is the duty ratio [21]. All these converters are of single switch converters and hard switching 
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type. These converters are unidirectional converter. That means power only flows from input 

to the output side.  

dM buckv =−

 
Eq. 1-12

 

d
M boostv

−
=−

1

1
 Eq. 1-13 

d

d
M boostbuckv

−
=−−

1
 

Eq. 1-14 

 

 Bidirectional Converter 

Bidirectional converters are capable of transferring power in both directions. Bidirectional 

power flow is necessary for battery storage systems. Different types of non-isolated 

bidirectional converter are presented in [31] [32]. The basic non-isolated buck-boost type 

bidirectional converter is shown in Figure 1-24. When power is transferred from VL to VH, 

switch S1 is on and switch S2 is off. Similarly, when power is transferred to the opposite 

direction, S2 is on and S1 is off. The converter performs as a boost converter for the power 

flow from VL to VH and as a buck converter for the power flow to the opposite direction. 

Zhang et al [33] introduced resonant tank and Do [34] applied coupled inductor to achieve 

soft switching in the non-isolated buck-boost converter. Other commonly used bidirectional 

converters are dual active bridge (DAB) [35] (Figure 1-25.a) and dual half-bridge converter 

(DHB) [36] [37] (Figure 1-25.b).  In DAB, full-bridge voltage fed converters are used for 

both sides of the isolation transformer. The sign of φ (Eq. 1-15) determines the direction of 

power flow, where φ is the phase difference between the voltage across the primary and 
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secondary side of the isolation transformer. Both DAB and DHB are capable of ZVS turn on 

and turn off.  
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Figure 1-24 Non-isolated buck-boost type bidirectional converter 
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Bidirectional converters require minimum two active switches to provide bidirectional power 

path as shown in Figure 1-24. Other standard bidirectional converters require more switches: 

eight and four switches in case of dual active bridge and dual half bridge converter 

respectively.  Therefore, conduction and switching loss are higher in bidirectional converters 

in comparison to unidirectional converter.  
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Figure 1-25 Isolated bidirectional converter (a) dual active bridge (DAB) and (b) dual half 

bridge (DHB) 

 Power Factor Correction  

The requirement of power factor correction (PFC) is apparent for AC-powered input module, 

such as wind turbine system. Generally, an AC-DC active full bridge rectifier is used at the 

front-end of the AC system as a PFC circuit to ensure the unity input power factor. PFC is 

performed by sensing the three-phase input voltages and currents. This is achieved by 

controlling the converter switches (on and off) in an appropriate manner. At higher PF, the 

current in each phase is nearly sinusoidal and in phase with the corresponding phase voltage. 

The three-phase six-switch front-end boost type rectifier [38] is conventionally used for high 

power application.  

For three-phase low power applications, it is possible to perform PFC by using only a single 

switch topology [39]- [40] to reduce cost as the current and voltage stress across the 

switching device is not excessive. An example of such a converter is the three-phase single-

switch AC-DC boost converter as shown in Figure 1-26(a) [39]. Other three-phase single-

switch converters are based on basic DC-DC converters (buck, boost, buck-boost, Cuk, Zeta, 

and SEPIC) where the input DC source is replaced with a three-phase AC source and a three-
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phase diode bridge. The converters consist of three input inductors (La, Lb, Lc), three-phase 

diode-bridge, a switch (S), a diode (D) and a filter capacitor (C); an input filter is used to 

filter out higher frequency harmonics that are created by the converter’s switching operation. 

The converters are simple as they require only one switch operating at the high switching 

frequency and they can achieve PFC by operating in discontinuous conduction mode (DCM). 

These fundamental converters can be divided into two main groups: 

• Converters with an inductive input filter (Boost, Cuk and SEPIC) 

• Converters with a capacitive input filter (Buck, Buck-boost, and Zeta) 

The converters with an inductive input filter ensure the input inductor currents (e.g. iLa) rise 

and fall in every switching cycle, whereas the converters with an input capacitive filter 

ensure the capacitor voltages (e.g. vCa) rise and fall. In discontinuous conduction mode PFC 

circuit, the switching frequency is much higher than the line frequency. Therefore, the input 

inductors (La, Lb, and Lc) are charged and discharged several times within half cycle of the 

line period and the peak envelope of the input current is sinusoidal.  
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Figure 1-26 Front-end single-switch PFC converter (a) boost (b) buck [40] 
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 Multi-input Converters 

In conventional renewable energy system, individual power converter is used for each of the 

sources as shown in Figure 1-13. The individual converters can be integrated when several 

sources are utilized together. The idea is to integrate multiple independent converter into a 

single converter by sharing the common components of the original converters. This type of 

converter is termed as multi-input converter (MIC).  The MIC is efficient, compact, and cost-

effective when multiple resources are utilized.  

Numerous MICs have been presented in the literature [41]-[54]. In general, MICs are divided 

into two broad categories: non-isolated topologies and isolated topologies. Non-isolated 

topologies are simple in structure with fewer components and therefore, possess advantages 

of compact structure, low cost, high power density and straightforward power flow control 

[41]. However, attaining high voltage gain is difficult with non-isolated topologies. 

Moreover, these topologies cannot be used where galvanic isolation is a requirement. In an 

isolated converter, a transformer is used to provide the electrical isolation between the input 

and output. The converter uses the principle of magnetic coupling of the transformers to 

combine multiple sources.  

Non-isolated MICs can be derived from the basic non-isolated DC-DC converters such as 

buck, boost, buck-boost, Cuk, SEPIC and Zeta. The non-isolated MIC can be synthesised 

from any single type DC-DC converter such as buck-buck  [42] (Figure 1-27.a) and 

boost/boost [43] (Figure 1-27.b) or from different types of DC-DC converter buck-

buck/boost [44] (Figure 1-28.a ) and buck-SEPIC [45] (Figure 1-28.b) MIC. Depending on 

the input source, different types of DC-DC converters are chosen to derive the MIC. These 
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MICs are capable of individual and simultaneous operations. During individual operation, the 

MIC performs as a single DC-DC converter.  
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Figure 1-27 Non-isolated MIC from same PWM converter (a) buck-buck (b) boost-boost 
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Figure 1-28 Non-isolated MIC from different PWM converter (a) buck-buck/boost (b) buck-

SEPIC 

A double input buck-buck MIC is shown in Figure 1-27.a. The switch S1 and D1 form the 

input side of the source#1 and the switch S2 and D2 form the input side of the souce#2. The 

output filter Lf and Cf are shared by both sources. S1, D1, D2, Lf, and Cf are active during the 

individual operation of source#1 to transfer power from souce#1 to the load. Similarly, S2, 

D1, D2, Lf, and Cf are active during the individual operation of source#2. During the 

simultaneous operation, if switch S1 is off, D1 provides the continuing path for source#2. On 

the contrary, if D1 is off, S1 creates the continuing path for source#2. Similarly, S2 and D2 
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turn on and turn off complementary to provide the continuing path for source#1. When both 

switches S1 and S2 are off, D1 and D2 create the freewheeling path. Other MICs showed in 

Figure 1-27 and Figure 1-28 work in a similar manner. The output voltage of the MIC is 

shown in Eq. 1-17 where Mv1 and Mv2 is the gain of the converter#1 and converter#2. Mv1 and 

Mv2 depend on the type of the converter. These converters are hard switching type. Wai et al. 

[46] utilize an auxiliary circuit to achieve ZVS operation of the boost-boost MIC.  

22110 vv MVMVV +=  Eq. 1-17 

The isolated MICs can be derived from the basic topologies of isolated DC-DC converters 

such fly-back, forward, push-pull, full-bridge, and half-bridge converters same as the non-

isolated MICs. Fly-back and forward converters are used for low voltage and low power 

applications [47], whereas bridge converters (such as half-bridge and full-bridge) are suitable 

for medium to high voltage and power applications [48]. Figure 1-29 (a) shows the isolated 

buck-boost type MIC. The coupling inductor plays two roles- input inductor of the buck-

boost converter and the flux additivity of the sources. Figure 1-29.b shows the full-bridge 

MIC [49]. It requires 4 switches for each input source, whereas the half-bridge converter 

requires fewer switches and the voltage gain is half in case of half-bridge converter in 

comparison to full-bridge converter.  
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Figure 1-29 Isolated MIC (a) buck/boost (b) full-bridge 

Based on the power flow direction, MICs can be of two types: unidirectional and 

bidirectional. In case of unidirectional converters, the power flow direction is only from 

source to load. In contrast, power flow in the bidirectional converter happens in both 

directions: from input to output and output to input of the converter. Bidirectional converters 

are required if any storage device (such as battery) is incorporated with the system. 

Liu et al. [50] presented a systematic synthesizing method for deriving non-isolated 

converters from the six basic non-isolated converters like buck, boost, buck/boost, Cuk, Zeta, 

and SEPIC converters. Kwasinsk et al. [51] have made some assumptions, restrictions, and 

conditions to find out the feasible and unfeasible converter. A systematic method for 

generating multi-input converters has also been described in [52]. A set of connection rules 

along with the set of basic and hybrid cells, and output filters have been proposed as the 

building cells of multiple-input converters. A method for reducing the components of 
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isolated multi-input converters (both hard switching and soft switching) is presented in [53]. 

A systematic approach for synthesizing isolated MICs is explained in [54]. 

MICs for renewable energy systems and battery storage systems require several features 

other than combining sources and convert the power. The capability of tracking MPP is 

necessary for each input source connected to PV or wind. PFC is apparent if wind energy is 

one of the resources of the renewable energy systems. Charging and discharging paths are 

required for the battery storage systems. Numerous MICs have been presented in the 

literature for renewable energy systems and battery storage systems [55]-[81]. Researchers 

have chosen different renewable resources to build renewable energy systems: such as PV-

wind, PV-battery, and PV-FC-battery systems. Based on the resources used in renewable 

energy systems, the features of the MICs are decided. MICs for the wind-PV system are 

required to be comprised of AC-DC (with PFC) and DC-DC converters. These converters are 

usually unidirectional [55] [56]. However, bidirectional converter is required for the energy 

storage system. MICs composed of bidirectional converters are suitable for battery strings 

[19]. Converters integrated with unidirectional and bidirectional converters are mostly 

suitable for renewable energy systems with energy storage [57]- [58]. Research works 

presented in the literature typically combine wind and PV or PV and battery to form 

renewable energy systems.  

Mangu et al. [59] presented renewable energy system with the combination of wind, PV, and 

battery (Figure 1-30). A bidirectional buck-boost converter is used to charge and discharge 

the battery. However, the charging profile of the battery is not addressed. The voltage 

boosting for PV and battery is accomplished by connecting these two sources in series. 

Further voltage gain is achieved by the transformer turns ratio. The presented MIC utilizes 6 
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switches to achieve MPPT for PV and wind, and bidirectional power flow for the battery. 

The output voltage V0 is not tightly regulated.  V0 varies with the variation of VPV and Vbat as 

shown in Eq. 1-18. Moreover, soft switching is not realized for the switches of this topology, 

causes higher switching loss.  
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Figure 1-30 Isolated MIC for renewable energy systems (wind-PV-battery) [59] 

Chen et al. [60] has presented a MIC for wind-PV system comprises of single switch buck 

converters. MPPT is achieved by the buck converter switch and the DC link voltage 

regulation is achieved by the load side inverter. Chen et al. [61] presented an isolated MIC 

for wind-PV system for battery charging with single switch for each module with a higher 

number of diodes and transformer (Figure 1-31). The switches are utilized to achieve MPPT 

of wind and PV. However, it suffers from higher conduction losses due to series diode and 

the three-winding transformer. Soft switching is also not realized for this topology. 
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Figure 1-31 Isolated MIC for wind-PV renewable energy systems [61] 

Reddi et al. [62] presented ZCS MIC for wind-PV system to connect with the inverter. This 

also utilizes single switch for each input and achieves soft switching. The MPPT for the PV 

and the wind system is not considered in this work. The switches are controlled to regulate 

the output voltage rather tracking MPP.   

The literatures on wind-PV generation mainly focus on system sizing and optimization rather 

power electronics interface [59]. MICs presented in the literature for the wind-PV system 

mostly comprises of DC-DC converter and a bridge rectifier is used at the front end for the 

wind application [59]- [62] [63] . None of the mentioned topologies consider the PFC for the 

wind module. [64] presented MIC capable of achieving high PF and tracking MPP. However, 

the presented MIC requires 4 switches for each input modules. A comparison between MICs 

which utilizes single switches for each input module, presented in literature for wind-PV 

system is shown in Table 1-1. 
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Table 1-1 Comparison of MICs for wind-PV renewable energy systems 

 [60] [61] [62] 

Isolation Non-isolated Isolated Isolated 

N
o
. 
o
f 

co
m

p
o
n

en
ts

 

Switch 2 2 2 

Diode 2 2 4 

Inductor 1 1 2 

Capacitor - - 1 

Transformer - 1(3 Winding) 1(2 Winding) 

Soft-switching No No No 

PFC No No No 

MPPT Yes Yes No 

Output voltage 

regulation 
No No Yes 

* No filter (input and output) components are counted  

** MIC comprises of 1 wind module and 1 PV module 

In the conventional PV-battery system, typically a centralized bidirectional converter 

connected at the DC link is required to charge and discharge the battery [65] - [66] [67] [68]. Another 

approach of integrating the battery and the solar PV system is to employ a three port 

converter [69] - [70]. Different studies have been dedicated to developing efficient and 

reliable non-isolated [69] [71]- [72]and isolated [73]  [74]- [75] power converters for PV-battery 

systems with high gain capability.  Soft switching converter solutions have also been 

presented for this application to achieve high circuit efficiency [73] [74] [76] .  Researches 

which took the approach of micro-converter as shown in Figure 1-15(c), utilize coupled 

inductor, switched capacitor and active clamp technique to achieve high gain [74] [75] [77]. 

Therefore, the circuit becomes complex and faces more components count.  Researches 

which took the approach of utilizing power optimizer (Figure 1-15 (d)) for the PV-battery 
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system, utilize simple topologies [57] [78]-[81]. However, these topologies are capable of 

tracking MPP along with charging and discharging the battery. [57] and [78] employ 

bidirectional converter for charging and discharging the battery. The battery module is 

connected at the front end in [57], whereas the battery module in [78] is connected at the DC 

link. Therefore, the discharging power in the case of [57] or the charging power in the case of 

[78] is processed twice as explained in section 1.3 and efficiency suffers.  Moreover, these 

works do not consider soft switching.  
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Figure 1-32 Non-isolated three switch MIC for PV-battery system [79] 

[79] and [80] integrated the charging module at the front end of the PV module. Therefore, 

the charging or discharging power is processed once. Chien et al. [79] employ three switches 

to achieve MPPT, battery management and output voltage regulation (Figure 1-32). The 

switches of [79] do not have soft switching operation. The MIC presented in [80] requires 

higher number of switches (Figure 1-33). Two active switches are required even for the 

individual operations. [81] integrated the bidirectional battery module at the front end of the 

PV module through a high frequency AC link. Chen et al. [81] utilizes 5 active switches, two 

coupled inductors and two active-clamp circuits. All the switching transition happen under 

soft-switching condition. The converters presented in [57] [78]- [81] are not able to track 
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MPP of the PV system for all operating conditions. A comparison between MICs presented 

in the literature for PV-battery system is presented in Table 1-2.  
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Figure 1-33 Non-isolated four switch MIC for PV-battery system [80] 

Table 1-2 Comparison of non-isolated MICs for PV-battery system 

 [57] [79] [80] [81] 

N
o
. 
o
f 

co
m

p
o
n

en
ts

 

Switch 6 (HF) 3 (HF) 4 (HF) 5 (HF) 

Diode 4 5 5 - 

Inductor 3 1 - 2 

Capacitor 7 3 9 2 

Transformer - 1 (2W) 2 (2W) 1 (4W) 

Soft-switching No No Yes Yes 

MPPT for all operating 

modes 
No No 

Control mechanism 

not reported 
No 

Rated power  150W 300W 150W 200W 

Switching frequency 100kHz 50kHz 50kHz 50kHz 

Double power process 

issue of the battery circuit 
Yes Yes Yes Yes 

Efficiency 87% 94.3% 95.8% 90.1%  

* W- no. of winding, HF- high frequency 

** No filter (input and output) components are counted 

*** MICs comprise of 1 PV module and 1 battery module 
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1.7 Research Motivation 

In general, different types of MIC topologies and their features and drawbacks have been 

discussed.   Existing MICs reported in the literature for renewable energy systems suffer from 

one or more of the following challenges: 

- Hard switching in at least one of the switches in the MIC circuit topology; 

- More than one switch is utilized in at least one of the input modules in the MIC circuit 

topology; 

- Limited soft-switching operating condition or additional auxiliary circuit is required; 

- PFC circuit is not considered for AC input source such as wind 

- MPP is not tracked for all operating modes 

- Double power conversion process in the power interface for the energy storage device; 

- Output voltage regulation is not considered in some cases. 

The research goal of this thesis is to develop a new class of highly power efficient and 

compact MIC for renewable energy systems by overcoming the drawbacks.  The objectives 

of this research are:  

1. To develop several soft-switched extendable DC-DC MIC topologies, where each 

input module utilizes only one switch, and a common output filter is shared among 

different input modules.   

2. To integrate an AC-DC three-phase PFC circuit with one of the input modules of 

the devised DC-DC MIC topologies for interfacing with AC source such as wind 

turbines, where the new devised module still uses only one switch.  

3. To implement a MPPT control technique to the DC-DC unidirectional module of 

the devised MIC to use it as a PV power optimizer.  
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4. To integrate DC-DC unidirectional charging and discharging modules of the 

decentralized battery system with the devised DC-DC PV power optimizer where 

the new devised charging module is capable of following the battery charging 

profile.  

5. To develop a MIC for PV-battery systems to use in the unregulated grid where the 

devised MIC is capable of regulating output voltage besides tracking the MPP and 

following the battery charging profile.  

6. To develop the control mechanism of the devised MICs for renewable energy 

systems.  

The developed MICs are modular in nature such that they will provide design flexibility to 

achieve a higher voltage and power requirement.  

1.8 Thesis Organization 

In Chapter 1, the importance of renewable energy, especially PV and wind energy, and the 

necessity of storage systems (Li-ion battery) for the renewable power generation are 

described. The limitations of conventional power electronics interface for renewable energy 

systems and energy storage systems are discussed. Important features are identified to make 

the system more efficient, compact and reliable.  

In Chapter 2, different new soft-switched DC-DC MIC circuits are proposed.  In particular, 

each input module of these MICs uses only one switch.  The operating principles and 

analysis of the proposed MICs are discussed. Different types of three-phase PFC circuits are 

then investigated, where each of them is used to integrate with one of the input modules in 

the devised DC-DC MIC circuits.  The analysis of the derived AC-DC module with PFC is 
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presented.  Simulation and experimental results are then presented on selected topologies to 

highlight their features.  

In Chapter 3, a module integrated power optimizer is proposed for the PV-battery systems. 

The proposed converter is for the regulated DC grid. The battery charging circuit is 

integrated at the front end of the PV system and the discharge circuit forms the MIC 

configuration with the PV power optimizer at the output side. The operating principles and 

analysis of the proposed converter are discussed. Simulation and experimental results are 

presented to verify the functionality of the proposed converter.  

In Chapter 4, another module integrated power optimizer for the PV-battery system is 

proposed which is applicable for regulating the output voltage of the unregulated DC grid. 

The operating principles and analysis of the proposed converter are explained. The control 

principle for the proposed system is discussed. Simulation and experimental results are 

presented to highlight the performance of the proposed converter as well as the controller of 

the proposed converter.  

In Chapter 5, the conclusion of the dissertation is given. A summary of all the contributions 

of this research is then presented.  Future works associated to this research are also 

addressed.  
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Chapter 2 Proposed Soft-switched MICs  

Since renewable resources are intermittent in nature, utilizing multiple renewable resources 

in renewable energy conversion systems can provide a reliable power solution. Multi-input 

converter (MIC), as described in Chapter 1, is able to provide efficient, compact and cost-

effective power converter solution when multiple resources are utilized. In this chapter, a 

new class of DC-DC MIC is proposed to attain the first objective of this research. Each input 

module of the proposed MICs utilizes only a single switch. Each switch is able to achieve 

either ZVS or ZCS during the turn on and turn off transition. A further step is taken to 

integrate the PFC circuit with one of the modules of the proposed MICs for the AC input 

source to attain the second objective of this research. Therefore, the proposed MICs is 

applicable for AC and DC input sources. The descriptions of each proposed MIC topology, 

and its operating principles are explained in detail in this chapter.  

