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ABSTRACT 
 

Electric vehicles (EVs) are very efficient, cheap, and cause less pollution to environment that 

internal- combustion (IC) engine base vehicles. As EVs are gaining lot of popularity globally 

so it becomes very important to standardize its infrastructure. This paper summarizes the 

various charging standards followed by different country regions globally and focuses the 

standards adopted by India. As of now, every standard identified with charging infrastructure 

depend on the European ambient conditions. As India being a tropical country, subsequently 

settling the EV charging standards, vehicle adoption pattern and India's encompassing 

temperature will become basic contemplations. Therefore, India has followed and modified 

various other standards to comply with Indian conditions 

This research work introduces the designing of bidirectional two-stage, on-board 

electric vehicle (EV) charger’s controller. As with the growing trend of EVs, their widespread 

use may compromise grid quality, leading to the demand for a stable, simple, and better control 

system. However, some controllers provide sluggish responses and fail to compensate for 

harmonics. Therefore, to mitigate the grid current harmonics, repetitive controller (RC) has 

been analyzed. Within a specified integer period, the RC may accomplish zero steady-state 

error tracking of any periodic signal. However, the performance of conventional RC degrades 

when grid frequency varies within the permissible range. Therefore, a Lagrange interpolating 

polynomial-based fractional-order RC has been implemented with a fixed sampling rate to 

enhance its performance during frequency fluctuations. The PLL estimated frequency has been 

fed back to update the controller's resonant frequency, and the fractional delay is approximated 

using a Lagrange interpolating polynomial. The proposed controller has been designed within 

a MATLAB environment. Its performance has also been tested in a real-time experimental setup 

using OPAL-RT (4510). 
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Chapter 1 

INTRODUCTION           

 

1.1 IC engine vs Electric Vehicle 

With the increasing population, engine-based vehicle use may become 2.5 billion by 2050, 

which may lead to a shortage of fossil fuels and cover all the cities with extreme air 

pollution [1]. To limit this, a paradigm shift in perspective is needed for maintainable 

vehicle; it implies the utilization of low or zero discharge vehicles, most extreme usage of 

public vehicles, utilization of sustainable power source. 

Electric vehicles (EVs) are the best example of sustainable transportation. Its 

contribution in world’s transportation sector to remove the harmful emissions is increasing 

day by day. Electric vehicles are the best replacement of internal- combustion (IC) engine-

based vehicles for addressing enhancement in pollution, global warming, depleting natural 

resources etc. As gasoline, which is petrol, diesel, compressed natural gas (CNG) can be 

used as a fuel in vehicles. There are various types of pollutants and greenhouse gases are 

released as emission from vehicles which becomes a reason for smog, and air pollution. 

The particulates released in the combustion cycle are in range of micrometers. Due to small 

size these cannot be filtered out by human nose/throat and effects heart or lungs after 

entering the body [2]. 

However, in terms of efficiency, an EV has higher energy efficiency. If fuel tank is 

compared to vehicle efficiency, an IC engine-based vehicle has 16% efficiency. Whereas 

an EV and fuel cell electric vehicle (FCEV) provides 72% and 40% efficiency respectively 

at the wheels if the starting source is taken as 100% [3]. 

Despite of so many benefits of EV, there are some issues that need to be considered 

are limited driving range, high costs, battery life issues and charging. It is found that 

driving range go down by 41% when the temperature dropped to 20⁰ Fahrenheit [4]. 

However, the driving range can be extended by increasing the energy levels of battery 

pack, but it can be increased only up to a certain size and mass to achieve good results. 

Charging infrastructure is also a problem for EVs, a smaller number of charging station 

are built as compared to gas stations.  



2 

 

 
 

 

1.2 Electric Vehicle Technology 

Hybrid electric vehicles (HEVs) and all-electric cars (AEVs) are the two basic types 

of EVs. AEVs have only electric motors that are powered by electricity [5]. AEVs are 

further divided into two types: battery electric vehicles (BEVs) and fuel cell electric 

vehicles (FCEVs). There is no need for an external charging system with an FCEV. A 

BEV, on the other hand, relies solely on grid electricity to charge its storage unit. A plug-

in hybrid electric vehicle (PHEV) is a type of HEV that can recharge its battery from the 

grid. 