2.1 Single Switch Soft-switched DC-DC MIC  

Different single-switch soft-switched DC-DC converters are presented in the literature such 

as the Class-E converter [82], and zero voltage switching (ZVS) and zero current switching 

(ZCS) quasi-resonant (QR) converters [83]. Based on these converters presented in the 

literature, four different soft-switched MICs are first derived and proposed as shown in 

Figure 2-1. The derived MICs are non-isolated. All of these MICs are capable of 

supporting individual as well as simultaneous operations. Each module of the MIC 

requires a single switch. The MICs are synthesized from the same type converters such as 

ZCS-QR buck-buck MIC, ZVS-QR buck-buck MIC and ZVS-QR Cuk-Cuk MIC as shown in 

Figure 2-1(a), Figure 2-1(b), and Figure 2-1(c) or from different types of converters such as  
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ZCS-QR buck- class-E shown in Figure 2-1(d). These converters utilize the resonant tank 

circuit to achieve soft switching.  
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Figure 2-1 A family of soft-switched MICs: (a) ZCS-QR buck-buck MIC (b) ZVS-QR buck- 

buck MIC (c) ZVS-QR Cuk-Cuk MIC (d) ZCS-QR buck-class-E 

The output voltage of the MICs is governed by Eq. 2-1, where Mvi is the voltage gain and Vi 

is the input voltage of the ith module. It should be emphasized that depending on the 

availability of renewable resources, the derived MICs in Figure 2-1 can be extended to i input 

modules to meet the power and voltage requirement. The modular version of ZVS-QR buck-

buck MIC and ZVS-QR Cuk-Cuk MIC are shown in Figure 2-2.  
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Figure 2-2 Modular version of presented MICs with i modules (a) ZVS-QR buck-buck MIC 

(b) ZVS-QR Cuk-Cuk MIC 

Although both ZVS and ZCS operations can reduce the switching losses of either a MOSFET 

or an IGBT, ZVS is preferred over ZCS for MOSFETs and ZCS is preferred over ZVS for 

IGBTs [49]. In the case of MOSFETs, ZVS can substantially reduce the losses caused by the 

discharging of Cds (internal capacitance across drain and source) into the device when it is 

turned on whereas ZCS cannot. 

Among the derived MICs, ZVS-QR buck-buck MIC and ZVS-QR Cuk-Cuk MIC are ZVS 

type. Therefore, the turn on loss of these MICs are lower compared to other configurations 

proposed if MOSFET is used as a switching device. The ZVS-QR buck-buck MIC is step 

down type and the ZVS-QR Cuk-Cuk MIC is the step up/down type. The operation and 

analysis of these two MICs are described in the following sections.  
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2.2 Step down MIC (ZVS-QR buck-buck MIC) 

The derived step down MIC consists of two ZVS QR buck modules as shown in Figure 2-1 

(b). The switch S1 with tank circuit Lr1 and Cr1 and the switch S2 with tank circuit Lr2 and Cr2 

form the resonant switches for the ZVS QR buck converter. When the power switches (S1 

and S2) conduct, the resonant capacitors (Cr1 and Cr2) are shorted and no resonance occurs for 

that time period.  Resonance occurs when the power switches (S1 and S2) are off.  Both ZVS 

QR buck modules share the output filter circuit (Lf and Cf) including output diodes (D1 and 

D2).  

The ZVS-QR buck-buck MIC is capable of performing individual as well as simultaneous 

operations. The individual operations are shown in Figure 2-3. During the individual 

operation of the top module, the components of the top module, output filter components, 

and the diode D2 of the bottom module are active. The diode D2 allows the continuous power 

flow path for the top module. Similarly, the diode D1 allows the continuous power flow path 

during the individual operation of the bottom module. During the individual mode of 

operations, D1 and D2 turn on and turn off at the same time.  
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Figure 2-3 Individual operation of ZVS-QR buck-buck MIC 
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In case of the QRC, the state of the circuit changes when any of the switches (active and 

passive) turns on or turns off. For the proposed circuit, each module has one active switch (S1 

and S2) and a passive switch (D1 and D2) with two states: on (equivalent to 1) and off 

(equivalent to 0). Therefore, there are four different states of each module based on switch 

turn on and turn off - 00, 01, 11, and 10 where 0 and 1 represent on and off states of Si and 

Di. These four stages of the ZVS QRC are named as: 

1. Resonant capacitor charging stage (00) 

2. Resonant stage (01) 

3. Resonant inductor charging stage (11) 

4. Freewheeling stage (10) 

During individual mode operations, the power conversion happens in the above mentioned 

four different stages which will be described in steady state analysis. However, in 

simultaneous operation, the power flow stages of two modules happen in different 

operational time steps. The simultaneous mode of operation is discussed in the next section.  

 Operating Principle of Simultaneous Mode 

There are seven operating stages during the simultaneous mode of the ZVS-QR buck-buck 

MIC. The key operating waveforms are shown in Figure 2-4, where d1 and d2 represent the 

duty cycle of the input modules that work with source#1 and source#2 respectively, with d1 

assumed to be greater than d2 and Ts is the switching period. Note that the switching 

frequencies for both input modules are assumed to be the same in this analysis to simplify the 

operating stages illustration.  Each module of the MIC follows the four power flow stages 



 

49 

within the seven operating stages of MIC. Figure 2-5 shows the operational stages of the 

ZVS-QR buck-buck MIC. 
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Figure 2-4 Waveforms in simultaneous operation (assuming d1 > d2) 
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Figure 2-5: Operating stages of the proposed converter in simultaneous operation 
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[t0 < t < t1]: Prior to this stage, S1 and S2 are off. At t0, the gate signal is applied to S1 and S2. 

The switch current flows through the anti-parallel diode of S1 and S2. The output diode D1 

and D2 are on. Both modules are in the inductor charging stage. Since is1 and is2 are negative 

previously, S1 and S2 turn on under ZVS condition. Since D1 and D2 are on, iLf continues to 

discharge linearly through D1 and D2. 

[t1 < t < t2]: The top module continues the inductor charging mode. D2 turns off and the 

bottom module either moves to the freewheeling stage or continues inductor charging stage 

with a different current slope. Energy starts transferring from Lr2 to Lf. So, iLf starts 

increasing.  

[t2 < t < t3]: D1 turns off and the top module either moves to the freewheeling stage or 

continues inductor charging stage with a different current slope. At this state, Lr1 and Lr2 are 

now transferring energy to Lf. ids1 increases to be equal to iLf and iLf continues rising linearly.  

[t3 < t < t4]: At the beginning of this time period, the gate signal is removed from S2, vds2 

starts rising slowly from zero. At the turn off condition, the voltage across the switch is zero. 

Therefore, ZVS turn-off is achieved.  The bottom module is in the capacitor charging module 

and Cr2 starts charging. The top module continues the previous state.  

[t4 < t < t5]: At the beginning of this time period, the gate signal of S1 is removed, vds1 starts 

rising slowly from zero and S1 turns off under ZVS. The top module is in the capacitor 

charging mode.  

[t5 < t < t6]: D2 turns on and the bottom module enters to resonant state.  

[t6 < t < t7]: D1 turns on and both modules are at the resonant state in this time period. End of 

this period, vds2 drops to zero and completes the resonant state. 
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[t6 < t < t7]: With the completion of the resonant state of the top module, one cycle of the 

MIC completes. 

 Steady State Analysis  

In case of QRC, the power conversion happens in four different operating stages: resonant 

capacitor charging stage, resonant stage, resonant inductor charging stage, and freewheeling 

stage. The freewheeling state only happens if the resonant inductor current reaches its 

maximum at the end of the inductor charging state. Otherwise, only the first three states 

happen.  

To analyze the steady state characteristics, the following assumptions are made: 

▪ The output filter inductor Lf is large compared to resonant inductor Lri. 

▪ Output filter Lf -Cf and the load are treated as a constant current sink. 

▪ Semiconductor switches are ideal. That is no forward voltage drop in the on state, no 

leakage current in the off state, and no time delay at turn on and turn off time. 

The resonant components, Lri and Cri of the QRC circuit determine the characteristics of the 

converter, which can be defined by Eq. 2-2 and Eq. 2-3, where fri is the resonant frequency of 

the ith module, Zi is the characteristic impedance of the ith module, and RL represents the load 

resistance. 
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1) Capacitor charging stage: The resonant capacitor, Cri is charged linearly through the 

resonant inductor maximum current iLr_Max at this stage (Eq. 2-4) which is equal to the 

output current, I0. The voltage across the resonant capacitor is shown in Eq. 2-4. The time 

duration for this period, Td1 depends on the resonant inductor maximum current I0, the 

input voltage Vin_i, the characteristics impedance Zi, and the angular resonant frequency 

ωri. 

tI
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v
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2) Resonant stage: The resonant inductor and capacitor resonate in this stage and is 

governed by Eq. 2-6 and Eq. 2-7. The resonant capacitor voltage reached its maximum, 

0_ IZV iiin + and discharge through the resonant inductor. At the end of this stage, the 

resonant inductor current reached to iI cos0 . α is defined by Eq. 2-8. The duration of 

this state is Td2 (Eq. 2-9). 
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3) Inductor charging stage: The resonant inductor linearly gets charged (Eq. 2-10) during 

the time period Td3 (Eq. 2-11) by the input voltage, Vin_i.  
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4) Freewheeling stage: The maximum resonant inductor current freewheels through Lri and 

switch Si. This stage finishes when the transistor turns off again. The time duration of this 

state, Td4 is expressed Eq. 2-12. 

3214 dddsd TTTTT −−−=  Eq. 2-12 

The voltage gain of ZVS buck QRC can be expressed as Eq. 2-13. The mi derived from the 

four states described above where fsi  is the switching frequency of the ith module. 
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Eq. 2-13 

The voltage gain of ZVS buck QRC Mvi depends on both the duty cycle Di and the switching 

frequency, fsi [84]. The change of Mvi with the change of Di, Fi, and INi is shown in Figure 2-6 

where Fi is the normalized switching frequency and INi is the normalized initial switching 

current. Normalized initial switching current INi can vary from -1 to 0 to achieve ZVS. The 

switch of the ZVS QRC converter can be controlled by switching frequency or the duty ratio. 

However, the switch off time required to be within a certain range to ensure soft switching.  

  

(a) (b) 

Figure 2-6 Voltage gain of ZVS buck QRC with the change of normalized switching current, 

normalized switching frequency and the duty ratio 
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2.3  Step up/down MIC (ZVS-QR Cuk-Cuk MIC) 

The derived step up/down MIC consists of two ZVS-QR Cuk modules as shown in Figure 

2-1 (c). Because of the location of the active switch (Si), there are two possible configurations 

of this proposed MIC as shown in Figure 2-7.  
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Figure 2-7 Two different configurations of ZVS-QR Cuk-Cuk MIC 

Among the basic step up/down converters (buck-boost, SEPIC, and Cuk), the Cuk converter 

has a unique advantage, as both input and output currents of the Cuk converter are ripple 

free, whereas the other step up/down converters (buck-boost and SEPIC) have pulsating 

current that occurs on either or both sides (input and output) of the circuit. As a result, those 

converters require more filter components. Moreover, this ripple causes the pulsation in the 

circuit which ultimately reduces the efficiency of the circuit [85]. 
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Each of the modules consists of a resonant switch formed with a switch (S1 or S2) and 

resonant components (Lr1 and Cr1 or Lr2 and Cr2), input inductor (L1 or L2), and one storage 

capacitor (C1 or C2). The output filter components (Lf and Cf) including output diodes (D1 

and D2) are shared by both modules. The resonant inductor and resonant capacitor happen to 

be in the same loop during the resonance irrespective of the position of the resonant inductor 

in two different configurations. 

The ZVS-QR Cuk-Cuk MIC is capable of performing individual and simultaneous operations 

same as the ZVS-QR buck-buck MIC as presented in section 2.2. The individual operation is 

shown in Figure 2-8. During the individual operation of the top module, other than the 

components of the top module and output filter, the diode D2 is also active to allow the 

continuous power flow path. Similarly, the diode D1 allows the continuous power flow path 

for the individual operation of the bottom module.  
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Figure 2-8 Individual operation of ZVS-QR Cuk-Cuk MIC 

Each of the modules of ZVS-QR Cuk-Cuk has one active switch (S1 and S2) and a passive 

switch (D1 and D2) with two states: on (equivalent to 1) and off (equivalent to 0) same as 



 

57 

ZVS-QR buck-buck MIC. Therefore, there are four different operational states of each 

module based on switch turn on and off - 00, 01, 11, and 10 where 0 and 1 represent on-off 

states of Si and Di. As explained in section 2.2.1, the power conversion happens in four 

different operating stages named resonant capacitor charging stage, resonant stage, resonant 

inductor charging stage, and freewheeling stage in case of the QRC. During the individual 

mode of operations, the power flow stages are the same as the operating stages. The power 

flow stages are explained in steady state analysis. However, the operating stages are different 

for the simultaneous operation as the power flow stages happen in different operating stages 

for the two modules. The simultaneous mode of operation is discussed in the next section. 

Other than the magnitude of voltage across the resonant capacitor and current through the 

resonant inductor in different operating stages, the operating principle is similar for both 

configurations.  

 Operating Principle of Simultaneous Mode  

For simultaneous operation mode, the key operating waveforms are shown in Figure 2-9, 

where Ts1 and Ts2 represent the switching period of the top module and the bottom module 

respectively, with Ts2 assumed to be > Ts1 and d is the duty ratio. Note that the duty ratio for 

both input modules is assumed to be the same in this analysis to simplify the operating stages 

illustration. In section 2.2.1, the simultaneous operation of ZVS-QR buck-buck is described 

with different duty ratios and same switching frequency for top and bottom modules. In this 

section, the simultaneous operation of ZVS-QR Cuk-Cuk is described with different 

switching frequency but same duty ratio for top and bottom modules. The reason is to get a 

better understanding of the operating principle of MICs with ZVS QRC. Figure 2-10 shows 

the operational stages of the ZVS-QR Cuk-Cuk MIC. 
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Figure 2-9 Waveforms in simultaneous operation (assuming Ts2 > Ts1) 
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t4<t < t5 t5<t < t6 

Figure 2-10 Operating stages of the proposed converter in simultaneous operation 

[t0 < t < t1]: At time t0, the switch S1 is turned off. Resonant capacitor voltage vds1 rises 

linearly due to input and output current. The diode D1 is also off for this time period. This 

period ends when the capacitor voltage vds1 reaches Vin1+V0 and the diode turns on. This is 

the resonant capacitor charging stage for the top module.  

The bottom module is in the freewheeling stage at this time period. Switch S2 of the bottom 

module is on. The output current freewheels through the switch and the resonant inductor.  



 

60 

[t1 < t < t2]: This is the resonant stage for the top module. D1 is on and Lr1 and Cr1 start 

resonating.  

The bottom module is still in the freewheeling stage. The gate signal is removed from S2 at 

the end of this stage and the switch S2 turns off at zero voltage condition. 

[t2 < t < t3]: The top module continues resonant stage.  

Before starting this stage, the switch S2 is turned off. The diode D2 is also off for this time 

period. Therefore, the capacitor charging stage starts at the beginning of this period. 

Resonant capacitor voltage vds2 rises linearly.  

[t3 < t < t4]: The resonant voltage vds1 reaches zero at the end of this period and the anti-

parallel diode starts conducting. The resonant voltage vds1 can’t be negative because of the 

anti-parallel diode across the switch. 

The bottom module is in the resonant stage. The switch S2 remains off. The diode D2 turns on 

and Lr2 and Cr2 start resonating. 

[t4 < t < t5]: The gate signal applied to the switch S1 and the switch turns on at zero voltage 

condition. The resonant inductor starts charging by the storage capacitor C1. Hence, this stage 

is termed as the resonant inductor charging stage. The diode D1 turns off when the inductor 

current reaches Iin1+I0 and the top module starts freewheeling through the switch S1. 

The bottom module continues the resonant stage.  

[t5 < t < t6]: The top module continues the inductor charging stage. At the end of this stage, 

the gate signal of the switch S1 is removed. The switch turns off at ZVS condition.  
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The gate signal is applied to the bottom module switch. The S2 turns on at zero voltage 

condition and the resonant inductor starts charging by the storage capacitor C2. The bottom 

module starts the inductor charging stage. The diode D2 turns off when the inductor current 

reaches Iin2+I0. 

[t6 < t < t7]: At the start of this time period, the gate signal of the switch S1 removed and the 

switch turns off at zero current condition.  

The bottom module is freewheeling through the switch S2. At the end of this period, the 

switch S2 turns off. 

 Steady State Analysis  

The basic principle of power conversion in four stages in all types of QRC is similar other 

than the voltage and current levels in different stages. The four power transferring stages are 

explained clearly in section 2.2.2 for ZVS-QR buck-buck MIC. Power conversion in ZVS-

QR Cuk-Cuk MIC happens in a similar way.  

To analyze the steady state characteristics, the following assumptions are made: 

▪ The output filter inductor Lf is large compared to resonant inductor Lri. 

▪ Output filter Lf-Cf and the load are treated as a constant current sink. 

▪ The storage capacitor Ci is large and its voltage is constant.  

▪ Semiconductor switches are ideal. That is, no forward voltage drop in the on state, 

no leakage current in the off state, and no time delay at turn on and turn off time.  

The resonant components, Lri and Cri of the QRC circuit determine the characteristics of the 

converter, which can be defined by Eq. 2-2 and Eq. 2-3.  
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1) Capacitor charging stage: At this stage, the switch and diode both are off and no current 

flow through these. The resonant inductor carries I0 for  Figure 2-7 (a) and I0+Iin_i for 

Figure 2-7(b). At this stage, the resonant capacitor is charging. This stage ends when the 

capacitor charge reaches to V0+Vin_i.  

State: Si and Di off   

Initial condition: _ 0Lr iI I=             for Figure 2-7 (a)                

                and     
_ 0 _Lr i in ii I I= +       for Figure 2-7 (b)        

 

Characteristic equation:   _

0 _

cr i

r in i

dv
C I I

dt
= +   

Boundary condition:
_ 0 _Cr i in iv V V= +   

Solution:   t
C

II
v

ir

iin

icr

_

_0

_

+
=  Eq. 2-14 

Time period: 
ir

iin

iin

id C
II

VV
t _

_0

0_

_1
+

+
=  Eq. 2-15 

2) Resonant stage: At this stage, the diode is conducting. However, the switch remains off. 

The analysis is same for both configurations as the resonant inductor and resonant 

capacitor is in the same loop.  

State: Si off and Di on  

Characteristic equation:  

                _

_ 0 _ _

Lr i

r i in i Cr i

di
L V V v

dt
= + −  

 

                 _

_ _ ( )
cr i

r i Lr i

dv
C i t

dt
=   

Boundary condition:    

                  
_ 0Cr iv =  
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Solution:   

( ) ( ) tIIZVVv iriiniiinicr __00__ sin +++=  Eq. 2-16 

( ) iiniiiniLr IIIi __0_ cos −+= 
 

Where
( ) i

iini

iin

i
IIZ

VV
 1

_0

0_1 sinsin −− =
+

+
=

           

for half wave, 2
3


  i

 

Eq. 2-17 

 

Time period: 
i

i
idt

_0

_2



=  

Eq. 2-18 

3) Inductor charging stage: At this stage, the switch and the diode are on. The resonant 

inductor stores energy at this stage. The analysis of this stage is also same for both 

configurations as the resonant inductor and the storage capacitor form the loop in this 

stage.  

State: Si and Di on   

Initial condition: _

_ _ 0
cr i

Cr i r i

dv
v C

dt
= =  

 

Characteristic equation:   

_

_ 0 _

Lr i

r i in i

di
L V V

dt
= +  

 

Boundary condition:
_ 0Lr ii I=   

Solution:   

( ) ( ) iiniiiniin

ir

IIItVV
L

I __00_

_

0 cos
1

−+++=   
Eq. 2-19 

Time period: 

( )
( )0 _

3_ _

_ 0 _

1 cos
1 cos

in i i

d i r i i

in i r i i

I I
t L

V V




 

+ −
= − =

+
 

Eq. 2-20 
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4) Freewheeling stage: Both the switch and the diode are off.  

State: Si on and Di off   

Initial condition: oiLr Ii =_    

Time period: 

idididisid tttTt _3_2_1__4 −−−=  

Eq. 2-21 

 

The voltage gain of ZVS Cuk QRC can be derived from the time period of the four states 

described above as Eq. 2-22 where mi is the same as Eq. 2-13. 

1 i
Vi Cuk

i

m
M

m
−

−
=  Eq. 2-22 

The voltage gain MVi of Cuk QRC with the change of Di, Fi, and INi is shown in Figure 2-11 

where FNi is the normalized switching frequency, Di is the duty ratio and INi is the normalized 

initial switching current of the ith module. Normalized initial switching current INi needs to be 

within -1 to 0 to achieve ZVS as mentioned in section 2.2.2.  

  

(a) (b) 

Figure 2-11 Voltage gain of ZVS Cuk QRC with the change of normalized switching current, 

normalized switching frequency and the duty ratio 
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The voltage gain of QRC can be expressed in terms of mi (Eq. 2-13 and Eq. 2-22) same as the 

PWM converter. The voltage gain of the PWM converter is expressed in terms of the duty 

ratio, di [86] [87] as shown in Table 2-1. Therefore, (1-mi) is equivalent to the duty ratio di or 

mi is equivalent to the off time (1- di). The frequency or the duty ratio or both can be utilized 

as a control parameter. However, the switch off time requires to be within a range to maintain 

the soft switching. 

Table 2-1 Voltage gain comparison of PWM converter and QR converter  

Type of Converter Quasi-resonant converter  PWM converter 

Buck 1Vi buck iM m− = −  Vi buck iM d− =  

Boost 
1

Vi boost

i

M
m

− =  
1

1
Vi boost

i

M
d

− =
−

 

Buck-boost 
1 i

Vi buck boost

i

m
M

m
− −

−
=  

1

i
Vi buck boost

i

d
M

d
− − =

−
 

( )
1

1 cos
2 2

si i
i i i

ri i

f
m

f


 

 

 
= + + − 

 

 

2.4 Front-end PFC Integration 

The MICs presented in section 2.2 and section 2.3 are applicable for the DC input sources 

such as with PV panels. When the MIC is required to work with AC input sources such as 

wind energy, an AC-DC rectifier is required prior to the DC-DC converter. Moreover, in 

WECS, a balanced three-phase close to sinusoidal output current of the turbine generator is 

essential.  Therefore, an additional power factor corrector circuit is required as explained in 

section 1.4.3. A three-phase diode rectifier and a boost PFC are added in front of the bottom 

module of ZVS-QR buck-buck MIC of Figure 2-1(a). Hence, the new configuration is 

applicable for PV-wind system as shown in Figure 2-12. However, the overall size of the 

bottom module becomes bulky.  Hence, a step is taken further to combine the 3-phase boost 
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PFC circuit with the bottom ZVS buck QRC.  The final circuit of the proposed soft-switched 

MIC with integrated boost PFC in the AC input module is shown in Figure 2-13.  
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Figure 2-12 MIC configuration for PV-wind system  
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Figure 2-13 Proposed single switch soft-switched step down MIC with integrated PFC 

function  

Four more different soft-switched MICs with one module with PFC function are derived by 

combining different soft-switched converter for the PV-wind application as shown in Figure 

2-14. The top module is for the solar energy and the bottom module is for the wind energy. 

ZCS buck QRC,  ZCS zeta QRC, and ZVS Cuk QRC as shown in Figure 2-14(a), Figure 
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2-14(b), and Figure 2-14(c) respectively are naturally capable of achieving three-phase PFC 

[40]. The SEPIC PFC is integrated with the ZVS buck QRC in Figure 2-14(d) for the bottom 

module in a similar way as did in Figure 2-13. The switch S2 with resonant capacitor Cr2 with 

either resonant inductor Lr2 or three resonant inductors Lra, Lrb and Lrc form the resonant 

switch for the QRCs of wind module. In case of QRCs, resonance occurs only for a part of 

the period. During the period of resonance, when the four tank elements (Cr2, Lra, Lrb, and Lrc) 

of ZCS buck QRC and ZCS zeta QRC create the resonance, three line current low frequency 

components are approximately proportional to the respective line-neutral voltage. Thus, the 

ZCS QRCs draw a high quality line current. However, for ZVS Cuk QRC, integrated boost 

PFC, and integrated SEPIC PFC the three line inductors (La, Lb and Lc) of the PFC circuit 

must operate in discontinuous conduction mode to achieve high PF.  

The mathematical analysis of ZVS Cuk QRC as a PFC circuit is discussed below.  Both 

ZVS-QR Cuk-Cuk MIC as shown in Figure 2-7 are capable of performing as a 3-phase PFC. 

The following mathematical analysis is applicable for both configurations. The three-phase 

discontinuous mode (DCM) PFC of the second configuration of ZVS-QR Cuk-Cuk MIC is 

shown in Figure 2-15. 
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Figure 2-14 Proposed MICs with front end PFC for PV-wind system (a) ZVS-QR buck-buck 

MIC (b) ZVS-QR buck -ZCS-QR zeta (c) ZVS-QR Cuk-Cuk MIC (d) ZVS-QR buck-buck 

MIC with SEPIC PFC 

Since the switching frequency of ZVS Cuk QRC (switch S2) is much higher than the line 

frequency (va, vb, and vc), the input inductors (La, Lb, and Lc) are charged and discharged 

several times within half cycle of the line period. The envelope of the input current is 

sinusoidal as shown in Figure 2-16(a) where x represents the phase a, b or c.  Figure 2-16(b) 

shows the input voltage waveform for a line cycle of 2π which is divided into 12 intervals. 

Figure 2-16(c) shows the inductor current waveform in a switching cycle during [0, π/6] 

which is applicable to any of the 12 intervals where ds2 is the duty cycle and Ts2 is the 

switching cycle of switch S2. The equivalent switching circuit is shown in Figure 2-17. 
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Mode#1 happens when the switch S2 is on irrespective of D2 (on or off). Mode#2 and 

mode#3 occur when D2 is on irrespective of S2 (on or off). In mode#3, one of the phase 

currents (ia in case of 0 to π/6 interval) is zero. The three inductors (La=Lb=Lc=L) operate in 

discontinuous conduction (DCM) mode. 
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Figure 2-15 DCM ZVS Cuk QRC for wind energy system PFC 
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Figure 2-16 DCM ZVS Cuk QRC with PFC (a) input inductor current waveform in a half 

cycle (b) input voltage waveforms in a full cycle (c) input inductor current waveform in a 

switching cycle during [0, π/6] 
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Figure 2-17 Equivalent circuits of three switching modes of DCM ZVS Cuk QRC with PFC 

(a) mode 1 (b) mode 2 (c) mode 3 

The three-phase input voltages are defined as Eq. 2-23, Eq. 2-24 and Eq. 2-25 where Vm and 

ω are the amplitude and angular frequency. 

sina mv v t=  Eq. 2-23 

( )sin 2 / 3b mv v t = −  Eq. 2-24 

( )sin 2 / 3c mv v t = +  Eq. 2-25 
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1) Mode 1: 

During this mode, the switch S2 is on and D2 is off. D1, D4, and D5 are conducting. The 

equivalent circuit of this mode is shown in  Figure 2-17(a). The maximum inductor current of 

each phase is shown by Eq. 2-26, Eq. 2-27, and Eq. 2-28. 

2 2
1 2 2

a a s s
ap s s

di v d T
i d T

dt L
= =  Eq. 2-26 

2 2
1 2 2

b b s s
bp s s

di v d T
i d T

dt L
= =  Eq. 2-27 

2 2
1 2 2

c c s s
cp s s

di v d T
i d T

dt L
= =  Eq. 2-28 

2) Mode 2: 

During this mode, the switch S2 is on and D2 is off. The equivalent circuit of this mode is 

shown in  Figure 2-17(b). At the end of this interval, ia reaches zero. Therefore, the current 

through phase a and b becomes equal.  

2 1 21 2
b

bp bp s

di
i i d T

dt
= +  

Eq. 2-29 

2 2cp bpi i= −  
Eq. 2-30 

21 2

2

3

3

a
s

C a

v
d d

V v
=

−
 Eq. 2-31 

3) Mode 3: 

The state of the switch S2 and D2 remain the same as the previous mode. In this mode of 

operation, ia is zero. Therefore, the current through phase a and b is equal throughout the 

interval. The equivalent circuit of this mode is shown in  Figure 2-17(c). 
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=

+ − −
 

Eq. 2-32 

 

4) Mode 4: 

Inductor current of all three-phases are zero during this interval.  

The average inductor current during the interval can be expressed by Eq. 2-33, Eq. 2-34, and 

Eq. 2-35 where 
2

3

2

m

C

V

V
 =  and 2

2 2

2
eff

s s
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R

d T
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sin
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1 2 sin

m
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V t
i t

R t
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−
 Eq. 2-33 
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sin 2 sin( )

32

1 sin

m
bv

eff

t t
V

i t
R t

 


 

− +

=
−

 
Eq. 2-34 
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3 1
cos( ) sin
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1 sin

m
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t t
V

i t
R t
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
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+ −
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Eq. 2-35 

 

2.5 Performance Analysis 

To evaluate the performance of the proposed MICs, a 650W double-input ZVS-QR buck- 

buck MIC with integrated boost PFC is designed (Figure 2-13) for an output voltage of 48V. 

Two 500 W double-input ZVS-QR Cuk-Cuk MIC (Figure 2-14.c) with inherent PFC 

characteristics are designed for step down and step up to 48V and 380V respectively. The DC 

input source (V1) is 140V DC that emulates 4 series-connected PV panels and the AC input 

source (V2) represents a micro wind turbine generator with the 3-phase voltage of 70Vrms, 

60Hz.   
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 Design Procedure of the QR MIC 

The voltage gain of the multi-input converter is expressed by Eq. 2-1 where Mvi is the voltage 

gain of the ith module. The voltage gain MVi of ith module is the ratio of the output voltage 

and the input voltage of the ith module. The voltage gain of different QR converter is 

tabulated in Table 2-1 where mi is equivalent to the off time (1-d) of PWM converter. mi can 

be expressed in terms of switching frequency fsi, resonant frequency fri, φi, and αi. The 

resonant frequency fri, and the characteristic impedance Zi of the ith module are defined by 

Eq. 2-2 and Eq. 2-3 respectively. The normalized load resistance Rn_i can be expressed by Eq. 

2-36 where RL represents the load resistance. φi, and αi can be represented in terms of Mvi and 

Rni as of Eq. 2-37 and Eq. 2-38. 

i

L
in

Z

R
R =_

 
Eq. 2-36 

_n i

Vi

R

M
 =  Eq. 2-37 

_1 1sin sin
n i

i

Vi

R

M
 − −= − =  Eq. 2-38 

Table 2-2 Maximum switch voltage stress in ZVS QRC 

Type of ZVS QRC Maximum voltage stress of switch 

Buck _ max_ _ 0ds i in i iv V Z I= +  

Boost _ max_ 0 _ds i i in iv V Z I= +  

Buck/boost or Cuk ( ) ( )iiniiinids IIZVVv _00_max__ +++=
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In case of ZVS QRC, the resonant capacitor is connected in parallel to the main switch, 

Therefore, the voltage across the switch (S1 and S2) and the resonant capacitor (Cr1 and Cr2) is 

same irrespective of the type of ZVS QRC. The maximum switch voltage can be derived 

from the characteristic equation of resonant state (Eq. 2-6 and Eq. 2-16). The maximum 

voltage across the switch is tabulated in Table 2-2 for different types of ZVS QRC. 

Therefore, Zi should be minimized to reduce vds_max. However, Zi should be maximized to 

increase the load range at zero voltage switching (Eq. 2-36). Hence, the key design parameter 

is the characteristic impedance, Zi. The optimum characteristic impedance for Cuk or 

buck/boost is expressed by Eq. 2-40.  

( ) ( )0__0 VVIIZ iiniini ++
or ivin MR __ 

 Eq. 2-39 

iMinv

iMaxL

ioptimum
M

R
Z

__

__

_ =

 
Eq. 2-40 

The design equations derived from Table 2-1 are presented in Table 2-3. The voltage gain 

MVi, optimum characteristic impedance Zoptimum_i and normalized load resistance Rni are found 

from the input voltage, output voltage, and power requirements. The switching frequency fsi 

is assumed. Therefore, the resonant frequency fri can be calculated from the tabulated 

equations (Table 2-3). The resonant inductor Lr_i and resonant capacitor Cr_i value can be 

found from the resonant frequency and the characteristic impedance.  
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Table 2-3 Design equations of ZVS QRC 

Type of converter Design equation 
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 Simulation Results 

Step down MIC with Integrated PFC: A 650W 2-input proposed MIC (ZVS-QR buck-buck 

MIC with integrated boost PFC) is designed to give an output voltage of 48V. In this design, 

input source 1 is connected to 140V DC which emulates 4 series connected 35V PV panels.  

Input source 2 is connected to the output of a 70Vrms 60Hz wind turbine generator. The range 

of the operating switching frequency is 250-340 kHz. The components parameters are 

calculated as explained in section 2.5.1. Lb and Cb are calculated as presented [88]. The 

designed components are listed in Table 2-4. 
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Table 2-4 Circuit parameters of the designed converter for simulation work 

 (ZVS-QR buck-buck MIC with integrated boost PFC) 

Circuit designator Component values 

Lr1 6.2 µH 

Cr1 20 nF 

Lr2 16 µH 

Cr2 11 nF 

Lb 10 µH 

Cb 47 µF 

Lf 650 µH 

Cf 1.2 µF 

La, Lb, Lc 16 µH 

Figure 2-18 and Figure 2-19 show the simulation results of the individual operation of PV 

and wind modules at full load condition respectively when both of the input voltages operate 

at their rated values. The top module (PV) switching frequency is 255kHz and the bottom 

module (wind) switching frequency is 275kHz. Figure 2-20 shows the simulation results of 

the simultaneous operation. The switching frequency of the top module (PV) and bottom 

module (wind) are 310kHz and 320kHz. The output voltage is regulated by varying the 

switching frequency of the top and bottom modules. In all three cases (individual operation 

of PV and wind, and simultaneous operation), d1 and d2 remain the same (d1= 0.5 and d2= 

0.4).  It can be observed that ZVS turn on (blue shaded) and ZVS turn off (red shaded) are 

achieved for all cases. The output voltage and current are also shown.  
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Figure 2-18 Individual operation for top module (fs1 = 255kHz) 

 
Figure 2-19 Individual operation for bottom module (fs2 = 275kHz) 

Figure 2-21 shows the input current waveform before and after the filter for individual and 

simultaneous wind module operations. The PF achieved for individual and simultaneous 

operation is close to 0.99 for both cases.  
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Figure 2-20 Simultaneous operation of top and bottom energy (fs1 = 310kHz, fs2 = 320kHz) 

 
(a) 

 
(b)  

Figure 2-21 Per-phase input current of the input module that works with AC input (a) 

individual operation (b) simultaneous operation 
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Step up/down MIC with Inherent PFC: One step down (48V) and one step up (380V) 500W 

double-input proposed MIC (ZVS-QR Cuk-Cuk MIC with inherent PFC) are designed for the 

following input parameters: input source 1 (V1): 140V DC that emulates 4 series-connected 

PV panels, input source 2 (V2): a 3-phase variable voltage source with 70Vrms, 60Hz wind 

turbine generator. The converter is designed based on the procedure explained in section 

2.5.1. The designed components are listed in Table 2-5. 

Table 2-5 Circuit parameters of the designed converter for simulation work 

 (ZVS-QR Cuk-Cuk MIC with inherent PFC) 

Component designation Component values (48V) Component values (380V) 

Lr1 6 µH 17 µH 

Cr1 34 nF 1.9 nF 

Lr2 9 µH 13 µH 

Cr2 22 nF 3.3 nF 

L1 33 µH 33 µH 

L2a, L2b, L2c 9 µH 9 µH 

C1, C2 250 nF 250 nF 

Lf 25 µH 25 µH 

Cf 13 µF 13 µF 

Figure 2-22 shows simulation results of the step down individual operations of the designed 

converter. Figure 2-22(a) and (b) show the operation of solar (top) and wind (bottom) module 

respectively. In step down individual mode, the switching frequencies are 285 kHz and 280 

kHz for the solar and the wind module respectively.  
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(a) Top (solar) module (b) Bottom (wind) module 

Figure 2-22 Simulation results for step down individual operation (a) top module (fs1 = 

285kHz and d1=0.38) (b) bottom module (fs2 = 280kHz and d2 = 0.4)   

Figure 2-23 shows the step up individual operation of PV (top) and wind (bottom) modules. 

For the step up operation, the switching frequencies are 240 kHz and 300 kHz for the PV and 

wind module respectively. For all individual operations, soft switching is achieved. Figure 
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2-24 shows the per phase input current during individual operation: filtered input current and 

the discontinuous input current envelope. The PF achieved is 0.99 for both cases.  

  

  

  

(a) Top (PV) module (b) Bottom (wind) module 

Figure 2-23 Simulation results for step  up individual operation (a) top (PV) module (fs1 = 

240kHz and d1=0.75) (b) bottom (wind) module (fs2 = 300kHz and d2=0.7)   
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(a)  (b)  

Figure 2-24 Per-phase input current of the bottom (wind) module for individual operation (a) 

step down operation, 48V (orange- discontinuous input current envelop and blue- filtered 

input current) and (b) step up operation, 380V (green- discontinuous input current envelop 

and red- filtered input current)  

Step down (48V) and step up (380V) simultaneous operations are shown in Figure 2-25. For 

all cases, the switch voltage and current, the voltage across the output diodes, and output 

voltage and current waveforms are shown. The switch voltage and current waveforms 

confirm the soft switching operations of the converter in simultaneous mode. In simultaneous 

mode, the switching frequencies are 318 kHz and 322 kHz for the step down operation for 

the PV and wind modules respectively. For the step up operation in simultaneous mode, the 

switching frequencies are 405 kHz and 425 kHz for the PV and wind modules respectively. 

Figure 2-26 shows the input current waveforms for the bottom module in simultaneous 

operation and confirms high PF (0.99) for both cases. The efficiency measured for individual 

and simultaneous operation is over 95% and 97% respectively. This efficiency is achieved 

for both step up and step down operations.  
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(a) Step down operation (48V)  (b) Step up operation (380V)  

Figure 2-25  Simultaneous operation (a) step down operation (fs1 = 318 kHz, fs2 = 322 kHz, 

d1=0.31 and d2=0.29) (b) step up operation (fs1 = 405 kHz, fs2 = 425 kHz, d1=0.6 and d2=0.6) 
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(a)  (b)  

Figure 2-26 Simultaneous operation: per-phase input current of the bottom (wind) module (a) 

step down operation, 48V (orange- discontinuous input current envelop and blue- filtered 

input current) and (b) step up operation, 380V (green- discontinuous input current envelop 

and red- filtered input current) 

 Experimental Results 

A 500W double-input proposed MIC (ZVS-QR Cuk-Cuk MIC with inherent PFC) is 

designed and built for hardware testing. The prototype is shown in Figure 2-27. The top 

module input is 70V DC that emulates 2 series-connected PV panels and the bottom module 

input is a 3-phase voltage source with 80Vrms, 60Hz that emulates the wind turbine generator. 

The designed components are listed in Table 2-6. 

 
Figure 2-27 Experimental prototype ZVS-QR Cuk-Cuk MIC 
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Table 2-6 Circuit parameters of the designed converter for experimental work 

 (ZVS-QR Cuk-Cuk MIC with inherent PFC) 

Component designation Component values Part number 

Lr1 3.9 µH SER2915H 

Cr1 7.2 nF B32672L1722K 

Lr2 2.7 µH SER2915H 

Cr2 10 nF B32621A6103J 

L1, L2a, L2b, L2c 33 µH SER2915H 

C1, C2 240 nF MKP385324063JCA2B0 

Lf 25 µH GA3199-AL 

Cf 13 µF EZP-E1D256MTA 

Spv, Sbat 600V, 18A STP24N60DM2-EP 

D1, D2, Dbat 600V, 15A MUR1560 

 

Figure 2-28 shows the switching waveforms of the top (PV) module. The input voltage is 

70V DC and the switching frequency is 370kHz. The waveform confirms the soft switching 

turn on and turn off for the top module. Figure 2-29 shows the waveforms for the bottom 

module with three-phase AC input. The input voltage is 80V and the switching frequency is 

350kHz. Figure 2-29(a) confirms the soft switching transitions of the high frequency switch. 