 

Fig.1.1. Classification of Electric Vehicles 

BEVs and PHEVs are referred to as EVs in this study. Fig.1.1. depict the classification of 

various types of electric vehicles, while Fig.1.2. depicts the power flow from the energy 

source to the wheels. As illustrated in Fig. 1.3 [6], the EV consists primarily of three 

electric components: an electric motor with gearbox, an energy storage system (battery), 

and a power electronics converter for battery charging and motor driving. To solve the 

problem of a limited driving range Fast EV charging are required in electric vehicles [7]. 

On-board and off-board charging are the two forms of charging [8]. OFF board chargers 

are outdoor chargers and are put outside, whilst ON board chargers are positioned inside 

the automobile. Two-stage or single-stage EV chargers are available [9]. 
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Fig.1.2. Flow of power in EVs (a) PHEV (b) BEV 

Charger with only one stage only has one power conversion step, which is AC to 

DC. The grid is linked to the AC side, while the battery pack of vehicle is connected to the 

DC side [10]- [11]. Dual-stage EV chargers, on the other hand, are made up of two back-

to-back coupled power conversion stages, such as AC-DC and DC-DC converters [11]. 

The second-stage DC-DC converter lowers battery ripple and offers galvanic isolation 

between the grid and the battery pack. A DC-DC stage between the battery and the AC-

DC conversion stage is recommended from the perspective of battery life. 

 

Fig.1.3. Typical architecture of an Electric Vehicle 
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The adoption of a DC-DC stage, on the other hand, will raise the hardware cost, as 

well as the efficiency and component count. Furthermore, as compared to two-stage 

chargers, single-stage chargers have a lower control complexity, but they must have a 

greater DC link voltage than the AC side voltage amplitude. However, in line with battery 

characteristics, the EV charger achieves the required voltage level through a two-stage 

conversion. 

1.3 BACKGROUND 

The main enabling technology for renewable energy source management and load 

integration is power electronics [13,14]. Smart power electronic systems with high 

efficiency can accurately convert, regulate, and condition electricity [15]. Grid converters 

(power electronic interfaces) enable large penetration of distribution grids (DGs) into 

electrical grids [16–19]. Grid converters have a wide range of power conditioning 

capabilities. Power distribution networks may be changed into flexible, interactive, 

bidirectional smart grids that distribute electricity more effectively with more grid 

converter interfaced DGs. 

As the popularity of electric vehicles grows, their high penetration on the power 

distribution grid can lead to catastrophic issues such as excessive fault current, 

induces harmonic, phase difference, frequency, and voltage deviations. As EVs are 

nonlinear load on the grid, a variation in power generation and consumption might cause a 

frequency divergence in the system. Furthermore, the power converters used in EV 

charging systems might emit harmonics. These produced harmonics can increase power 

losses, device failure, and system instability [3]. As a result, to overcome the 

aforementioned issues, grid converters require high-performance control techniques to 

regulate voltage, current, and frequencies, assuring robustness, minimal steady-state error, 

preserving fast transient response, yet being practical. To meet system requirements, power 

electronics converters must use high-performance control techniques to manage voltages, 

currents, and/or frequencies with minimal steady-state error while preserving fast transient 

response, ensuring resilience, and being practical in practice. In other words, high-

performance control techniques must be precise, stable, fast, and easy to execute. Because 
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the system's fundamental electrical signals (voltage and current) are periodic ac signals, an 

associated control challenge is how to precisely follow periodic ac signals. 

Various control techniques, such as synchronous-frame proportional-integral [20], 

sliding mode control [21], predictive control [22], and hysteresis control [23], have been 

created with the advent of fast switching power devices, microcontrollers, digital signal 

processors (DSPs), and control strategies in EVs. Synchronous-frame PI controller is best 

suited for three-phase converters and can only regulate sinusoidal fundamental frequency 

signals. The performance of a predictive controller is susceptible to uncertainties and 

disturbances, and it is entirely reliant on an accurate model. Sliding mode and hysteresis 

control's erratic switching patterns can make low-pass filtering difficult, and switching 

devices and microprocessors might be stressed. As a result, these control techniques fail to 

provide a sufficient power converter control solution.  