Figure 2-29(b) shows the three-phase input current of the bottom module. Figure 2-29(b) 

confirms the balanced three-phase input current. The PF is 0.98 and the THD is 20%.  
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Figure 2-28 Experimental waveforms of the top module (PV) of ZVS-QR Cuk-Cuk MIC for 

70V input and switching frequency 370kHz 

 
 

(a) Switching waveform (b) Input currents waveform 

Figure 2-29 Experimental waveforms of the bottom module (wind) of ZVS-QR Cuk-Cuk 

MIC for three-phase AC (80V) input and switching frequency 350kHz 

 

2.6 Chapter Summary 

A family of DC-DC MIC for renewable energy systems is presented in this chapter. Each 

module of the presented MICs requires only one high frequency switch. The switching turn 

on and turn off happen under soft-switching (ZVS or ZCS) condition. All the MICs are 

capable of performing individual and simultaneous operations. Among these MICs, two 

MICs: ZVS-QR buck-buck MIC and ZVS-QR Cuk-Cuk MIC are then chosen to discuss in 
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detail. The operation and analysis of these two MICs are explained. The AC input module 

(such as wind) requires PFC in addition to AC-DC conversion. The front end PFC circuit 

integration with the DC-DC module of MIC is also presented. The operation and analysis of 

the front end PFC circuit are then discussed. The design procedure is explained. In the last 

section of this chapter, the performance of the presented MICs is verified through the 

simulation and experimental results.  
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Chapter 3 Proposed MIC with Energy Storage System 

The third objective of this research is to develop a DC-DC module integrated PV power 

optimizer. The maximum output voltage of a PV module is lower than the minimum standard 

DC grid voltage level. Therefore, stepping up voltage is a required feature of the power 

optimizer. In chapter 2, two different MICs (DC-DC): ZVS-QR buck-buck MIC and ZVS-

QR Cuk-Cuk MIC are discussed. Between these two MICs, ZVS-QR buck-buck MIC is a 

step down converter. Hence, ZVS-QR buck-buck MIC is not suitable for the power optimizer 

application. Therefore, in this chapter, one module of the ZVS-QR Cuk-Cuk MIC is utilized 

for PV application. A MPPT technique is developed that is suitable for the devised PV power 

optimizer.  

The fourth objective of this research is to integrate the decentralized battery with the PV 

power optimizer. In this chapter, DC-DC unidirectional step up/down converters are utilized 

as battery charging and discharging modules. The battery charging circuit is integrated at the 

front end of the power optimizer to reduce overall active and passive components. While, the 

battery discharging circuit uses one module of the devised ZVS-QR Cuk-Cuk MIC. The 

devised integrated PV-battery system is able to follow the battery charging profile. The 

descriptions of the proposed MIC topology, and its operating principles are explained in 

detail in this chapter.  

3.1 Description of the Proposed Configuration 

The proposed ZVS-QR Cuk-Cuk MIC presented in Chapter 2 is taken to integrate the battery 

circuit. The two-input proposed MIC (Figure 2-7) can serve the PV power optimizer and the 

battery discharge circuit. Therefore, a battery charging circuit is required. To achieve that, a 

flyback converter is integrated at the front-end of the power optimizer. Between the two 
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different configurations of ZVS-QR Cuk-Cuk MIC shown in Figure 2-7, the configuration#2 

(Figure 2-7 (b)) is taken to integrate the battery charging circuit. Therefore, the resonant 

inductor is also a part of the charging circuit which is not possible for configuration#. In this 

way, the charging circuit also becomes a soft switching converter (ZVS flyback QRC). The 

integrated flyback converter shares the input inductor and the resonant switch (switch, and 

resonant inductor and capacitor) of the ZVS Cuk QRC (power optimizer). As a result, the 

number of required switches and passive components are reduced. The final PV-battery 

configuration is shown in Figure 3-1.  

The PV power optimizer with integrated battery charging circuit utilizes ZVS-QR Cuk with 

integrated ZVS-QR flyback converter as discussed above. The integrated ZVS-QR Cuk-

flyback converter shares the input transformer, Tin and the resonant switch (resonant 

inductor, Lr_pv and capacitor, Cr_pv, and switch, Spv).  ZVS-QR Cuk converter is used for the 

discharge circuit.  Power switches Spv and Sbat are high frequency switches and realize soft 

switching (ZVS turn on and turn off). A solid state switch SAux is used to activate and 

deactivate the battery charging circuit. The switch remains on during the battery charging; 

otherwise, it remains off. The discharging circuit is independent of the power optimizer. The 

output filter (Lf and Cf ) is shared by power optimizer and the battery discharge circuit. The 

power flows unidirectionally through this system. The proposed converter is capable of 

performing all required individual and simultaneous operations as listed Table 3-1.  
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Figure 3-1 Proposed PV-battery integrated converter 

Table 3-1 Operating modes of PV-battery system 

Individual operations Simultaneous operations 

Mode 1 

PV to load 

(power optimizer) 

Mode 1 

PV to load and battery 

(power optimizer and charge circuit) 

Mode 2 

battery to load 

(discharge circuit) 

Mode 2 

PV and battery to load 

(power optimizer and discharge 

circuit) 
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3.2 Operating Principles of the Proposed Converter 

The individual and simultaneous operations of Cuk-Cuk converter (individual operation 

mode 1 and mode 2, and simultaneous operation mode 2) are presented in the Chapter 2. 

Therefore, simultaneous mode 2 is presented in this chapter.  

The resonant components, Lr-pv and Cr-pv of the QR converter determine the characteristics of 

the converter. The angular resonant frequency ωr_pv, characteristic impedance Zpv and the 

normalized load resistance RN-pv are defined by Eq. 3-1, Eq. 3-2 and Eq. 3-3 respectively 

where with RL represents the load resistance. 
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The key theoretical operating waveforms are shown in Figure 3-2. The proposed ZVS-QR 

Cuk-flyback converter consists of single active switch Spv and two diodes D2 and Dbat. In case 

of the QR converter, the state of the circuit changes when any of the switches turns on or 

turns off. For the proposed circuit, there are three switches (Spv, Dbat and D2) with two states: 

on (equivalent to 1) and off (equivalent to 0). Among those switches, one switch, Spv is 

controllable. However, all three switches play the key role for power conversion. Therefore, 

there are eight different states of the proposed converter based on switch turn on and off - 

000, 001, 011, 111, 110 and 100 where 0 and 1 represent on-off states of Spv, Dbat, and D2 

respectively. In case of ZVS-QR converters, resonance happens during the off time of the 

active switch (Spv for the proposed converter).  However, total energy transfer from input to 
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the output for a ZVS-QR converter requires four steps named capacitor charging, resonant, 

inductor charging and freewheeling as mentioned in Chapter 2. The operation of the 

proposed converter is described below following the eight states of the switch and the four 

energy transfer steps of the converter. 
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Figure 3-2 Theoretical waveforms of the proposed converter 

[t0 < t < t1]: At time t0, the gate signal is removed from the switch Spv and the switch Spv is 

turned off. Resonant capacitor voltage vcr_pv rises linearly due to resonant inductor maximum 

current, IM (
0_

1
II

N
II crgbatinM ++= ) which is constant throughout this period. Both diodes D2 and 
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Dbat are off for this time period. This period ends when the diode Dbat turns on and the 

resonant capacitor voltage, vcr_pv reaches to (Vin+NVbat), where N is the turns ratio. The 

battery charging circuit remains off as the current through the transformer remains 

unchanged. This stage is called the capacitor charging stage. The duration of this stage Td1a is 

presented by Eq. 3-4 and depends on the resonant inductor maximum current IM, the input 

voltage Vin, the battery voltage Vbat, the characteristics impedance Zpv, the turns ratio N, and 

the angular resonant frequency ωr_pv. 
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(a) t0<t < t1 (b) t1<t < t2 
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Figure 3-3 Operating stages of the proposed converter 

[t1 < t < t2]: The capacitor charging stage continues through this stage. This period ends when 

the resonant capacitor voltage, vcr_pv reaches to (Vin+V0), and diode D2 turns on. The duration 

of this stage is significantly short compared to other stages. The duration of this stage Td1b is 

presented by Eq. 3-5 and depends on the resonant inductor maximum current IM, output 

voltage V0, battery voltage Vbat, characteristics impedance Zpv, turns ratio N, and angular 

resonant frequency ωr_pv. 

( )

Mpvrpv

bat
bd

IZ

NVV
T

_

0
1



−
=  

 Eq. 3-5 

[t2 < t < t3]: At the beginning of this stage, Lr_pv and Cr_pv start resonating. D2 and Dbat are on 

and, Spv remains off throughout the period. As resonance happens in this period, this period is 

termed as the resonant stage. The resonant capacitor voltage reaches its maximum and then 

starts discharging through the resonant inductor. The resonant inductor current, iLr_pv reaches 

to its negative maximum during this period. This period ends when resonant capacitor 

voltage, vcr_pv reaches zero and the anti-parallel diode of switch Spv starts conducting. 

The duration of this stage Td2 is presented by Eq. 3-6, where Td2 depends on the angular 

resonant frequency pv and pv . pv is the inverse sine function of  pv
 
(see Eq. 3-7) and the 
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range of pv is 2π to 3π/2. pv depends on the resonant inductor maximum current IM, the 

input voltage Vin, the output voltage V0, and the characteristics impedance Zpv as presented by 

Eq. 3-8. 
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
=

 

 Eq. 3-6 

( )pvpv  −= −1sin

 

Eq. 3-7 
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Eq. 3-8 

[t3 < t < t4]: The gate signal is applied and the switch Spv turns on at this stage. Spv experiences 

zero voltage turn on as the antiparallel diode was conducting prior. The diode Dbat and D2 

remain on throughout the period. At the end of this period, D2 turns off and the storage 

capacitor, Cpv starts carrying I0. The secondary current reaches its maximum and primary 

current reaches its minimum [IM-(1/N)isec].  This is the inductor charging stage. The duration 

of this stage is presented by Eq. 3-9, where dbat and d2 are the duty ratio of Dbat and D2 diode 

respectively, and fs represents the switching frequency of Spv. 
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Eq. 3-9 

[t4 < t < t5]: The inductor charging stage continues. The resonant inductor current, iLr_pv keeps 

rising and reaches to its maximum IM at the end of this period.  Primary transformer current 

also reaches to its positive maximum. At the end of this period, Dbat turns off and the battery 

charging circuit as well. The duration of this stage is presented by Eq. 3-10, where Td3 is the 

total duration for the inductor charging stage and is represented by Eq. 3-11 and Td3a is given 

by Eq. 3-9.  
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Eq. 3-11 

[t5 < t < t6]: Spv is on and D2 and Dbat remain off throughout the period. The maximum 

resonant inductor current, IM freewheels through the switch and the resonant inductor. At the 

end of this stage, the switch Spv turns off at zero voltage condition. The battery charging 

circuit remains off though this freewheeling stage. The duration of this stage Td4 is 

represented by Eq. 3-12, where Ts is the time period of the switch Spv. 

32114 ddbdadsd TTTTTT −−−−=

 

 Eq. 3-12 

3.3 Steady State Analysis 

To analyze the steady state characteristics, the following assumptions are made: 

▪ The output filter inductor Lf is large compared to resonant inductor Lri. 

▪ Output filter Lf-Cf and the load are treated as a constant current sink. 

▪ The storage capacitor Cpv is large and its voltage is constant.  

▪ Semiconductor switches are ideal. That is, no forward voltage drop in the on state, 

no leakage current in the off state, and no time delay at turn on and turn off time.  

1) Capacitor charging stage: 

The resonant capacitor, Cr_pv is charged linearly through the resonant inductor maximum 

current IM at this stage Eq. 3-13. The resonant inductor maximum current IM is the function of 

the input current (Iin), the battery charging current (Ibat_crg), and the output load current I0 as 

shown in Eq. 3-14, where 
bat

pv

n

n
N =

. The capacitor charging happens during Td1a and Td1b as 

described in the previous section. Therefore, Td1 continues from t0 to t2 as given by Eq. 3-15.  
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Td1 depends on the resonant inductor maximum current IM, the input voltage Vin, the output 

voltage V0, the characteristics impedance Zpv, and the angular resonant frequency ωr_pv. 
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 Eq. 3-15 

2) Resonant stage: 

The resonant inductor and capacitor resonate in this stage and is governed by Eq. 3-16 and 

Eq. 3-17. The resonant capacitor voltage reached its maximum, ( ) Mpvin IZVV ++ 01 and 

discharge through the resonant inductor. At the end of this stage, the resonant inductor 

current reached to cosMI .  

( ) ( )
__ 01 sin

r pvcr pv in pv Mv t V V Z I t= + +  

 

Eq. 3-16

 

( )_ cosLr pv M pvi t I t=
 

 

Eq. 3-17 
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3) Inductor charging stage: 

The resonant inductor linearly gets charged Eq. 3-18 during two time periods- Td3a and Td3b. 

For the time period Td3a, the inductor is charged by the input voltage, Vin and the output 

voltage, V0. The primary current reached its minimum and secondary current reached its 

maximum Eq. 3-19. The secondary current of the transformer, Tin depends on its magnetizing 

inductance Lm, the output voltage V0, the pv  (Eq. 3-7), and the angular frequency ωr_pv. 

During Td3b, resonant inductor charged by the input voltage, Vin and reached its maximum IM. 
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Iti 330
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 Eq. 3-18 
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 Eq. 3-19 

 

4) Freewheeling stage: 

At this stage, only diode D2 is on and allows freewheeling maximum resonant inductor 

current, IM through the diode.  

The ZVS-Cuk and the ZVS-flyback converters are of buck/boost type converter and their 

voltage gain is same [89]. The voltage gain of the ZVS-flyback and the ZVS-Cuk converter 

are given by Eq. 3-20 and Eq. 3-21 respectively and the relation between the output voltage 

of battery side and the load side is shown by the Eq. 3-22. For both converters, the gain 

depends on mi, which is the function of normalized frequency, fN, and α, and φ as presented 

in Eq. 3-23. The normalized frequency, fN is the ratio of the switching frequency fs and the 
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resonant frequency fr as presented in Eq. 3-24. α is the arcsine function of φ, ( ) −= −1sin  

and the range of α is 2π to 3π/2. φ is defined by Eq. 3-8. The gain of the flyback converter 

also depends on the turns ratio, N. The voltage gain relation of the Cuk converter with the 

normalized frequency with the variation of the normalized load is shown in Figure 3-4. The 

relation of voltage gain with the normalized frequency for two different normalized loads and 

the variation of turns ratio for flyback converter is shown in Figure 3-5.  
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Figure 3-4 Voltage gain and the normalized frequency with the variation of the normalized 

load of Cuk converter 
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Figure 3-5 Voltage gain and the normalized frequency with the variation of the normalized 

load and turns ratio of the flyback converter 

3.4  Small Signal Analysis 

The voltage gain equation presented Eq. 3-20 and Eq. 3-21 are identical when the turns ratio, 

N is equal to 1. Therefore, same analysis will be applicable for charging (QR-ZVS flyback) 

and discharging (QR-ZVS Cuk) circuit of the battery and the converter (QR-ZVS Cuk) for 

PV to load. The gain equation is identical to PWM buck/boost converter if mi is replaced by 

the switch off time. Therefore, the small signal analysis of quasi-resonant ZVS converter can 

be analyzed similar way as PWM converter [90] [91]. The duty ratio of PWM converter is an 

independent variable. However, mi of QR-ZVS converter depends on fs and φ as expressed in 

Eq. 3-25. The resonant frequency, fr is constant for a particular designed converter and for 

half wave QR-ZVS converter (with bidirectional switch), 1)( G . Eq. 3-26 is achieved for 

small perturbations sf̂ , where Ks is represented by Eq. 3-27.  
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i s sm m f=  Eq. 3-26 
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 Eq. 3-27 

The Laplace transform of the small signal model is shown in Eq. 3-26 

ˆ ˆ( ) ( )sM s m F s=  Eq. 3-28 

The conventional method of closed loop control of QR converter is voltage-mode control 

(Figure 3-6). The change of frequency, )(ˆ sF is proportional to the change of the error voltage, 

EV̂ . The error voltage, 
Ev is obtained Eq. 3-29 from a sample of the output voltage, 

0v and a 

reference voltage Vref  by using a differential amplifier and a compensator with gain Av(s). 

)(ˆ)()(ˆ sVsAsV ovE =  Eq. 3-29 

The input-to-output transfer function GIO, control-to-output transfer function, GC0 is shown 

by Eq. 3-30 and Eq. 3-31 respectively [92] [93]. where KC, Q1, ωp1, Q2 and ωp2 is presented 

by Eq. 3-32- Eq. 3-36 respectively where Le is the effective inductance of the leakage 

inductance of Tin and Ce is the effective capacitance of the storage capacitor. 
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Figure 3-6 Closed loop control of the ZVS-QR converter 
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3.5 Control Mechanism of the Proposed System 

The proposed converter integrates the PV module and battery cell. The modular version of 

the proposed system can be utilized for high power and high voltage application. The 

proposed system can be connected to the DC grid as a part of the distributed generation 

system or to the AC grid with an intermediate inverter. Therefore, the voltage of the DC bus 

would be regulated by either the other power electronics interfaces of distributed generation 

system or the intermediate inverter. The controller for the switch Spv is responsible for 

achieving MPPT and battery charging profile.  
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 MPPT Technique for PV Module 

Different MPPT techniques are discussed in section 1.5. Among those techniques, P&O 

method is chosen for this work as P&O is straightforward and simple. However, P&O has the 

issue of oscillation near the MPP rather staying at MPP. Small step size reduces the 

oscillation near MPP. However, it increases the convergence time. Therefore, a different 

technique is applied to reduce the oscillation without compromising the convergence time.  

The control variables of the proposed MICs are switching frequency and duty ratio. 

However, the response of the converter with the variation of switching frequency is 

significant in comparison of duty ratio. Therefore, the variable frequency control is chosen to 

track MPP of the proposed converter. 

The controller inputs are the operating current (ik) and voltage (vk) of the respective PV panel 

where k is the current operating state. The controller calculates the captured power (Pk), the 

change of power (∆P) and voltage (∆v) from previous state of the panel. It also stores the 

voltage (vk-1) and power (Pk-1) value of the previous operating state (k-1). The sign of the 

perturbation of the switching frequency (∆f) of Eq. 3-40 depends on ∆P and ∆v.  

k k kP v i=   Eq. 3-37 

1k kP P P − = −  Eq. 3-38 

1k kv v v − = −  Eq. 3-39 

1k kf f f−=    Eq. 3-40 

The modified P&O method consists of five scenarios based on the sign of ∆P and ∆v as 

shown in Table 3-2. When ∆v and ∆P both are positive or negative, the operating point is at 
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the left side of the MPP on V-P curve. On the other hand, when ∆v and ∆P are opposite (one 

positive and the other is negative), the operating point is at the right side of the MPP on V-P 

curve. When the operating point is on left side of MPP, the frequency requires to be 

decreased to reach MPP. Therefore, ∆f is negative. ∆f is positive when the operating point is 

on the right side of the MPP to increase the switching frequency. In case of the fifth scenario, 

the controller would compare the change of power (∆P) with a constant value (γ). If ∆P is 

less than γ, the operating point is very close to MPP irrespective of sign of ∆v. Therefore, no 

need to change the control variable, that is switching frequency. That is why, ∆f is zero. ∆f 

remains zero until ∆P becomes larger than γ. Therefore, the oscillation of operating point 

around MPP is reduced. The flow chart of MPPT algorithm is shown in Figure 3-7. 

Table 3-2 Possible scenarios of MPP tracking  

  

Change of 

Power (∆P) 

Change of Voltage 

(∆v) 

Change of Frequency 

(∆f) 

Operating point 

location on V-P curve 

from MPP 

1 Positive Positive Negative Left side 

2 Negative Positive Positive Right side 

3 Positive Negative Positive Right side 

4 Negative Negative Negative Left side 

5 Less than γ - zero At MPP 
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Figure 3-7 Flow chart of the modified P&O method for MPPT 

European standard EN 50530 [94] defines the static and dynamic efficiency of the MPPT 

controller. MPPT efficiency is the ratio of the energy drawn by the converter (pcap) within a 

defined measuring period (TT) to the energy provided theoretically by the PV at MPP (pMPP) 

as shown in Eq. 3-41. 
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 Control Mechanism of the System 

The logic flow chart of the control system of the proposed converter is shown in Figure 3-8. 