The Internal Model Principle (IMP) was developed by Francis and Wonham in the 

1970s and asserted that complete asymptotic rejection/tracking of a persistent input 

could only be achieved by reproducing its signal generator (internal model) in a stable 

feedback loop [24–26].  To assess the effect of a system command, the internal model 

simulates the system's (plant) response. The IMP is used in both the Repetitive Controller 

(RC) and the Resonant Controller (RES). The feedback control scheme of IMP-based 

controllers is modified to achieve zero steady-state tracking error of the reference signal in 

three sorts of scenarios. 

These are: 

• When the goal is a periodic (command or reference) signal. 

• When the goal is to cancel or reject periodic disturbance and obtain constant dc 

output in case where the desired output signal is constant but there is a periodic 

disturbance. 

• When the desired output and the disturbance signal have the same frequency and 

the goal is to produce a zero steady-state tracking error of a periodic reference in 

the presence of periodic disturbance. 

Any periodic signal may be broken down into its fundamental frequency and an infinite 

number of harmonic components. We can compute the steady state frequency response to 
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each of these frequencies using traditional control approaches. However, because infinite 

harmonic frequencies are not practicable to accommodate, a compromise is made and zero 

steady-state error is only obtained up to a certain cutoff frequency, generally the Nyquist 

frequency. With zero steady-state error, RC and RES can perfectly track/reject periodic 

reference/disturbance waveforms. The internal model principle based periodic control 

techniques (RC & RES) provide potential high performance control approaches for grid 

converters since the grid electrical variables (voltage and current) are periodic. Grid 

converters are frequently controlled using periodic control schemes (RC & RES). 

By incorporating the generator in a closed-loop system, a resonant controller may 

accomplish precise tracking of a sinusoidal signal based on the IMP [26]. A parallel 

combination of Multiple Resonant Controllers (MRES) can be utilized to remove 

corresponding harmonics to minimize Total Harmonic Distortion (THD) [27, 28]. Because 

of the parallel construction, MRES may have independent gain for each resonant control 

component, resulting in a very quick transient response. However, MRES may generate a 

severe calculation burden and parameter tuning problem if the number of resonant control 

components is considerable [27]. RES has been a common current regulator for grid 

converters due to its simplicity and efficacy [49-33]. 

 RC may also regulate periodic waveform signals with zero steady-state error using 

the IMP but with a poor dynamic response. On the other hand, RES, on the other hand, is 

fast but only eliminates single-frequency components [27, 28]. At all harmonic frequencies, 

RC is comparable to a parallel combination of a PI controller and RES components [27, 28, 

29]. By delivering the same yet very high gains at all harmonic frequencies, these RES 

components enable RC to reject all harmonics (also called resonant frequencies). Because 

of its recursive nature, RC uses far less computing power than MRES. On the other hand, 

RC systems, on the other hand, cannot have an optimal transient response since the gains 

for all RES components of RC are identical. 

Because the control gain at all harmonic frequencies is the same, RC generally 

produces substantially slower transient response than MRES. Selective Harmonic Control 

(SHC) was developed to govern the featured n ± mk order harmonics of grid converters in 

order to provide a good trade-off between accuracy but sluggish RC and high computational 
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burden but rapid RSC. Selective harmonic RC (SHC) is another name for SHC, which is 

compatible with RC. Grid converters are controlled using periodic control techniques such 

as RC, RSC, and SHC [27]. 

1.4 PROBLEM STATEMENT AND MOTIVATION 

The discrete domain is used to create repetitive control in most applications. That is, 

computations are only conducted at specific times (e.g., at Ts, 2Ts, 3Ts, etc.) and the signal 

created by the repeating controller is a discrete time periodic signal. It is necessary that the 

sampling frequency (fs = 1/Ts) and the reference signal frequency (f) be integers in order 

for the number of samples per reference signal period to be an integer. Because of the 

intermittent DG systems, the frequency of the electrical power system is growing more and 

more variable. As a result, in the case of grid connected converters, the sampling frequency 

to grid frequency ratio cannot always maintain an integer value, because the grid frequency 

varies owing to a brief imbalance between load and produced power, and among 

many other things. In India, practically, grid frequency varies within a specific range, i.e., 

49 Hz to 51 Hz. When frequency fluctuates due to brief fluctuations, system operators 

restore the frequency to the usual band as soon as practically possible, taking into account 

all of the factors surrounding the fluctuation [34]. The sampling to reference frequency 

ratio might become non-integer due to the typical frequency band and transient changes. 