The PV source and the DC bus load are considered as the primary source and the primary 

load respectively. That means the power available from the PV source is first delivered to the 

DC bus.  If the power obtained from the PV panel is more than the DC bus load demand, 

then the remaining power from the PV source will be used for charging the battery.  If the 

power captured from the PV source is not sufficient to meet the DC bus demand, the battery 

will be in the discharging mode (if Pbat>0). If the PV and the battery cannot meet the DC bus 

demand, other sources will meet the demand. In the flow chart, the grey block shows the 

scenarios when power from the PV is not available, the blue block shows when power from 

the PV is available and the battery is in the discharging mode, and the yellow block shows 

when the PV is available and the battery is in the charging mode.  Other than available power 

from the PV, the state of charge, SoC of the battery is used to decide the battery charging and 

discharging mode. If SoC reaches its minimum value, SoCmin battery should be in the 

charging mode. On the other hand, if SoC reaches its maximum value, SoCmax battery should 

be in the discharging mode. In case of battery SoC is in between the SoCmax and the SoCmin, 

the battery charging and discharging mode will be decided based on the available power from 

the battery and the load demand.  By comparing the battery voltage with the battery float 

voltage, CV and CC mode can be decided.  In general, the rated power of a single PV panel 

is limited to several hundred watts which mean the maximum current from a single panel is 

less than the allowable current of the battery pack in CC mode.  Hence, the converter 

operates at MPP mode to supply available maximum current to the battery pack. As a result, 

the current limiter is not required in the battery charge controller.  In CV mode, however, 
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maintaining the float voltage to charge the battery is essential, and hence, in CV mode, the 

converter will operate in Vbat_ref  mode to maintain the battery charging voltage. The DC bus 

voltage is maintained by the DC-bus voltage control unit. The DC-bus voltage control unit 

consists of other renewable energy sources and/or grid. For this work, the battery discharge 

circuit is also controlled by the DC-bus voltage control unit.  
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Figure 3-8 Control flow chart of the proposed converter control 

The controllers for Spv, SAux and Sbat are shown in Figure 3-9, with the following parameters: 

Vpv, Ipv, the SoC and the voltage, Vbat of the battery, and the voltage 
bus

DCV
 of the DC bus. The 

MPPT uses the voltage, Vpv and current, Ipv of the PV to search the MPP. Other than tracking 

MPP, Spv is controlled for regulating the battery voltage (in CV mode). 
bat

ctrlrefV _ is 1 when Spv is 
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in battery voltage control mode. SAux is on when power from PV is higher than the load 

demand and battery is in charging mode. Sbat_ctrl is 1 to activate the discharging mode. Sbat is 

controlled by the DC bus voltage controller. S1, S2…Sn are the switches of the discharge 

circuit of the other module of the MIC and the switches of the converter of the other 

renewable resources connected with the system for the voltage regulation.  
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Figure 3-9 Control diagram of the proposed converter 
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3.6 Performance Analysis of the Proposed Converter 

To evaluate the performance of the proposed converter, the converter is designed and then 

first verified with the simulation work in PSIM. A proof-of-concept prototype is designed 

and built for hardware testing. The design procedure, the list of designed and chosen 

components, simulation results and the experimental results are presented in the following 

section.  

 Design Procedure of the Proposed Converter 

The converter is designed for 48V load voltage and 48V battery voltage. The battery 

charging is a slow process with respect to converter switching frequency. Therefore, the 

battery can be modeled as a resistor, Rbat from its DC equivalent resistor. It should be 

mentioned that Rbat has no relation to the battery internal resistance. 

Assume a battery pack consists of p parallel connected batteries and s series connected cells 

in each battery. The battery voltage varies from 3sV to 4.2sV and the current varies from 

pCA to 0.05pCA where C is the discharge capacity of the battery (C is the maximum current 

the battery can supply for 1hr). Therefore, Rbat varies from pC

s3

 to pC

s

05.0

2.4

 throughout the 

charging profile. The charging profile is shown in section 1.2 (Figure 1-11) for p=1, s=1 and 

C=1. The nominal battery resistance, Rn-bat is the ratio of the maximum charging current (IM-

chrg=pC) and the maximum charging voltage (VM-chrg=4.2s). Rbat varies from 0.714 Rn-bat to Rn-

bat for CC mode and from Rn-bat to 20 Rn-bat for CV mode. Therefore, variation happens 

mostly in CV mode.   

The turns ratio of the transformer, N is selected to be 1, as the output voltage of the Cuk 

converter (load side) and flyback converter (battery side) of the proposed converter is equal 
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Eq. 3-22. Therefore, Eq. 3-20 and Eq. 3-21 become identical for this design. The battery 

voltage different from the load voltage can be achieved by varying N value.  Based on Eq. 

3-21, Eq. 3-23 and Eq. 3-24, the design equation Eq. 3-43 is derived. Other two design 

equations Eq. 3-44 and Eq. 3-45 are also derived from Eq. 3-1 and Eq. 3-2. The experimental 

circuit is designed for 175W and input voltage is 35V.   

The characteristics impedance, Z is another important factor for designing the quasi-resonant 

converter.  The peak resonant capacitor voltage which also represents the maximum voltage 

stress of the switch depends on characteristics impedance (as shown in Eq. 3-46.  Therefore, 

Z should be minimized to reduce vds_max. On the other hand, Z should be maximized to 

increase load range at zero voltage switching. Hence, the key design parameter is the 

characteristic impedance, Z [95]. The optimum characteristic impedance is expressed in Eq. 

3-47. 

As Zoptimum (as given by Eq. 3-47 depends on the minimum voltage gain and maximum load, 

therefore for the design the load is taken as 75W and the design switching frequency is 

chosen 350 kHz.  α is taken as 3π/2. Using Eq. 3-43 and Eq. 3-47, the resonant frequency, fr 

and Zoptimum is calculated. The resonant tank components Lr and Cr are found to be 4.3µH and 

8.6nF respectively according to Eq. 3-44 and Eq. 3-45.  
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The magnetizing inductance, Lm of the transformer Tin is calculated by Eq. 3-48, where d is 

the duty ratio of the switch Spv  and   is the ripple factor in full load and minimum input 

voltage condition.  For continuous conduction mode operation (CCM),   varies 0.25-0.5 

[96]. 

 

and d are chosen 0.4 and 0.7 respectively for this design. The leakage inductance 

adds up with the resonant inductor and takes a part in resonance. Therefore, while choosing 

transformer and resonant inductor, leakage inductance needs to be in consideration. The 

storage capacitor Cpv is designed from Eq. 3-49, where  represents the percentage of voltage 

ripple of the voltage across Cpv with respect to output voltage V0. As the storage capacitor is 

at the intermediate stage of the power conversion, the ripple factor is taken as 20%. The 

output load, R0 is 30 Ω. The output filter inductor Lf is calculated for 10% ripple factor. The 

output current ripple factor is  as presented in Eq. 3-50. From Eq. 3-48, Eq. 3-49, and Eq. 

3-50, Lm, C and Lf are found 23uH, 333.4nF and 23uH respectively.  
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 Simulation Results 

In order to investigate the performance of the proposed converter, the proposed converter is 

first simulated in PSIM. The simulation prototype is designed for 35V, 315W commercial 

PV panel (OPT315-72-4-100) and 48V, 13Ah commercial battery pack (HE-4813) and 48V 
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DC load. The components used for the simulation work are presented in Table 3-3. The 

battery equivalent resistance for CC mode varies from 11Ω to 15Ω and in CV mode varies 

from 15Ω to 300Ω. The equivalent resistance is calculated using the procedure presented in 

section 3.5.  

Table 3-3 Circuit parameters of the designed converter for simulation work 

Circuit Designator Component Value 

PV OPT315-72-4-100 (36.5V, 315W) 

Battery HE-4813 (48V, 13 Ah) 

fs 150kHz-300kHz 

Cr_pv 5.6 nF 

Lr_bat 1.8 µH 

Cbat1 47 µF 

C 250 nF 

Lmag 47 µH 

Lf 650 µH 

Cf 82 µF 

 

The SUNIVA 315W PV panel (OPT315-72-4-100) is chosen for the simulation work. The 

selected PV panel is first modeled in PSIM using the parameters of the PV panel shown in 

Table 3-4. The listed parameters are obtained from the panel data sheet. Some parameters 

such as the band gap energy, ideality factor, and shunt resistance depend on cell type. The 

selected PV panel is modeled in PSIM as shown in Figure 3-10. The physical model of PV 

panel in PSIM is capable of functioning as a real PV panel. That means this model can 

recreate the V-I and V-P curve of the PV panel with the change of light intensity. The 

simulation work is performed at different light intensity (500W/m2, 200W/m2 and 

1000W/m2) for both CC and CV mode. 
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Table 3-4 Characteristics of the PV panel from SUNIVA (OPT315-72-4-100)  

PV Panel Characteristic Component Value 

Power Classification (Pmax) 315 W 

Voltage at Max. Power Point (Vmp) 36.50 V 

Current at Max. Power Point (Imp) 8.62 A 

Open Circuit Voltage (Voc) 45.90 V 

Short Circuit Current (Isc) 9.10 A 

The electrical data apply to standard test conditions (STC): 

Irradiance of 1000 W/m2 with AM 1.5 spectra at 25°C. 

 

 
Figure 3-10 PSIM physical model of the PV panel 

Figure 3-11 shows the MPP tracking of the proposed converter in different battery charging 

mode. Figure 3-11(a) shows the variation of three different light intensity: 500W/m2, 

200W/m2 and 1000W/m2. At different light intensity, the available power (blue) and the 
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actual captured power (red) by the converter is shown in Figure 3-11(b) and Figure 3-11(c) 

for CV and CC mode respectively. For all cases, the MPPT efficiency is over 99%. 

Figure 3-12 and Figure 3-13 show the current through and the voltage across the switch Spv at 

different light intensity for CV and CC mode respectively.  For all the six conditions, ZVS 

turn on and turn off are achieved. To track MPP, frequency varies from 150 kHz to 300 kHz. 

The switching off time should be kept within a range to maintain soft-switching of ZVS 

QRC. Therefore, duty ratio requires to be changed from 65% to 75% to maintain constant 

switching off time with the variation of the switching frequency. 

Figure 3-14 shows the battery charging current in CV and CC mode. The battery charging 

current range varies 0.4A to 0.65A for the variation of the light intensity from 200W/m2 to 

1000W/m2. However, the battery charging current varies from 3.5A to 5A in CC mode with 

the same light intensity variation. Therefore, the current limiter is not required for the battery 

charging as the CC mode charging current doesn’t exit the safe charging current limit of the 

battery while achieving MPP. 

The efficiency of the converter is shown in Figure 3-15 for CV and CC mode at different 

light intensity. The red waveform represents the actual captured power from PV panel which 

is the same as the red waveform of the Figure 3-11. The orange waveform shows the total 

output power of the converter which is the sum of the load power and the battery charging 

power. The efficiency of the converter is over 95% for all cases.  
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Figure 3-11 MPP tracking of the proposed converter in CV and CC mode at different light 

intensity 
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Figure 3-12 Soft-switching performance of the proposed converter in CV mode at different 

light intensity 
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Figure 3-13 Soft-switching performance of the proposed converter in CC mode at different 

light intensity 
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Figure 3-14 Battery charging current in CV and CV mode at different light intensity 
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Figure 3-15 Efficiency of the converter in CV and CC mode at different light intensity 
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 Experimental Results 

The Experimental prototype is designed for 35V, 175W PV panel and 48V, 13Ah battery 

pack and 48V DC load. The components used for the simulation and the experimental work 

are presented in Table 3-5. The experimental prototype is shown in Figure 3-16.  

The SHARP 175W PV panel (NT-175U1) is chosen for the experimental work. The 

parameters of the selected PV panel are shown in Table 3-6. Experimental exercise is 

performed for 1000W/m2 and 800W/m2 light intensity. For experimental work, E4360A 

(1200W) PV emulator from Keysight is used. Two units of E4360A are paralleled to replicate 

the NT-175U1 single PV panel as each unit (300V and 2.5A) of the two units is capable to 

supply maximum 2.5A. STP24N60DM2-EP (600V) is selected as switching device. The 

maximum voltage across the switch is around 300V from the theorical calculation and 

simulation. As the prototype is to prove the concept, the components are selected with higher 

rating rather optimized one.  
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Figure 3-16 Experimental prototype of the proposed converter 
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Table 3-5Circuit parameters of the designed converter for experimental work 

Components Part number Component Value 

PV NT-175U1 (SHARP) 35.4V, 175W 

Battery HE-4813 48V, 13 Ah 

fs  200-350kHz 

Lr_pv, Lr_bat SER2915H 4.7µH, 6.8µH 

Cr_pv, Cr_bat R75TI1560AA30J 9.4nF, 8nF 

Lmag MSD1048-223D 22µH 

Cpv, Cbat MKP383430200JPI2T0-ND 150nF 

Spv, Sbat STP24N60DM2-EP 600V, 18A 

D1, D2, Dbat MUR1560 600V, 15A 

Lf GA3199-AL 650µH 

Cf EZP-E1D256MTA 25µF 

Cbat1 EZP-E1D256MTA 25µF 

Table 3-6 Characteristics of the PV panel from SHARP (NT-175U1) 

PV Panel Characteristic Component Value 

Power Classification (Pmax) 175 W 

Voltage at Max. Power Point (Vmp) 35.40 V 

Current at Max. Power Point (Imp) 4.95 A 

Open Circuit Voltage (Voc) 44.4 V 

Short Circuit Current (Isc) 5.4 A 

The electrical data apply to standard test conditions (STC): Irradiance of 

1000 W/m2 with AM 1.5 spectra at 25°C. 

Figure 3-17(a) shows the PV emulator output for both channels in CV mode at 1000W/m2. 

The output voltage is 36V and output current is 2.4A for both channels. Therefore, each 

channel is supplying 86.3W. As a result, a total of 173W power is extracted by the proposed 
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converter from the PV emulator. Figure 3-17(b) shows the operating point (blue squares) on 

the panel characteristic curve. The operating point is at the MPP. The MPP tracking 

efficiency of the proposed converter is 99.93% (blue circled). 
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Figure 3-17 PV emulator output at 1000W/m2 in CV mode (a) output voltage, current and 

power of both channels (b)MPP tracking and MPP efficiency of channel 1 

Figure 3-18 shows the PV emulator output for both channels in CV mode at 800W/m2. With 

the decrease of light intensity from 1000W/m2 to 800W/m2, the output current of each 

channel changes from 2.4A to 1.9A. Therefore, the power from each channel decreases from 

MPP 
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86.3W to 71.8W and the total power decreases from 173W to 143.6W. The proposed 

converter is tracked the MPP with an efficiency of 99.9% as shown in Figure 3-18 (b).     
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(b)  

Figure 3-18 PV emulator output at 800W/m2 light intensity in CV mode (a) output voltage, 

current and power of both channels (b) MPP tracking and MPP efficiency of channel 2 

Figure 3-19 and Figure 3-20 show the PV emulator output and the converter MPP tracking at 

1000W/m2 and 800W/m2 light intensity in CC mode respectively. From Figure 3-17 to Figure 

MPP 
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3-20 confirm that the proposed converter is capable of tracking MPP irrespective of CV and 

CC mode at different light intensity with a very high efficiency (over 99.5%). 
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(b)  

Figure 3-19 PV emulator output at 1000W/m2 light intensity in CC mode (a) output voltage, 

current and power of both channels (b) MPP tracking and MPP efficiency of channel 1 
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(b)  

Figure 3-20 PV emulator output at 800W/m2 light intensity in CC mode (a) output voltage, 

current and power of both channels (b) MPP tracking and MPP efficiency of channel 2 

Figure 3-21 shows the current through and the voltage across the switch Spv at 1000W/m2 

light intensity in CV and CC mode. The switching frequency and duty ratio are 250 kHz-270 

kHz and 65%-70%. For both cases, the switch turns on and off under ZVS condition. During 

turn off, a overlap between the switch voltage and current is observed. However, the overlap 

time is too small. Therefore, the turn off loss is negligible. The voltage stress across the 

MPP 
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switch is around 300V. The CC mode switch current stress (9.5A) is little bit higher than that 

of CV mode (8.8A).  

 
(a) CV mode 

 
(b) CC mode  

Figure 3-21 Soft Switching and voltage stress across the switch at 1000W/m2 light intensity 

Figure 3-22 shows the current through and the voltage across the switch Spv at 800W/m2 light 

intensity in CV and CC mode. With the change of light intensity, the voltage stress and 

current stress are reduced compared to 1000W/m2 as power is reduced. The voltage stress is 

around 250V. The current stress is 7.4A in CV mode and 8.4A in CC mode. Same as the 

1000W/m2, the current through the switch is higher in CC mode compared to CV mode. 

Obvious ZVS turn on and a negligible turn off loss are observed.   
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(a) CV mode  

 
(c) CC mode 

Figure 3-22 Soft Switching and voltage stress across the switch at 800W/m2 light intensity 

The output load voltage and current, and the battery charging voltage and current is shown in 

Figure 3-23 and Figure 3-24 at 1000W/m2 and 800W/m2 light intensity respectively in CV 

and CC mode. The output side voltage, V0 varies from 47V to 51V. The battery charging 

current in CV mode varies from 0.7A to 1A and in CC mode varies from 2A to 2.3A. 

Therefore, the battery charging current is higher in CC mode than that of in CV mode.  The 
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battery voltage in CC mode is at 36V which is much lower than the float voltage and in CV 

mode the battery voltage is equal to the battery float voltage 48V.  

 
(a) CV mode 

 
(b) CC mode 

Figure 3-23 Voltage and current of output and battery charging at 1000W/m2 light intensity 
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(a) CV mode 

 
(b) CC mode 

Figure 3-24 Voltage and current of output and battery charging at 800W/m2 light intensity 

The switching waveforms of simultaneous operation (from PV and battery to load) are shown 

in Figure 3-25. Both switches Spv and Sbat achieved soft switching. Figure 3-26 shows the 

primary and secondary side currents (purple) of the input transformer.  

I0 (1A/div) 

 
Ibat (1A/div) 

 

Time (0.001mSec/div) 

 

Vbat (20V/div) 

 

V0 (20V/div) 

 

I0 (1A/div) 

 

Ibat (1A/div) 

 

Time (0.001mSec/div) 

 

V0 (20V/div) Vbat (20V/div) 

 



 

129 

The battery voltage varies from 36V to 52V during the discharging mode. Therefore, the 

battery discharging circuit requires to step up, pass through and step down the voltage. The 

step up, pass through and step down operation of the battery discharge circuit is shown in 

Figure 3-27, Figure 3-28 and Figure 3-29 respectively. The converter is controlled by varying 

the switching frequency (200kHz to 275kHz) in this mode of operation.  For all conditions, 

the switch turns on and turns off under ZVS condition. The switch voltage stress is below 

300V and current stress is below 5A.  

 

 

 

Figure 3-25 simultaneous operation: from PV and battery to load 
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(a)  

 
(b)  

Figure 3-26 Input (continuous) and secondary side current  
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(a) Input and output voltage and current 

 
(b) Switch voltage and current 

Figure 3-27 Performance of battery discharge circuit in step up mode 
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(a) Input and output voltage and current 

 
(b) Switch voltage and current 

Figure 3-28 Performance of battery discharge circuit in pass through mode 

 

 
Is_bat 

(5A/div) 

 

Vds_bat 

(200V/div) 

 

ZVS turn on 

 

ZVS turn off 

 

V0 (20V/div) 

 

Vbat (20V/div) 

 

I0 (1A/div) 

 

Ibat (1A/div) 

 

Time (0.001mSec/div) 

 

Time (0.001mSec/div) 

 



 

133 

 
(a) Input and output voltage and current 

 
(b) Switch voltage and current 

Figure 3-29 Performance of battery discharge circuit in step down mode  

The efficiency curve of simultaneous operation (from PV to battery and load) is shown in 

Figure 3-30(a). The maximum efficiency achieved is 97.1%. Up to 40% of load, the 

efficiency is over 96%. Below 30% of load, the converter loses soft-switching. At 50% load, 

the duty ratio is low to maintain the soft switching. Therefore, conduction loss reduced and 

efficiency increased. The efficiency of individual operation (from the battery to load) is 

shown in Figure 3-30(b). The maximum efficiency achieved is 96.9%. The efficiency of the 
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battery discharge circuit deteriorates more with the change of the load in comparison of 

simultaneous operation.  The efficiency is measured with the power analyzer (DSOX4PWR) 

function of the oscilloscope (DSOX4104A). 

 
(a) Simultaneous operation from PV to load and battery 

 
(b) Individual operation from battery to load 

Figure 3-30 Efficiency curve of the proposed converter 

The component power losses of the proposed converter are estimated at full load. These 

losses are calculated by measuring required root mean square (rms) values of currents 

flowing through the switching devices using digital oscilloscope and selecting required 

parameter from the device datasheet. Total power loss of the converter is 6.5 W. All the 

switches achieve soft switching during turn on and turn off. As the switching frequency is 
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250kHz, resonant components are very small and ESR of those components is negligible. 