The non-integer samples would cause a repetitive controller's resonant frequencies to stray 

from the grid frequencies (fundamental and harmonics). That is, RC cannot precisely 

monitor or reject grid frequency periodic signals. Grid converters pump inter-harmonic 

currents into the grid as a result, causing power-flow oscillations. A non-integer number of 

samples per period affects electricity quality and may possibly jeopardize grid operation.  

Variable sample rate RC or RES can be utilized to prevent the issue caused by changing 

grid frequency. However, due to its complexity and other factors, the variable sampling 

rate approach is rarely employed. According to preliminary study, fractional-period 

repetitive control technology may successfully handle fractional-period or variable 

frequency periodic signals. [35] proposes an adaptive repetitive control for tracking a 

variable period signal with a fixed sample time. For three-phase grid inverters, Rashed et 

al. [33] developed a technique that employed estimated grid frequency to adaptively update 
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the RC period and RSC resonant frequency, while interpolation was used to retain the RC 

rejection ability under non-integer samples per period. Fractional delay-based repetitive 

control techniques, on the other hand, can be utilized, where a fractional delay low pass 

filter is used to simulate the internal model (signal generator) of fractional-period signals 

[36,37]. To develop fractional delay low-pass filters, the Lagrange interpolation approach 

was utilized. 

1.5 OBJECTIVE  

This thesis contributes to the topic of “Discrete RC based frequency adaptive controller 

for EV charger”. In the research work, primarily two-stage On-board electric vehicle 

charger has been simulated using repetitive control structure. The computational results 

illustrate that RC systems are unable to regulate a changing frequency reference signal 

because the steady-state tracking error is quite large. As a result, the goal of this study is to 

create sophisticated periodic control technology to cope with time-varying periodic signals, 

allowing grid converters to precisely track periodic voltages or currents for improved power 

quality and power conditioning. The controllers of electric vehicle chargers were evaluated 

in four distinct modes, including charging/discharging and reactive power compensation. 

All suggested control techniques' performance has been simulated and tested in a 

MATLAB/Simulink environment. Its performance has also been tested in a real-time 

experimental setup using OPAL-RT (4510).  

1.5 OUTLINE OF THESIS 

As stated previously, the primary goal of the thesis is to develop a battery voltage 

equalization, which involves a thorough examination of the architecture and modes of the 

proposed topology, switching mechanism, and control strategy. The thesis is organized as 

follows: 

Chapter-1: This chapter provides the reader with an introduction of Electric Vehicle 

technology and background on the importance of control structure. The various issues 

happen on the grid. 

Chapter-2: This chapter elaborates the EV charging standards followed by various 

countries. It also covers the major charging standard and safety consideration followed in 

India in detail. 
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Chapter-3: This chapter includes the architectural study of the EV two-stage on-board 

charger in detail along with the operating modes. It also detailed about the dual- loop 

control strategy. A PI-based EV charger controller has been developed and analyzed. 

Chapter-4: Fundamental of RC has been explained in this chapter in detail. The stability 

of the RC system has also been analyzed. An RC based control structure for EV charger has 

been developed and detailed analysis of the performance of repetitive control scheme under 

variable grid frequency has been done. 

Chapter-5: This chapter deals with the fractional order RC control strategy. It presents 

contribution to the design of Fractional Order Repetitive Controller (FORC) and stability 

analysis of FORC controlled systems. 

Chapter-6: This chapter validates the result of frequency adaptive RC. Both simulation 

and experimental results has been verified.  

Chapter-7: This chapter summaries the contributions of this thesis and highlights potential 

future research opportunities. 
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Chapter 2 

ELECTRIC VEHICLE CHARGING STANDARDS IN INDIA AND 

SAFETY CONSIDERATION 

 

2.1 INTRODUCTION  

With increasing population, engine-based vehicle use may become 2.5 billion by 

2050 which may lead to the shortage of fossil fuels and may covered all the cities with 

extreme air pollution [1]. To limit this, a paradigm shift in perspective is needed to 

maintainable vehicle it implies utilization of low or zero discharge vehicles, most extreme 

usage of public vehicle, utilization of sustainable power source. 

Electric vehicles (EVs) are the best example of sustainable transportation. Its 

contribution in world’s transportation sector to remove the harmful emissions is increasing 

day by day. Electric vehicles are the best replacement of internal- combustion (IC) engine-

based vehicles for addressing enhancement in pollution, global warming, depleting natural 

resources etc. As gasoline, which is petrol, diesel, compressed natural gas (CNG) can be 

used as a fuel in vehicles. There are various types of pollutants and greenhouse gases are 

released as emission from vehicles which becomes a reason for smog, and air pollution. 

The particulates released in the combustion cycle are in range of micrometers. Due to small 

size these cannot be filtered out by human nose/throat and effects heart or lungs after 

entering the body [2]. 

However, in terms of efficiency, an EV has higher energy efficiency. If fuel tank is 

compared to vehicle efficiency, an IC engine-based vehicle has 16% efficiency. Whereas 

an EV and fuel cell electric vehicle (FCEV) provides 72% and 40% efficiency respectively 

at the wheels if the starting source is taken as 100% [3]. 

Despite of so many benefits of EV, there are some issues that need to be considered 

are limited driving range, high costs, battery life issues and charging. It is found that driving 

range go down by 41% when the temperature dropped to 20 degrees Fahrenheit [4]. 

However, the driving range can be extended by increasing the energy levels of battery 

pack, but it can be increased only up to a certain size and mass to achieve good results. 
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Charging infrastructure is also a problem for EVs, a smaller number of charging station are 

built as compared to gas stations. 

Generally, EV has battery pack with Li-ion cells and to charger this pack, three 

types of charging Levels are utilized i.e., level 1, level 2 & level 3. Level 1 is slow charging 

corresponds to supply voltage of 110V–120 V while level 2 (semi-fast) is of 220V–240 V 

and level 3 (fast) or DC fast charging (DCFC) is of 200V–800 V [1]. On-board battery 

chargers (OBC) are restricted by size, weight, and volume for this reason they are typically 

viable with level 1 (supports 110- 120V) and level 2 (220-240V) chargers. The level 3 

(200- 800V) charger requires high charging voltage and current, therefore it cannot be 

installed onto the vehicle as it is higher in weight and requires larger space [38]. 

As EVs are evolving globally, it becomes essential to standardize the related aspects for 

the uniform operation. ISO i.e., International Organization for Standardization is among 

the EV charging component standardization organizations that deals with EVs 

standardization and the rest works on the specification of component level [2]. Every 

country follows different standards like society of automotive engineers (SAE), institute 

of electrical and electronics engineers (IEEE), international electrotechnical commission 

(IEC), Guobiao (GB/T) and CHAdeMO. The USA follows IEEE standards where IEC 

standards is utilized by Europe. The CHAdeMO standards is followed by Japan. Whereas 

the IEC and SAE are mostly used standards in worldwide [39,40,41]. 

The EV charging standards used in India are AC-001 specified by Indian standard 

(IS): 17017 and DC-001 specified by IS: 17017-1 for low voltage EV applications. India 

is in the stage of developing the EV standards for medium as well as high voltage 

applications. Whereas right now India is using IEC standards for AC high voltage charging 

and SAE/CHAdeMO for DC high voltage charging applications [42,43,44]. 

With the global regulatory landscape dynamic evolvement, the standardization of charging 

infrastructure is very crucial and with this electrical safety is a key concern. Safety, 

compatibility, and performance are three basic regulation aspects. In India, some safety 

regulations of international and national standard are taken up by Indian agencies like 

automotive industry standards committee (AISC) for featuring the need of harmonization 

[45]. This chapter discusses about the international standards for EV charging and further 
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focus on charging standards used by Indian organizations and safety requirements. 

2.2 CHARGING POWER LEVEL AND INTERNATIONAL STANDARDS 

Gas and diesel-based vehicles have been in existence for more than 100 years, and the 

business has built up a vigorous refueling foundation for the help of billions of vehicles. 

Nonetheless, with the new ascent in emerging trends of electric vehicles, new "refueling" 

methods are developing practices. The three EV charging levels i.e., level 1, level 2 & level 

3 (DCFC) are summarized in table I. 