The loss breakdown is shown in Figure 3-31. Percentage of switch loss (switching loss and 

conduction loss) breakdown of total switching loss is shown in Figure 3-32. The Spv switch 

loss includes the switch and the antiparallel loss. There is no snubber loss. All the switches 

achieve soft switching during turn on and turn off. Therefore, switching loss is too small. 
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Figure 3-31 Loss breakdown of the key components in percentage of total loss 

  

(a) Percentage of conduction loss breakdown (b) Percentage of switching loss breakdown 

Figure 3-32 Loss breakdown of the switching components in percentage of total switch loss 
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3.7 Chapter Summary 

In this chapter, an integrated battery interface with soft-switching capability for module 

integrated PV systems is presented.  In this approach, the battery charging circuit is 

integrated at the input side of the PV power optimizer while the battery discharging circuit of 

the proposed system shares the output filter of the PV power optimizer.  The proposed 

converter is capable of addressing different charging profiles of the battery system with PV 

MPP tracking. The operating principles, steady state and small signal analysis, and controller 

for the proposed converter system are presented in this chapter.  Finally, simulation and 

experimental results are provided to verify the performance of the proposed converter for a 

wide range of the light intensity, output load, and battery power. The proposed system can be 

connected to DC grid as a part of distributed generation system or to the AC grid with an 

intermediate inverter.  
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Chapter 4 Proposed MIC with Energy Storage System and Output 

Voltage Regulation 

The converter presented in Chapter 3 is proposed for the regulated DC grid application as the 

output side is not tightly regulated by the converter. In this chapter, another converter is 

proposed targeting the unregulated DC grid application to attain the fifth objective of this 

research. The proposed new converter requires another control parameter for regulating the 

output voltage besides tracking the MPP and following the battery profile. Hence, an 

additional switch is utilized in the new topology to achieve output voltage regulation.  

The power optimizer presented in Chapter 3 is a ZVS-QR Cuk converter and capable of 

stepping up and down the input voltage. To achieve step up/down voltage conversion and to 

reduce the input and output ripple, the Cuk converter utilizes an intermediate capacitor 

storage, and input and output filter components which ultimately increase the number of 

passive components compared to the basic buck, boost and buck-boost converter. The output 

voltage of PV module is always lower than the DC grid. Therefore, for the module integrated 

PV system, only the step up feature is required, whereas the step up/down feature is required 

for the battery charging and discharging circuit. Therefore, the proposed new converter 

utilizes a step up type converter for the PV power optimizer and step up/down type 

converters for the battery charging and discharging circuit. The description, operating 

principle, and analysis of the proposed topology are explained in this chapter. The control 

principle of the proposed system is presented to attain the final objective of this research.  



 

138 

4.1 Description of the Proposed Converter 

The proposed converter is composed of the PV power optimizer and the battery charging and 

discharging circuit. The proposed module integrated converter is shown in Figure 4-1. In the 

proposed approach, zero-voltage switching (ZVS) multi-resonant (MR) boost converter is 

integrated with a flyback converter. The output side diode of the boost converter is replaced 

with a bidirectional switch (S2) which gives another degree of freedom for the converter 

control system. The ZVS-MR serves the MPPT, output voltage regulation and stepping up 

the voltage. The flyback converter is the battery charging circuit. For battery discharging, a 

ZVS quasi-resonant (QR) buck/boost converter is used.  
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Figure 4-1The proposed PV-battery converter with voltage regulation 

The switches S1, S2 and the resonant components Lr, Cr1 and Cr2 form the MR boost 

converter. The switches S1 and the input transformer Ti is shared by the MR boost converter 

and the flyback converter. The switch Sbat and the resonant components Lr_bat, and Cr_bat form 

the ZVS-QR buck-boost converter. The PV power optimizer and the battery discharge circuit 

share the output filter. The switch SAux is used only to activate and deactivate the battery 
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charging circuit. The proposed converter is capable of performing all required individual and 

simultaneous operations as listed in Table 3-1. The different modes of operation of the 

proposed converter are shown in Figure 4-2.  
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Figure 4-2 Operating modes of the proposed converter (a) individual mode 1 (b) individual 

mode 2 (c) simultaneous mode 1 and (d) simultaneous mode 2 
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4.2 Operating Principle 

The individual modes of operation are very straight forward. The individual mode 1 is the 

variable frequency MR boost converter and the individual mode 2 is the ZVS QR buck-boost 

converter. The operation of ZVS-QR Cuk converter is presented in Chapter 2 and Chapter 3. 

The simultaneous modes of operation are described below.  

Simultaneous operation mode 1 (PV to load and battery charging): 

In this mode of operation, switch S1 and S2 are active. Both switches are operating at the 

same frequency (fs=fs1=fs2). However, the duty ratio of the switch S1 and S2 are different 

(ds2<ds1). When one of the switches or both switches is off, resonance occurs. The 

antiparallel diode of switch S2 carries the output current. The switch S2 turns on to send back 

the extra power of the load side to the input side for charging the battery. The antiparallel 

diodes carry the current prior to the switches turn on. Therefore, the transition of the switches 

happens under zero-voltage conditions. When the switch S1 is off, current flows through the 

secondary winding of the input transformer. Hence, power transferred to the battery side to 

charge the battery.  Figure 4-3 shows the theoretical waveforms of this mode of operation.  

[t0 < t < t1]: At time t0, the resonant capacitor voltage vds1 reaches zero and the gate signal is 

applied to switch S1. Resonant inductor Lr and resonant capacitor Cr2 keep resonating. The 

anti-parallel diode of switch S1 carries the resonant current. The primary current of the 

transformer Tin keeps rising. At the end of this stage, resonance ends. The battery charging 

circuit turns off at the beginning of this stage and remains off during this stage. The battery is 

getting charged by Cbat.  
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Figure 4-3 Theoretical waveforms of the proposed converter in simultaneous mode 1 

operation 

[t1 < t < t2]: At the beginning of this stage, the resonant capacitor voltage vds2 reaches zero 

and the gate signal is applied to switch S2. The anti-parallel diode of switch S2 starts 

conducting to carry resonant inductor current. The switch S1 turns on under ZVS condition as 

the antiparallel diode conducted prior. At this stage, the switch S2 also turns on under ZVS 

condition. The battery charging circuit remains the same as the previous stage. 

[t2 < t < t3]: Both S1 and S2 are on throughout this stage. The primary current keeps increasing 

and reached to its maxima. This stage ends when switch S2 turns off.  
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[t3 < t < t4]: The resonant inductor Lr and resonant capacitor Cr2 start resonating. The resonant 

voltage vds2 across the resonant capacitor Cr2 starts rising. At the end of this stage switch S1 

turns off.  

[t4 < t < t5]: At this stage, resonance happens between resonant inductor Lr, resonant capacitor 

Cr1 and Cr2. The resonant voltage vds1 across the resonant capacitor Cr1 starts rising. The 

battery circuit turns on and the secondary current starts flowing. The primary current drops in 

proportional to the secondary current. At the end of this stage, the battery circuit turns off. 
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Figure 4-4 Operating stages of the proposed converter individual operation mode 1 

Simultaneous operation mode 2 (PV to load and battery discharging): 

In this mode of operation, the power optimizer and the battery discharge circuit are active. 

The power optimizer is in MPP mode and the discharge circuit performs the output voltage 

regulation. The switch S1 and Sbat are active but independent. That means the frequency and 

duty ratio of both switches are not related to each other. Figure 4-5 shows the theoretical 

waveforms of this mode of operation.  

[t0 < t < t1]: At time t0, the gate signal is applied to switches S1 and Sbat. Prior to this stage, the 

antiparallel diode of the switches S1 and Sbat were conducting. Therefore, both switches turn 

on under ZVS condition. The antiparallel diode of switch S2 and the diode D1 is on and 

contributing to the output current.   

[t1 < t < t2]: At the beginning of this stage, the diode D1 turns off. The current though Lbat and 

Sbat are increasing. The PV power optimizer circuit remains the same throughout this stage. 
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[t2 < t < t3]: The antiparallel diode of switch S2 stops carrying the load current at the 

beginning of this state. The resonant inductor Lr and resonant capacitor Cr2 start resonating. 

At the end of this stage, the switch Sbat turns off.  
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Figure 4-5 Theoretical waveforms of the proposed converter simultaneous mode 2 

Cf

L
o

ad
 

Cr1
S1

n1:n2

vds1

iLr

Dbat1

Cbat

vds_bat

Lr_bat

SAux

+

-

Vbat

C1

PV 

Module

Lbat

D1

Cr2

S2

vds2

Lr

I0

Ipri

Isec

is1

is2

Ti

-+
+

-

iS_bat

+

-
V0

 

Cf

L
o
ad

 

Cr1
S1

n1:n2

vds1

iLr

Dbat1

Cbat

vds_bat

Lr_bat

SAux

+

-

Vbat

C1

PV 

Module

Lbat

D1

Cr2

S2

vds2

Lr

I0

Ipri

Isec

is1

is2

Ti

-+
+

-

iS_bat

+

-
V0

 

(a) t0<t < t1 (b) t1<t < t2 



 

145 

Cf

L
o

ad
 

Cr1
S1

n1:n2

vds1

iLr

Dbat1

Cbat

vds_bat

Lr_bat

SAux

+

-

Vbat

C1

PV 

Module

Lbat

D1

Cr2

S2

vds2

Lr

I0

Ipri

Isec

is1

is2

Ti

-+
+

-

iS_bat

+

-
V0

 

Cf

L
o
ad

 

Cr1
S1

n1:n2

vds1

iLr

Dbat1

Cbat

vds_bat

Lr_bat

SAux

+

-

Vbat

C1

PV 

Module

Lbat

D1

Cr2

S2

vds2

Lr

I0

Ipri

Isec

is1

is2

Ti

-+
+

-

iS_bat

+

-
V0

 

(c) t2<t < t3 (d) t3<t < t4 
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(e) t4<t < t5 (f) t5<t < t6 
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(g) t6<t < t7 (h) t7<t < t8 

Figure 4-6 Operating stages of the proposed converter individual operation mode 2 
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[t3 < t < t4]: The resonant inductor Lr_bat and resonant capacitor Cr_bat starts resonating. The 

resonance in PV power optimizer (Lr and Cr2) continues until the switch S1 turns off at the 

end of this stage.  

[t4 < t < t5]: At the beginning of this stage, the diode D1 starts conducting. The resonant 

inductor Lr, and resonant capacitor Cr1 and Cr2 resonates at this stage. At the end of this 

stage, the antiparallel diode of switch S2 starts conducting.  

[t5 < t < t6]: The resonant inductor Lr and resonant capacitor Cr1 resonates at this stage. At the 

end of this stage, the resonant inductor Lr_bat and resonant capacitor Cr_bat stops resonating. 

[t6 < t < t7]: The antiparallel diode of switch Sbat starts conducting and diode D1 keeps 

conducting. At the end of this stage, the resonant inductor Lr and resonant capacitor Cr1 stops 

resonating. The switching cycle of the battery circuit completed at the end of this stage. 

[t7 < t < t8]: The antiparallel diode of switch Sbat starts conducting. With the completion of 

this period, the switching cycle of the power optimizer completes.  

4.3 Steady State Analysis 

In MR converters, resonance happens between Lr, Cr1, and Cr2. In the proposed converter, the 

MR converter is formed with two controllable switches S1 and S2. In simultaneous mode 1, 

the passive switch Dbat1 is also active. All the switches possess two states- on (equivalent to 

1) and off (equivalent to 0). However, the state change of the passive switch Dbat1 is not 

taking part in power conversion as the state of the switch Dbat1 is the inverse of the state of 

the switch S1. There are four possible different states of the proposed converter based on and 

off state of switch S1 and S2: 00, 01, 11 and 10, where 0 and 1 represent the on and off states 

of S1 and S2 respectively. Based on the sequence of the switch states, there are four modes of 
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operations of ZVS-MR converter. However, the proposed converter is kept to operate only in 

one mode for this application. The operating sequences are: 11, 10, 00 and 10. Therefore, 

state 01 will not occur in this operating mode. The resonance happens during either or both 

switches S1 and S2 are off. 

The resonant components Lr, Cr1, and Cr2 of the MR converter determine the characteristics 

of the converter. The characteristics equations are shown by Eq. 4-1 - Eq. 4-6. 
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For the DC analysis, a generalized approach proposed by [97] [98] is taken. In this approach, 

the analysis is irrespective of the position of switch or type of converter. The analysis is done 

with the normalized values and in the following equations, the superscript ‘N’ stands for the 

normalized value. The base quantities for normalization are voltage V0, current V0/Z0, time 

1/ωr, and the frequency fr. The normalized values used in the following section are: 
N

Lr
i - the 

normalized resonant inductor current,
NI
0

- the normalized output current, 
N

s
v

1
- the normalized 



 

148 

drain to source voltage across switch S1, and 
N

s
v

2
- the normalized drain to source voltage 

across switch S2. 

1) Stage 11: 

At this stage, both switches (S1 and S2) are on and the resonant inductor stores energy. 

Therefore, the voltage across the switches is zero (vs1=0 and vs2=0). The state equation of this 

period is shown by Eq. 4-7. The resonant inductor current of this period is derived from Eq. 

4-7 as shown by Eq. 4-8, where 
N

nnLr
I

_ is the initial normalized resonant inductor current of 

stage 11. 

State: 
01 =sv

 and 
02 =sv

 
 

Equation:  
1=

dt

di N

Lr

 
Eq. 4-7  

Solution:    _( )N

Lr r Lr nni t t I= +
 

Eq. 4-8 

2) Stage 10: 

At this stage, switch S1 is on and the switch S2 is off. Therefore, the voltage across switch S1 

and the current through the switch S2 are zero. The resonance happens in between the 

resonant inductor Lr and the resonant capacitor Cr2. The state equations are shown by Eq. 

4-9. The resonant inductor current and the resonant capacitor voltage are shown by Eq. 4-10 

and Eq. 4-11 respectively where 
N

nfLr
I

_ is the initial normalized resonant inductor current of 

stage 10 and 
N

nfs
V

_1 is the initial normalized drain to source voltage across switch S1 of stage 10 

State: 
01 =sv

 and 
02 =si  
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Equation:  

N

N

s

Lr v
dt

di

2
1−=

        and      
Eq. 4-9 

Solution: 

( )
_ 2 _

( ) cos 1 sin
Lr Lr nf s nf

N N N

r ri t I t V t = + −
    

Eq. 4-10 

( )
2 _ 2 _
( ) 1 sin 1 cos

s Lr nf s nf

N N N

r rv t I t V t = + + −
     

Eq. 4-11 

3) Stage 00: 

At this stage, both switches (S1 and S2) are off. Therefore, the current through the switches S1 

and S2 are zero. The resonance happens in between the resonant inductor Lr and the resonant 

capacitors Cr1 and Cr2. The state equations are shown by Eq. 4-12. The resonant inductor 

current and the voltages across the resonant capacitors are shown by Eq. 4-13, Eq. 4-14, and 

Eq. 4-15 respectively where 
N

ffLr
I

_ is the initial normalized resonant inductor current of stage 

00, 
N

ffs
V

_1 is the initial normalized drain to source voltage across switch S1 of stage 00, and 

N

ffs
V

_2 is the initial normalized drain to source voltage across switch S2 of stage 00. 
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Equation:      
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Eq. 4-14 
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The voltage gain of the PV to load converter is shown by Eq. 4-16 where T11 is the time 

period for state 11, fN is the normalized switching frequency, I0 is the output load current and 

iLr1 and iLr4 is the resonant inductor current during t1 to t3 and t0 to t1 of the simultaneous 

operation mode 1 (Figure 4-3) respectively. The normalized frequency fN is the ratio of 

switching frequency fs and resonant frequency fr of the ZVS-MR circuit. 
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Eq. 4-16 

The current iLr4 (Eq. 4-17) depends on factor CN, iLr3 and vs2_3 where iLr3 and vs2_3 are the 

resonant inductor current and voltage across switch S2 during t3 to t4.  
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( ) ( ) 11
2

_1

2

_4_ −−+= N

fns

N

fnLrLr VII  Eq. 4-17 

A closed-form solution cannot be found analytically for ZVS-MRC. Therefore, numerical 

analysis is used to determine the characteristics of ZVS-MR boost converter. The load to 

voltage gain curves with respect to the factor CN are shown in Figure 4-7(a). With the 

increase of CN, the voltage gain range increases. The load to voltage gain curve with respect 

to the switching frequency for CN=3 is shown in Figure 4-7(b). The soft switching range of 

the MR converter depends on CN, IN, and fN. With the increase of CN, the IN range increases 

under soft switching condition. 

 
 

(a) (b) 

Figure 4-7 Normalized load to output characteristics (a) with the change of CN (b) with the 

change of normalized switching frequency 

4.4 Small Signal Model 

The dynamic behavior of the proposed converter can be obtained by replacing the resonant 

switches with the voltage sources. The circuit order of the QRC and MRC is the same as the 

PWM version of the converter as the resonant capacitors are in parallel with the voltage 

sources [90] [99]. The small signal model of the proposed converter is shown in Figure 4-8. 
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This model is valid only for the frequencies well below the switching frequency. Among 

these three sources, two (VN and IN) are dependent on internal electrical magnitude. The VN, 

and IN represent the normalized value of the loop voltage of the switch and node current of 

the resonant inductor. The perturbation of voltages across the switches are shown by Eq. 

4-18, Eq. 4-19, and Eq. 4-20. tc1 and tc2 are the on time of the switch S1 and S2 respectively.  

1 1 1 1 1
ˆ ˆ ˆˆ ( )v N i N cv k V k I k t= + +  Eq. 4-18 

2 2 2 2 2
ˆ ˆ ˆˆ ( )v N i N cv k V k I k t= + +  Eq. 4-19 

ˆˆ ˆˆ ( )bat vb Nb ib Nb fb sbatv k V k I k f= + +  Eq. 4-20 
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Figure 4-8 Small signal model of the proposed converter 

The control to output transfer function is shown by Eq. 4-21 where p can be 1, 2 and b to 

represent controller for CV mode, load regulation by power optimizer circuit and load 
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regulation by battery discharge circuit respectively [90]. The salient features of the small 

signal transfer function are shown in Table 4-1. 

Table 4-1 Coefficients of control to output transfer function of battery discharge circuit 

p
 =

 x
 

2

0
x

x x x x

Fx

G m V k




 
=  

 

 

2

0

1 x
x Fx x x vx x x ix

m
m V K m V K

R
 

+
 = − +  

2

0

1

1

x
x

Fx Fx x ix
i vx i

x Fix

Q
R m K

V K V
R m R





 
=  

   − +  

 

0x
ix

Nx i

m R
k

I V


= −


 

( )
0

2

x Nx
vx

Nx i

m R I
k

I V


= −


 

2

0x
zx

x x

m R

L m



=  

1
Fx

x fL C
 =  x

Fx

f

L
R

C
=  

x b=
 

b
b

sbat

m
k

F
= −  0b batV V V= −

 
b batL L=  

2x =
 

2 1 2
2

( )

s

m d d
k

F

−
=  

2 0V V=  
2 mL L=  

2 ( , , )N N cm m C I T=  

p
 =

 1
 

( )01

1 1

1

1

pv batV V
nG

d d

−

=
−

 ( )1

1

1

1 bat

F

d R
Q

R

−
=

 

( )
2

1

1

1

1
bat

z

m

d R

d L


−
=  1

1
F

m batL C n
 =

 
1

m
F

bat

nL
R

C
=

 

 

4.5 Control Technique 

The proposed converter requires performing all the required individual and simultaneous 

operations. The control parameter of the quasi-resonant converter is the switching frequency 

and the control parameters of the multi-resonant converter are the switching frequency and 

the duty ratio of the switches. In case of constant frequency multi-resonant converter, equal 

switching frequency for S1 and S2 is required to achieve ZVS operation. Therefore, the 

control parameters of the proposed converter are the switching frequency and the duty ratio 
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of the switch S1, duty ratio of the switch S2 and the switching frequency of the switch Sbat. 

Figure 4-9 shows the control flow chart of the proposed converter.  

When the load demand is lower than the available PV power or the battery SoC (state of 

charge) is at its allowable minimum level, the converter operates in individual mode 1. In this 

mode of operation, only the power optimizer (PV to load converter) is active. Switch S1 and 

S2 are operating at the same frequency (fs=fs1=fs2). However, the duty ratio of the switch S1 

and S2 are different (ds2<ds1). The converter operates as a variable frequency multi-resonant 

converter with two controllable switches. When the PV power is not available, the converter 

operates in individual mode 2. In this mode of operation, only the battery discharging circuit 

is active.  
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Figure 4-9 Control flow chart of the proposed converter 

When the PV power is higher than the load demand and battery is not at its allowable 

maximum SoC, the simultaneous mode 1 occurs. There are two sub-modes under this mode 

of operation based on the battery voltage. If the battery voltage is the same as the battery 

float voltage, the converter is in CV mode. If the battery is lower than the battery float 

voltage, the converter is in CC mode. In the proposed system, the output side load is treated 

as the primary load and battery charging as the secondary load for the PV. Therefore, battery 

charging happens only with the power that is not used by the load (battery charging power= 

PV power-load power). If the light intensity and output side load remain same, the charging 
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current will be the same. However, with the variation of light intensity or output side load, 

the charging current may vary. The varying charging current does not result in losing the 

capacity of the battery as long as it is not higher than the allowable limit. Rather, it varies the 

CV mode charging time. When the PV power is less than the load demand and battery SoC is 

higher than the allowable minimum level, the converter operates in simultaneous mode 2. 