Table I 

SUMMARY OF CHARGING LEVELS STANDARDS FOR ELECTRIC 

VEHICLES. 

Charging 

Specification 

Level 1 Level 2 Level 3 (DCFC) 

Voltage    120 V AC 

@60Hz 

240 V AC 

@60Hz 

2 

00-800V D.C 

    Current (A) 15 40 60 

    Charge Time Up to 20 

hrs. 

Up to 7 hrs. Up to 30 min 

Vehicle Charge Port Nema 515, 

Nema 520 

SAE J1772, 

Nema 1450, 

Nema 6-50 

CHAdeMO, SAE 

Power Equivalent Toaster Clothes 

dryer 

15 Central A.C. 

Installation Self Professional Professional 

 

Level 1: The basic EV charging level is Level 1 charger. It is charged from a 

standard 120 V household outlet, which gives around 4 to 5 miles of reach in one hour of 

charging. Most of EV producers incorporate Level 1 EVSE cord set, therefore no extra 

charging hardware is required. A totally drained EV battery requires around 20 hours to 

fully re-energize [3]. Level 1 charging is for the most part kept to North, South and Central 
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America, Europe and a large part of the world uses a 220 V inventory framework. Around 

500-880 USD installation cost is required for this type of charging method. 

Level 2: Level 2 charging equipment utilizes 220 V supply system private or 208 V 

for an outside charging station [3]. A 3.3 KW on-board charger gives around 15 miles of 

travelling in an hour of charging. However, a 6.6 KW on-board charger gives around 30 

miles of travel in same time span of charging. Level 2 EVSE uses gear explicitly intended 

to give speed up recharging and requires proficient electrical establishment utilizing a 

devoted electrical circuit. Around 1000-3000 USD establishment cost is required for Level 

2 charging system. 

Level 3 OR DCFC: The Level 3 charging system requires 480 V AC supply system. 

This type of charger gives around 80-100 miles of travelling in 20-30 minutes of charging. 

The DCFC converts AC supply into DC and then DC supply is sent directly to EV battery 

pack. This level of charging is suitable only for commercial usage not for residential 

locations. The executing cost is between 30000-160000 USD. The summary of all 

charging levels is listed in Table I. 

2.3 Electric Vehicle Charging Standards 

There are a few guidelines accessible globally which manage EV charging 

foundation. Fig.2.1 shows the country region and their EV charging standard organization. 

The SAE and IEEE standards are utilized in USA. based makers while IEC is limitlessly 

utilized in Europe. Japan and China have their own EV charging norms named CHAdeMO 

and Guobiao (GB/T) standard respectively. Guobiao (GB/T) standard given by the 

Standardization Administration of China and Chinese National Committee of ISO and IEC 

for AC and DC charging. However, GB/T AC charging principles are like IEC norms. All 

these major standards are explained below and summarized in Tables. 

 

Fig. 2.1. EV charging standards followed by various countries. 
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SAE Standards: The SAE international have 128,000 members from over 100 

nations. This standard for Level 1 and level 2 EVSE is accommodated onto the vehicle. 

Whereas for fast DC charging it should be outside the vehicle. The SAE worldwide 

coordinates the advancement of technical standards based on best practices 

distinguished and portrayed. They developed the EV charging standards for both AC 

and DC supply system. SAE: J1772 discuss all the equipment ratings for EV charging 

includes circuit breaker, current rating of charging voltage and so on. The voltage and 

current ratings of AC and DC charging system according to SAE: J1772 are listed in 

Table II and III respectively [46]. 