The PV to load converter (power optimizer) extracts the maximum power from PV and 

supplies to the load. The remaining load demand (load demand- PV power) is supplied by the 

battery. 

The control block diagram of the proposed converter is shown in Figure 4-10. The MPP is 

achieved by varying the switching frequency of the switch S1 and the switching frequency of 

S2 is the same as the switching frequency of S1.  The voltage regulation of the load side is 

achieved by the duty ratio of S2 and the CV operation of the battery is achieved by the duty 

ratio of S1 during PV battery charging simultaneous operation. The maximum current from a 

single panel is less than the allowable current of the battery pack in the CC mode, as the rated 

power of a single panel is limited to a few hundred watts. Therefore, the current limiter is not 

required. During PV battery discharge simultaneous operation, load side voltage regulation is 

achieved by the frequency control of the switch Sbat. 
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Figure 4-10 Control diagram of the proposed converter 

The perturb and observe method presented in section 3.5.1 is used to achieve MPPT. The 

MPP block decides the switching frequency, fs for the switch S1 and S2. 
bat

ctrlcvV _ is 1 during CV 

battery charging mode and 
bat

ctrldischrV _ is 1 during battery discharge mode. During PV battery 

discharge simultaneous operation, the switch S2 remains off.  A voltage-controlled oscillator 

(VCO) is used for the variable frequency control of the switch Sbat. Monostable multivibrator 

is used for constant Toff  control of switches S1 and Sbat.  

The mathematical representation of the output voltage regulation and the battery side CV 

charging is shown by Eq. 4-22 and Eq. 4-23 where the control perturbations are ( )cT s


, and 

( )sbatf s


(the switching frequency of Sbat). Tc(s) is defined in Eq. 4-24 where d1 and d2 are the 

duty ratio of switch S1 and S2 and Ts is the time period of switch S1 and S2.  
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0 2
ˆ( ) ( ) ( )v c vb sbatv s G T s G f s

 

= +
 

Eq. 4-22 

1( ) ( )bat v cv s G T s
 

=
 

Eq. 4-23 

( ) ( )1 2
1 2

1 1
c c c

s

d d
T s t t

s T s

 −
= = − 

   
Eq. 4-24 

ˆ .sbat VCO VCO ctrlK V = −  Eq. 4-25 

The VCO is used for the frequency control of the battery discharging circuit. The relation 

between the control voltage and the output switching frequency is shown in Eq. 4-25(15) 

where KVCO is the VCO gain and VCO
is the quiescent frequency of the oscillator. Ziegler–

Nichols tuning method is used to tune the PI parameters. The objective of PI is to boost the 

low-frequency loop gain to minimize the steady-state error while maintaining a sufficient 

phase margin. 

The stability of three controllers of the converter is verified by closed loop bode plot as 

shown in Figure 4-11. The bode plot is performed in PSIM. Figure 4-11 (a) shows the 

stability of the control loop for output voltage regulation by the switch S2. The bode plot 

shows two different load conditions: full load and 10% load. Phase margin (PM) at full load 

is 58deg, whereas phase margin at 10% load is 88deg.  Figure 4-11 (b) and (c) show the bode 

plot of the control loops for output voltage regulation by Sbat and battery side voltage 

regulation in CV mode by switch S1 respectively. The phase margin for the control loop of 

Sbat is 37 deg and the phase margin for the control loop of S1 is 112 deg.  
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(c) 

Figure 4-11 Closed loop bode plot (a) output voltage regulation with different load condition 

(full load and 10% load) for output voltage regulation by switch S2 (b) Output voltage 

regulation by switch Sbat (c) battery voltage regulation (CV mode) by switch S1 

4.6 Performance Analysis of the Proposed Converter 

To evaluate the performance of the proposed converter, the converter is designed, simulated 

in PSIM and performed experimental testing on proof-of-concept prototype. The commercial 

PV panel OPT315-72-4-100 and NT-175U1-SHARP used for this work are the same as the 

PV panel used in previous work presented in Chapter 3.  The equivalent resistance of the 

commercial battery (HE-4813) is also presented in Chapter 3. 

 Design Procedure of the Proposed Converter   

A 48V, 175W prototype is designed for the simulation and experimental work. The closed-

form gain equation cannot be found analytically for ZVS-MRC as mentioned in section 3.3. 

Therefore, numerical analysis is used to present the characteristics of ZVS-MRC. The 

voltage gain range increases with the increase of CN as shown in Figure 4-7 (a). However, the 
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switch stresses (voltage and current) increase with the increase of CN. Therefore, the tradeoff 

between the switch stresses and the voltage gain range is required. The minimum CN for the 

required voltage gain is 3 for this design. The load to voltage gain curve with respect to the 

switching frequency for CN=3 is shown in Figure 4-7 (b). For this design normalized 

switching frequency fN is selected as 0.6. The switching frequency is chosen 300kHz. The 

resonant inductor Lr and Cr1 are selected from Eq. 4-26 and then the resonant capacitor Cr2 is 

calculated from Eq. 4-6.  

1
1

2s
N s r r

r

f
f f L C

f
= =  Eq. 4-26 

The voltage gain of the battery charging converter is governed by Eq. 4-27, where ds1 is the 

duty ratio of switch S1 and ds1 is found from the off time required for the switch S1 to 

maintain soft-switching. The duty ratio is taken 0.65 for the design. Therefore, the value of n 

is 0.5 for the minimum input voltage 25V. The transformer leakage inductance and switch 

parasitic components add up with the resonant components. Therefore, transformer design 

and components selection become simple. The magnetizing inductance, Lm of the input 

transformer is calculated by Eq. 3-48 as described in section 3.6.1. 

1
_

1

1

1

bat s
pv bat

pv s

V d
m

V n d
= =

−
 Eq. 4-27 

The battery discharging circuit is designed in a similar way as explained in section  2.5.1 and 

3.6.1. The components list of the designed converter is shown in Table 4-2. 
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Table 4-2 Circuit parameters of the designed converter 

Components Part number Component Value 

PV NT-175U1  35.4V, 175W 

Battery HE-4813  48V, 13 Ah 

fs  250kHz-350kHz 

Lr, Lr_bat, Lbat SER2915H 10µH, 22µH, 22µH 

Cr1, Cr2, Cr_bat MKP383 18nF, 47nF, 6.8nF 

Lmag  47µH 

S1, S2, Sbat STP24N60DM2-EP  600V, 18A 

D1, Dbat1 MUR1560  600V, 15A 

Cf, C1, Cbat1 ECQ-E1106JF 10 µF 

 

 Simulation Results 

A 48V, 175W prototype is simulated in PSIM to demonstrate the functionality and the 

performance of the proposed converter. The commercial PV panel (OPT315-72-4-100) is 

used for the simulation work at the light intensity 600W/m2 and 400W/m2.  

Figure 4-12 shows the available power from the PV and the actual power extracted from the 

PV for the light intensity 600W/m2 to 400W/m2. The tracking time is less than 2ms and MPP 

efficiency is over 99.9%. The allowable switching frequency for the designed converter is 

150kHz to 350kHz to ensure soft-switching.  

The battery charging voltage and the output side voltage are regulated by the duty ratio of the 

switch S1 and S2 respectively. Figure 4-13 and Figure 4-14 show the voltage regulation of the 
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output side with the change of light intensity in CV and CC mode respectively. In CV mode, 

the battery charging voltage is also tightly regulated at the float voltage as shown Figure 

4-13. In CC mode, when the light intensity increases, the battery charging current increases 

as the output load is fixed (Figure 4-14). Moreover, the battery charging current is much 

lower than the maximum allowable battery charging current. This confirms that the current 

limiter circuit is not necessary. The settling time is less than 7ms.  

 

 

Figure 4-12  MPPT with the change of light intensity from 600W/m2 to 400W/m2 in 

simultaneous mode 1 
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Figure 4-13 output voltage regulation and CV battery charging voltage with the change of 

light intensity from 600W/m2 to 400W/m2 in simultaneous mode 1 

 

 

Figure 4-14 Output voltage regulation and CC battery charging with the change of light 

intensity from 600W/m2 to 400W/m2 in simultaneous mode 1 
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and at 0.15ms, the output load increased to full load. To supply the additional 40% new load, 

the battery charging current becomes low. The controller settling time for load change is less 

than 9ms and the voltage ripple is less than 0.5V. 

 

 

 

Figure 4-15 Output voltage regulation, output voltage ripple, settling time, battery charging 

current and load power with the change of load 
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the contrary, with the decrease of light intensity, supply from battery increases to support the 

load. The power to the load remains the same throughout the time period.  

 

 

Figure 4-16 Output voltage regulation and PV, battery, and load power with the change of 

light intensity from 400W/m2 to 200W/m2 in simultaneous mode 2 
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The switching waveforms for simultaneous operation mode 2 (PV to load and battery 

discharge) are shown in Figure 4-18. The switch S2 is off during this operation. However, the 

antiparallel diode of switch S2 conducts and current is discontinuous through the antiparallel 

diode of switch S2. The switching frequency of S1 and Sbat is different. The red and blue 

shaded area show the turn on and turn off situation respectively for the switch S1 and Sbat. 

Figure 4-18 confirms the soft switching of S1 and Sbat. 

 

 

Figure 4-17 Soft switching operation of S1 and S2 in simultaneous mode 1 
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Figure 4-18 Soft switching operation of  S1, S2, and Sbat in simultaneous mode 2 

 Experimental Results 

A 48V-output, 175W prototype is built and tested in the laboratory. For experimental work, 

E4360A (1200W) PV emulator from Keysight is used. Two units of E4360A are paralleled to 

replicate the NT-175U1 single PV panel as each unit (300V and 2.5A) of the two units is 

capable to supply maximum 2.5A. The experimental prototype is shown in Figure 4-19. 
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Figure 4-19 Experimental prototype of the proposed converter 

The web interface of the PV emulator is shown in Figure 4-20. Figure 4-20 shows the 

channel 2 of the two channels. The V-I and V-P curves are shown. The MPP, voltage, and 

current at MPP, operating point and MPP efficiency are also shown in Figure 4-20. In all 

cases, the MPP and the operating point is observed using this web interface and ensures MPP 

efficiency over 99.5%.  

 

Figure 4-20 MPP tracking and MPP efficiency of the proposed converter in simultaneous 

mode 1 
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Figure 4-21 shows the individual operation mode 1 (PV to load). The input voltage is 36V 

and the output voltage is 48V with an efficiency of 96.3%. Figure 4-22 shows the sub-modes 

(CV) of simultaneous operation mode 1. Both the output voltage and battery voltage are at 

48V. The battery charging current is only 0.9 A.  

Figure 4-23 shows the CC mode of operation while the output load and light intensity 

remains same. The equivalent resistor of the battery in CC mode varies from 15ohm to 

20ohm. Experimental work is done for two extremes of CC mode and shown in Figure 4-23. 

The battery charging current remains same whereas the battery voltage is increased.   

The voltage regulation with a step change in the input voltage is shown in Figure 4-24. As 

the light intensity changes from 1000 W/m2 to 800 W/m2. The switching frequency and the 

duty ratio changes accordingly to achieve MPP and regulate the output voltage. The 

converter settling time is 80ms and the voltage ripple is less than 1V.   

  
Figure 4-21 Input and output voltage and current of individual operation mode 1 
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Figure 4-22 CV sub-mode of simultaneous operation mode 1 
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Figure 4-23 CC sub-mode of simultaneous operation mode 1 (a) at the beginning of CC 

mode (b) at the end of CC mode 
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Figure 4-24 Output voltage regulation with the change of input voltage (with the change of 

light intensity) in simultaneous mode 1 

The voltage regulation when the output changes from full load to 60% load is shown in 

Figure 4-25. For 60% load, the duty ratio of the switch S2 is 51.6% and for full load, the duty 

ratio of the switch S2 is 38%. The converter settling time is 36ms and the voltage ripple is 

less than 1V.  Figure 4-26 shows the primary and secondary side current of the input 

transformer Ti for simultaneous mode 1.  

Figure 4-27 presents the performance of the converter for the transition from simultaneous 

operation mode 1 to the individual operation mode 1. The battery voltage and current become 

zero in individual mode 1. As the output voltage remains the same in simultaneous and 

individual mode, the output current increases in individual mode to balance the power. The 

settling time is 80ms. Figure 4-28 demonstrate the switching waveforms of the switch S1 and 

S2 for different duty ratio d2 while regulating the output voltage. The switching frequency is 
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250kHz. The switching voltage and current waveforms for simultaneous operations mode 1 

and 2 are shown in Figure 4-29. The maximum voltage stress 201V for the switch S1 happens 

during the simulation operation PV to load and battery discharge. The maximum voltage for 

the switch S2 and Sbat is much lower: 89V for S2 and 72V for Sbat. The current stress of the 

switches S1, S2 and Sbat are 10A, 8.5A, and 3.8A respectively. 

  
 

 

 

 

 

 

 

 

 

 

Figure 4-25 output voltage regulation with the change of load in simultaneous mode 1 
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Figure 4-26 Continuous input current in simultaneous mode 1 

 
 

 

 

 

 

 

 

 

Figure 4-27 Transition from simultaneous mode 1 to individual mode1 
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Figure 4-28 Simultaneous mode 1: switching waveforms at different duty ratio: d2 =28.21% 

(top) and d2 =57.4% (bottom) 

The efficiency of the simultaneous operations of the proposed converter is shown in Figure 

4-30. The efficiency is over 95% for the full load range. The efficiency curve drops at 60% 

load for simultaneous mode 2 where PV and the battery are supplying to the load. The 

change is observed because of percentage of the load sharing between the battery and load. 

Up to 60% load, the change of the load is equally shared by the PV and battery. That means 

at 90% of load, the PV is generating 90% of the power generated by the PV at 100% load 

(90% 0f 125W) and the battery is also supplying 90% of the battery contribution during 

100% load (90% of 50W). From 50% to 30% of load condition, battery supply is constant to 
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30W and for 20% and 10%, only PV is supplying to the load. The efficiency of the MR 

converter is almost same throughout the load range.  

 
(a) Mode 1 

 
 

 

 

 

 

 

(b) Mode 2 

Figure 4-29 Soft switching operations in simultaneous operation (a) mode 1 (b) mode 2 
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Figure 4-30 Efficiency of the proposed converter in simultaneous mode 1 and 2 

The loss breakdown of the key components of the proposed converter as a percentage of total 

loss is shown in Figure 4-31. Loss in the resonant components is negligible as the 

components are very small as well as their ESR. A comparison between MICs presented in 

Table 1-2 and converters proposed in Chapter 3 and Chapter 4 are presented in Table 4-3 

based on several features. The proposed converters offer better control of the system with 

fewer active components compared to other MICs. The proposed converters utilize higher 

switching frequency and achieved soft switching for all the switches. The efficiency of the 

proposed converters is higher in comparison to other converters.  

  
(a) Simultaneous mode 1 (b) Simultaneous mode 2 

Figure 4-31 Loss breakdown of the key components in percentage of the total loss 
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Table 4-3 Comparison of MICs presented in the literature and the proposed MICs for PV-

battery system 

 [57] [79] [80] [81] 

MIC 

Proposed 

in Ch.3 

MIC 

Proposed 

in Ch.4 

N
o
. 
o
f 

co
m

p
o
n

en
ts

 Switch 6 (HF) 3 (HF) 4 (HF) 5 (HF) 
2 (HF) 

1(LF) 

3 (HF) 

1(LF) 

Diode 4 5 5 - 3 2 

Inductor 3 1 - 2 4 3 

Capacitor 8 3 9 2 4 3 

Coupled 

Inductor 
- 1 (2W) 2 (2W) 1 (4W) 1 (2W) 1 (2W) 

Soft-switching No No Yes Yes Yes Yes 

MPPT for all 

operating modes 
No No 

Control 

mechanism 

not reported 

No No Yes 

Rated power  150W 300W 150W 200W 175W 175W 

Switching 

frequency 
100kHz 50kHz 50kHz 50kHz 300kHz 350kHz 

Double power 

process issue of the 

battery circuit 

Yes Yes No Yes No No 

Efficiency 87% 94.3% 95.8% 90.1% 97.1% 96.2% 

* W- no. of winding, HF- high frequency, LF- low frequency 

** No filter (input and output) components are counted 

*** MICs comprise of 1 PV module and 1 battery module 
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4.7 Chapter Summary   

In this chapter, an integrated battery storage for the PV system with output voltage regulation 

is presented. The battery charging circuit (ZVS-QR flyback converter) is integrated at the 

front end of the PV power optimizer (ZVS-MR boost converter). The battery discharge 

(ZVS-QR buck-boost converter) circuit shares the output filter of the power optimizer. The 

proposed converter integrates the soft-switched converters with minimum active and passive 

components. Hence, the proposed system becomes efficient. The operating principle and the 

analysis of the proposed converter are explained. Then the controller for the proposed 

converter is discussed in detail. The simulation results of the proposed converter with the 

controller are presented to highlight the features with the change of load, light intensity and 

battery conditions. The experimental results are presented at the end of the chapter to further 

support the performance of the converter.  
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Chapter 5 Conclusions   

The power generation from renewable resources has been increased in the past decade to 

meet the growing energy demand without causing more green house gas emission. In 

general, renewable resources are intermittent in nature. Therefore, using multiple resources 

together in the system provides a more reliable power solutions for renewable power 

generation system. Power electronics interface plays a vital role in energy harvesting from 

renewable resources. It is responsible for converting the captured power from the dedicated 

renewable resources to usable power.  Key functions of the power converter interface of 

renewable systems include: (1) providing MPPT; (2) providing input PFC when the power 

converter interfaces with renewable generation unit that outputs an AC voltage.  In addition, 

when battery storage is also considered in the power electronics interfaces for renewable 

energy system, several other key functions need to be provided, including: (1) providing 

charging and discharging paths of the battery (or any energy storage devices); (2) following 

the battery charging profile for battery system; and (3) regulating output voltage.  

In conventional renewable energy systems, individual converter is used for interfacing with 

each energy source. Therefore, the overall converter system requires a large number of 

circuit components. Multi-input converter (MIC) configuration provides a more compact and 

efficient approach when multiple energy sources are utilized as the MIC circuit is able to 

share several common components.  However, existing MICs reported for renewable energy 

systems are not able to either achieve all the required features or perform all the existing 

features efficiently. The motivation of this research stems from the challenges of the existing 

power converter structures for the renewable energy systems.  In particular, MICs presented 
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in this thesis utilize minimal active and passive components while at the same time, all the 

aforementioned system features are able to be achieved. 

5.1 Contributions   

The contributions of this thesis research are summarized below: 

1. A family of soft-switched DC-DC unidirectional MIC topologies have been proposed, 

in each of these topologies, only one switch is required in each input module. 

2. Several three-phase AC-DC PFC circuits have been investigated to integrate with one 

of the modules of the devised DC-DC MICs without adding additional switches. In 

the presented topologies that consist of input module works with AC input, soft 

switching condition has shown to be achieved with high PF maintained at the input. 

3. The battery charging circuit has been integrated at the input side of the module-

connected PV power optimizer through high frequency AC link, whereas the battery 

discharging circuit has been incorporated at the output side of the PV power 

optimizer. The power flow through the whole system is unidirectional. Therefore, the 

double power process issue of the battery circuit cased by the bidirectional converter 

has been overcome. The number of components of the proposed converter has been 

reduced by integrating the PV power optimizer, and the battery charging and 

discharging circuit.  

4. An alternative PV power optimizer circuit structure with an integrated battery system 

power interface and output voltage regulation has been presented.  The operating 

principles of the complete control mechanism for the devised PV-battery system have 

also been presented. 
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5. The operating principles and the steady state analysis of all the devised MIC circuit 

topologies have been presented and discussed in details.  

6. Small signal analysis of the proposed converters for PV-battery system has been 

presented. 

7. The performance of all the developed MIC topologies has been verified by Powersim 

simulation results, as well as experimental results on proof-of-concept hardware 

prototypes. The design procedure of each MIC topology presented in this thesis has 

also been described in details.  

5.2 Future Works  

Some future works related to the research presented in this thesis are as follows: 

1. The experimental work is performed in the laboratory environment with a PV 

emulator. However, the outside environment is more dynamic. A battery equivalent 

resistor is used rather than a practical battery. Therefore, it is worthwhile to test the 

proposed MIC converter system in a more realistic testing environment.  

2. The MPPT presented in this thesis focused only on the power conversion for PV 

system. Since one of the proposed MIC circuits involved interfacing with three-phase 

AC input voltage (such as the wind turbine generator output), it is important to also 

investigate and to develop the MPPT controller that can be used for wind system to 

extract the maximum power. A general controller that supports the devised MIC 

circuit to support both DC and AC input sources will also be studied and investigated.   

3. The controller that performed output voltage regulation for the proposed system 

presented in Chapter 4 is developed to demonstrate the functionality of the proposed 
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MIC circuit. However, the controller is not optimized.  Further tuning of the 

controller is required for the optimum performance.  
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Appendix A: Analysis of Buck Quasi-resonant Converter 

The analysis of the four power conversion stages of buck QRC are presented below. 
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Figure A-1 Analysis of buck QRC 

1) Capacitor charging stage: 

The resonant inductor current is constant throughout this stage and is equal to I0. The resonant 

capacitor is in series with the resonant inductor. Therefore, the resonant inductor and 

capacitor current is shown by Eq. A- 1 and Eq. A- 2.  

0LrI I=  Eq. A- 1 

0
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dv
C I
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=  Eq. A- 2 

Taking the Laplace transform of Eq. A- 2 
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The inverse Laplace transform of Eq. A- 5 
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This stage ends when the voltage across the resonant capacitor reached to Vin. Hence, 
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2) Resonant stage: 

The state equations of the resonant stage are: 
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The initial current through the resonant inductor is I0. Therefore,  
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The Laplace transform of Eq. A- 9 
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The inverse Laplace transform of Eq. A- 17 
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( ) 0 sinCr in rv t V ZI t= +  Eq. A- 18 

From Eq. A- 11 and Eq. A- 17 
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The inverse Laplace transform of Eq. A- 20 

( ) 0 cosLr ri t I t=  Eq. A- 21 

The time duration of this stage is  
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3) Inductor charging stage 

The resonant inductor is getting charged with the input voltage. 
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=  Eq. A- 24 

The Laplace transform of Eq. A- 24 
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The initial current through the resonant inductor is 0 cos rI t . Therefore,  

( ) 0 cos in
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V
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s
− =  Eq. A- 26 
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The inverse Laplace transform of Eq. A- 27 
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This stage ends when the current through the resonant inductor reached to I0. Hence, 
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V
= −  Eq. A- 29 

4) Freewheeling stage: 

The duration of this stage is  

4 1 2 3d s d d dT T T T T= − − −  Eq. A- 30 

DC voltage conversion: 

The output energy 
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Eq. A- 31 
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The input current can be found by 
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Eq. A- 37 

 

Therefore, the voltage conversion ratio from Eq. A- 31, Eq. A- 32, and Eq. A- 37 
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Appendix B: Analysis of Cuk Quasi-resonant Converter 

The analysis of the four power conversion stages of buck QRC are presented below. 
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Figure B-1 Analysis of Cuk QRC configuration#1 

1) Capacitor charging stage: 

The resonant inductor current is constant throughout this stage and is equal to I0. The resonant 

capacitor is getting charged with Iin+I0. Therefore, the resonant inductor and capacitor current 

is shown by Eq. B- 1and Eq. B- 2.  

0LrI I=  Eq. B- 1 

0
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r in

dv
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dt
= +  

Eq. B- 2 

 

Taking the Laplace transform of Eq. B- 2 
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 − =   Eq. B- 3 

The initial voltage across the resonant capacitor is zero. Therefore,  
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Eq. B- 4 
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The inverse Laplace transform of Eq. B- 6 
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This stage ends when the voltage across the resonant capacitor reached to Vin+V0. Hence, 
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2) Resonant stage: 

The state equations of the resonant stage are: 
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The initial current through the resonant inductor is I0. Therefore,  
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The Laplace transform of Eq. B- 9 
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The initial voltage across the resonant capacitor is Vin+V0. Therefore,  
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The inverse Laplace transform of Eq. B- 18 
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The time duration of this stage is  
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3) Inductor charging stage: 

The resonant inductor is getting charged at this stage. 
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The Laplace transform of Eq. B- 22 
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This stage ends when the current through the resonant inductor reached to I0. Hence, 

( )0
3

0

1 cosin
d r

in

I I
T L

V V


+
= −

+
 Eq. B- 26 

4) Freewheeling stage: 

The duration of this stage is  
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4 1 2 3d s d d dT T T T T= − − −  Eq. B- 27 

DC voltage conversion: 

The time integral of the current through the resonant inductor over a period is zero.  

0

0
sT

Lri dt =  Eq. B- 28 

Where 

1 1

0 0

0

t t

Lr

t t

i dt I dt=   Eq. B- 29 

( )
2 2 2 2

1 1 1 1

0 cos

t t t t

Lr Lr in r in

t t t t

i dt i dt I I t dt I dt = + + +      Eq. B- 30 

( ) ( )
3 3 3 3

2 2 2 2

0 0

1
cos

t t t t

Lr in in in

rt t t t

i dt V V tdt I I dt I dt
L

= + + + +     Eq. B- 31 

4 4

3 3

t t

Lr Lr

t t

i dt i dt=   Eq. B- 32 

From Eq. B- 28, Eq. B- 29, Eq. B- 30, Eq. B- 31, and Eq. B- 32 

0

1 cos

2 2

1 cos
1

2 2

s

r

in s

r

f

fI

I f

f

 


 

 


 

 −
+ + 

 =
 −

− + + 
 

 Eq. B- 33 

Therefore, the voltage conversion ratio from Eq. B- 33 



 

212 

0

0

1 cos
1

2 2

1 cos

2 2

s

rin

in s

r

f

fV I

V I f

f

 


 

 


 

 −
− + + 

 = =
 −

+ + 
 

 Eq. B- 34 
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Figure B-2 Analysis of Cuk QRC configuration#2 

The analysis of configuration#2 is similar as configuration#1. The only difference is the 

resonant inductor is in series with the resonant capacitor rather the storage capacitor. 

Therefore, during capacitor charging stage, the resonant inductor carries Iin+I0 in 

configuration#2. Whereas, during capacitor charging, the resonant inductor carries I0 stage in 

configuration#1. For all other cases the resonant inductor is in the same loop as in 

configuration#1. Therefore, the analysis is same.  

During capacitor charging stage 

0Lr inI I I= +  Eq. B- 35 
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During resonant stage, the current through the resonant capacitor is  

Cr
r in Lr

dv
C I i

dt
= +  Eq. B- 36  

The initial current through the resonant inductor is Iin+I0. Therefore, all other equations of 

this stage become same as the configuration#1. 
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Appendix C: Analysis of Flyback Quasi-resonant Converter 

n1:n2

Vin

Lm

Cr

Lr

V0

 

n1:n2

Vin
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Cr

Lr

V0

 
Capacitor Charging Stage Resonant Stage 

n1:n2
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Lr

V0

 

n1:n2

Vin

Lm

Lr

V0

 
Inductor Charging Stage Freewheeling Stage 

Figure C-1 Analysis of flyback QRC 

1) Capacitor charging stage: 

The resonant inductor current is constant throughout this stage and is equal to IM. The 

resonant capacitor is in series with the resonant inductor. Therefore, the resonant inductor 

and capacitor current is shown by Eq. C- 1 and Eq. C- 2.  

0

1
Lr M inI I I I

N
= = +  Eq. C- 1 

Cr
r M

dv
C I

dt
=  

Eq. C- 2 

 

Taking the Laplace transform of Eq. C- 2 
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( ) ( )0 M
r Cr cr

I
C sv s v

s
 − =   Eq. C- 3 

The initial voltage across the resonant capacitor is zero. Therefore,  

( ) 2

1 M
Cr

r

I
v s

C s
=  Eq. C- 4 

The inverse Laplace transform of Eq. C- 4 

( )
1

Cr M

r

v t I t
C

=  Eq. C- 5 

This stage ends when the voltage across the resonant capacitor reached to Vin+V0. Hence, 

0
1

in
d r

M

V V
T C

I

+
=  Eq. C- 6 

2) Resonant stage: 

The state equations of the resonant stage are: 

0
Lr

r in Cr

di
L V NV v

dt
= + −  Eq. C- 7 

Cr
r Lr

dv
C i

dt
=  Eq. C- 8 

The Laplace transform of Eq. C- 7 

( ) ( ) ( )00 in
r Lr Lr Cr

V NV
L si s i v s

s

+
 − = −   Eq. C- 9 

The initial current through the resonant inductor is IM. Therefore,  

( ) ( )0in
r Lr r M Cr

V NV
sL i s L I v s

s

+
= + −  Eq. C- 10 

The Laplace transform of Eq. C- 8 
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( ) ( ) ( )0r Cr Cr LrC sv s v i s − =   Eq. C- 11 

The initial voltage across the resonant capacitor is Vin+NV0. Therefore, from Eq. C- 10 and 

Eq. C- 11 

( ) ( )
( )

0
0 2

1 1 Crin M
r Cr in

r r

v sV NV I
C sv s V NV

L s s L s

+
 − + = + −   Eq. C- 12 

( ) ( )0 2

1 1in
Cr r in r

r r

I
v s sC V NV C

sL s s L

   
+ = + + −   

   
 Eq. C- 13 

Therefore from Eq. C- 13, Eq. A- 15, and Eq. A- 16 

( ) 0

2 2

1in M
Cr

r r

V NV I
v s

s C s 

+
= +

+
 Eq. C- 14 

The inverse Laplace transform of Eq. C- 14 

( ) ( )0 sinCr in M rv t V NV ZI t= + +  Eq. C- 15 

From Eq. C- 10 and Eq. C- 14 

( ) 2 2Lr M

r

s
i s I

s 
=

+
 Eq. C- 16 

The inverse Laplace transform of Eq. C- 16 

( ) cosLr M ri t I t=  Eq. C- 17 

The time duration of this stage is  

2d

r

T



=  Eq. C- 18 
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( )01 1sin sin
in

M

V NV

ZI
 − −

+
= =  Eq. C- 19 

3) Inductor charging stage: 

The resonant inductor is getting charged at this stage. 

0
Lr

r in

di
L V NV

dt
= +  Eq. C- 20 

The Laplace transform of Eq. B- 22 

( ) ( )0 in o
r Lr Lr

V NV
L si s i

s

+
 − =   Eq. C- 21 

The initial current through the resonant inductor is cosMI  . Therefore,  

( ) 0

2

1 1
cosin

Lr M

r

V NV
i s I

L s s


+
= +  Eq. C- 22 

The inverse Laplace transform of Eq. B- 24 

( ) ( )0

1
cosLr M in

r

i t I V NV t
L

= + +  Eq. C- 23 

This stage ends when the current through the resonant inductor reached to I0. Hence, 

( )
( )3

0

1 cosM
d

r in

ZI
T

V NV



= −

+
 Eq. C- 24 

4) Freewheeling stage: 

The duration of this stage is  

4 1 2 3d s d d dT T T T T= − − −  Eq. C- 25 
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DC voltage conversion: 

The output energy 

0 0 0 sE V I T=  

Eq. C- 26 

 

The input energy 

0

in in in s

Ts

in Lr

E V I T

V i dt

=

 
=  

 


 
Eq. C- 27 

The input current can be found by 

1

0

1

t

Lr M d

t

i dt I T=  Eq. C- 28 

2

1

2

0

sin
t

r
Lr M d

rt

M

i dt I T

I









=

−
=


 Eq. C- 29 

3

2

3
2

t

M
Lr M d

rt

I
i dt I T




= +  Eq. C- 30 

4

3

0 4

t

Lr d

t

i dt I T=  Eq. C- 31 

( )
1

1 1 cos
2 2

s
in M s

r

f
I I T

f


 

 

  
= − + + −  

  
 Eq. C- 32 

Therefore, the voltage conversion ratio from Eq. C- 26, Eq. C- 27, and Eq. C- 32 
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1 cos
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1 cos
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fV I

V I N f

f

 

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 

 −
− + + 

 = =
 −
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 Eq. C- 33 
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Appendix D: Analysis of Boost Multi-resonant Converter 

The resonant inductor Lr is in a loop with both switch S1 and S2 and output voltage. By 

applying Kirchhoff’s Voltage law and and Kirchhoff’s Current Law: 

1 2 1Lr
s s

di
v v

dt
+ + =  Eq. D- 0-1 

1 2
1 2 0

Ns s
s s N

dv dv
i i C I

dt dt
+ + − =  Eq. D- 0-2 

Therefore, the state equations are: 

1
1

s
s Lr x

dv
i i I

dt
+ = +  Eq. D- 0-3 

2
2 0

Ns
Lr s N

dv
i i C I

dt
+ − =  Eq. D- 0-4 

1) Stage 11: 

The Laplace transform of the state equation Eq. D- 0-5 is shown in Eq. D- 0-6. The time 

domain state equation of the resonant inductor current is shown in Eq. D- 0-7 by inverse 

Laplace transform of Eq. D- 0-6.  

1=
dt

di N

Lr

 

Eq. D- 0-5 

_

1
( )Lr Lr nnsi s I

s
− =  Eq. D- 0-6 

_( )N

Lr r Lr nni t t I= +
 

Eq. D- 0-7 
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2) Stage 10: 

The Laplace transform of state equations Eq. D- 0-8 and Eq. D- 0-9 are shown by Eq. D- 

0-10 and Eq. D- 0-11.   

N

N

s

Lr v
dt

di

2
1−=

 

Eq. D- 0-8 

 

Eq. D- 0-9 

_ 2

1
( ) ( )Lr Lr nf ssi s I v s

s
− = −  Eq. D- 0-10 

2 2_( ) ( )s s nf Lrsv s V i s− =  Eq. D- 0-11 

 

By solving equation Eq. D- 0-10 and Eq. D- 0-11 

2 2_ 2 _

1
( ) ( )s s nf s Lr nfs sv s V v s I

s
 − + = +   Eq. D- 0-12 

( )_

2 2_2 2

1
( ) 1

1 1

Lr nf

s s nf

I s
v s V

s s s
= + + −

+ +
 Eq. D- 0-13 

2_

_

( )1
( )

s nfLr
Lr Lr nf

Vi s
si s I

s s s
− = − −  Eq. D- 0-14 

( ) ( ) ( )
_ 2_2 2 2

1 1
( )

1 1 1
Lr Lr nf s nf

s
i s I V

s s s
= − −

+ + +
 Eq. D- 0-15 

 

N

N

Lr

s i
dt

dv
=2
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The inverse Laplace transform of Eq. D- 0-13 and Eq. D- 0-15 

( )
_ 2 _

( ) cos 1 sin
Lr Lr nf s nf

N N N

r ri t I t V t = + −
 

Eq. D- 0-16 

( )
2 _ 2 _
( ) 1 sin 1 cos

s Lr nf s nf

N N N

r rv t I t V t = + + −
 

Eq. D- 0-17 

3) Stage 00: 

The Laplace transform of the state equations Eq. D- 0-18, Eq. D- 0-19 and Eq. D- 0-20 

1 21Lr

N

N N

s s

di
v v

dt
= − −  Eq. D- 0-18 

( )1

0

1
s

Lr

N

N N

N

dv
i I

dt C
= −

 

Eq. D- 0-19 

N

N

Lr

s i
dt

dv
=2

 

Eq. D- 0-20 

_ 1 2

1
( ) ( ) ( )Lr Lr ff s ssi s I v s v s

s
− = − −  Eq. D- 0-21 

0
1 1_

1
( ) ( )

N

s s ff Lr

N

I
sv s V i s

C s

 
− = − 

 
 Eq. D- 0-22 

2 2_( ) ( )s s ff Lrsv s V i s− =  Eq. D- 0-23 

By solving equation Eq. D- 0-21, Eq. D- 0-22 and Eq. D- 0-23 

1_ 2_0
_

1 1 1
( ) ( ) ( )

N
s ff s ff

Lr Lr ff Lr Lr

N

V VI
si s I i s i s

s C s s s s s

 
− = − − − − − 

 
 Eq. D- 0-24 
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1_ 2_ 0 _2

1 1 1 1
( ) 1 N

Lr s ff s ff Lr ff

N N

i s s V V I I
C s s s C s

 
 + + = − − + +   

 
 Eq. D- 0-25 

Where 

2

2

11 1 1
1

1

N

N N

C
s s

C s s C s

s
s



 +
+ + = + 

 

 
= + 

 

 Eq. D- 0-26 

( )
1_ 2_ 0 _2 22

1 1 1
( ) 1 N

Lr s ff s ff Lr ff

N

s
i s V V I I

s C ss s 
 = − − + + + ++

 Eq. D- 0-27 

The inverse Laplace transform of Eq. D- 0-25 
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( ) 1 cos

1

1
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1
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s ff s ff
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r

N N
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r
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


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Eq. D- 0-28 
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Appendix E: MPPT Control Code 

#include <Stdlib.h> 

#include <String.h> 

#include <math.h> 

#include <Psim.h> 

 

// PLACE GLOBAL VARIABLES OR USER FUNCTIONS HERE... 

 

double v; 

double oldv; 

double dv; 

 

double p; 

double oldp; 

double dp; 

 

double counter;  // frequency 

double light; 

 

double outputcounter = 100; //no of steps during ON time 

 

double max = 400;//Maximum switching frequency 

double min = 150;//Minimum switching frequency 

 

double x = 0.2; 

double a = 0; 

double d=0.5; // d is the duty ratio 

 

 

 

// FUNCTION: SimulationStep 

//   This function runs at every time step. 

//double t: (read only) time 

//double delt: (read only) time step as in Simulation control 

//double *in: (read only) zero based array of input values. in[0] is the first node, in[1] second 

input... 

//double *out: (write only) zero based array of output values. out[0] is the first node, out[1] 

second output... 

//int *pnError: (write only)  assign  *pnError = 1;  if there is an error and set the error message in 

szErrorMsg 

//    strcpy(szErrorMsg, "Error message here...");  

// DO NOT CHANGE THE NAME OR PARAMETERS OF THIS FUNCTION 

void SimulationStep( 

  double t, double delt, double *in, double *out, 

   int *pnError, char * szErrorMsg, 

   void ** reserved_UserData, int reserved_ThreadIndex, void * reserved_AppPtr) 

{ 
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v = in[0]; // Read in PV voltage 

i = in[1]; // Read in PV current  

if (outputcounter >= a) 

{ 

p = v*i; // Calculate PV power 

oldp = oldv*oldi; // Calculate PV power from previous cycle 

dp = (p-oldp); // Calculate the change in PV power 

dv = (v-oldv); // Calculate the change in PV voltage 

 

if (p > oldp) 

{ 

if( (p - oldp) < p/(counter*100)) 

{ 

counter = counter; 

outputcounter = 1; 

} 

else 

if (dv>0) 

{ 

if (counter >=max) 

counter = max; // set switching frequency to allowable maximum limit 

else 

counter = counter + x; 

} 

else 

{ 

if (counter <= min) 

counter = min;  // set switching frequency to allowable minimum limit 

else 

counter = counter - x; 

} 

outputcounter = 1; 

} 

else 

{ 

if( (oldp - p) < p/(counter*100)) 

{ 

counter = counter; 

outputcounter = 1; 

} 

else 

if (dv<0) 

{ 

if (counter >= max) 

counter = max;// set switching frequency to allowable maximum limit 

else 

counter = counter + x; 

} 

else 
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{ 

if (counter <= min) 

counter = min;// set switching frequency to allowable minimum limit 

else 

counter = counter - x; 

} 

outputcounter = 1; 

} 

outputcounter = 1; 

out[0]=1; 

out[2]=counter; 

a = (1/((counter)*1000))/(0.01/(10*10*10*10*10*10));//convert switching frequency to time 

steps 

oldv = v;//save state voltage for next cycle 

oldi = i;//save state current for next cycle 

} 

else 

{ 

d=1-(toff*/(1/((counter)*1000)));//calculate duty ratio for constant off time 

if(outputcounter <= a*d) 

out[0] = 1;//output signal 

else 

out[0] = 0;//output signal 

outputcounter = outputcounter+1; 

out[2] = counter; 

} 

} 
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Appendix F: Printed Circuit Board (PCB) Layout from Altium 

 

 

Figure E-1 PCB layout for ZVS-QR Cuk-Cuk converter 
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Figure F-2 PCB layout for PV-battery integrated converter for regulated grid 
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Figure F-3 PCB layout for PV-battery integrated converter for unregulated grid 
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Appendix G: Experimental Setup 

 

Figure G-1: Experimental setup 

 

 