Table II 

SAE AC CHARGING LEVELS 

Charging 

System 

Supply 

System 

Maximum 

Current 

(A) 

Branch 

Circuit 

Breaker 

Rating 

(A) 

Power 

Rating 

(KW) 

AC Level 1 1-φ, 120 V           12          15          1.44 

16 20 1.92 

AC Level 2 1-φ, 

208-240 V 

≤80 AS PER 

NEC625 

           UP TO 

       19.2 

Table III 

SAE DC CHARGING LEVELS 

DC Charging 

System 

     EVSE DC 

Output Voltage (V) 

    Maximum 

Current (A) 

    Power                 

Rating (kW) 

 Level 1 200-450 80 36 

 

Level 2 

 

200-450 

 

200 

 

90 

 

Level 3 

 

200-600 

 

400 

 

240 
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IEC Standards: The IEC is a non-benefit, non-administrative worldwide norms 

association that prepares International Standards for electrical, electronic, and related 

technologies. The IEC: 62196 is an international standard for plugs, sockets outlet, 

electrical connectors, and vehicle inlet for EVs. [3]. Moreover, a Combined Charging 

system (CCS) is developed which have combo 1 and 2 connectors. These connectors are 

the extension of IEC: 62196 type 1 and 2 connectors with additional DC contacts for high 

power up to 350 KW DC fast charging. IEC defines the power levels in Modes as 

summarized in Table IV [47]. 

Table IV 

IEC-62196 SUMMARY 

Source Mode Voltage 

(V) 

Supply System Maximum Current 

(A) 

AC Mode 1 240 1-φ 16 

Mode 2 240 1-φ 32 

Mode 3 415 3-φ 250 

DC Mode 4 600 DC 400 

 

IEEE Standards: The IEEE is world's biggest specialized proficient affiliation 

devoted to propelling innovation to support humankind. The IEEE Standard 2030.1.1TM-

2015 explains fundamental interoperability and characterizes prerequisites for the plans of 

EVs and DC fast chargers. The IEEE: 2030.1.1 is for fast DC charging of EVs [4]. IEEE: 

1547 summarized “Standards for interconnecting distributed resources with electric power 

systems.” It is pertinent for all Distributed Energy Resources (DER) technologies with an 

aggregate limit of 10 MVA, covers necessities applicable to the performance, operation, 

testing, safety contemplations and maintenance for DERs interconnection, and emphasizes 

on the establishment of DERs on primary and secondary networks distribution systems. 

[48] 

CHAdeMO Standards: The CHAdeMO Research and Development began in 2005 

determined to build up a public foundation of quick chargers that empowers individuals to 
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drive EVs. The principal business CHAdeMO charging foundation was appointed in 2009 

and CHAdeMO was distributed as IEC standard in 2014 (IEC: 62196-3 arrangement AA 

for connector and IEC: 61851-23 for charging framework). Around the same time, 

CHAdeMO was published as European Committee for Electrotechnical Standardization, 

followed by the distribution as IEEE Standard 2030.1.1TM-2015. CHAdeMO is for DC 

fast charging delivering up to 400 kW by 400 A, 1000 V DC [49]. 

GB/T: The Standardization Administration of China (SAC) issued Chinese 

national standards i.e., GB standards. The GB/T:  20234 specifies about the general 

requirements for conductive charging of EVs i.e., the specifications of plugs, socket-

outlets, vehicle couplers and vehicle inlets [50]. 

 2.4 APPLICATION OF EV CHARGING STANDARDS  

Various nations adhere to various charging standards. The major contrast among 

these charging principles is of ports/connectors plan. To avoid the charging standards 

conflicts manufactures are attempting to concoct a typical charging connector contention. 

In the USA, SAE: J1772 connectors can be used for AC as well as DC charging ability. 

Tesla has manufactured its own connector that additionally upholds both AC as well as DC 

quick charging. Tesla additionally has planned a connector for other vehicle models, which 

changes over SAE: J1772 connectors to empower them by Tesla supercharging stations. 

 

(a) 

 

Country AC Charging 

Ports 

USA 
SAE: J1772 

level 1, 2 (1-φ) 

JAPAN 
SAE: J1772 

level 1, 2 (1-φ) 

DC Charging 

Ports 

● SAE: J1772 level 

1+DC 

● SAE: J1772 level 

2+DC combo 

JEVS G105-1993, 

CHAdeMO fast 

charging 

EU 

● IEC: 62196, level 1 

(1-φ) 
● IEC: 62196-2, level 

2 & 3 (1 & 3-φ) 

IEC: 62196-2, level 2 

& 3 (1 & 3-φ) 

IEC: 62196-3, hybrid 

combo 

CHINA 
GB/T: 20234.3-2011 

DC fast charging 

INDIA IEC: 60309 female 

connector 

GB/T: 20234.3-2011 

DC fast charging 
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(b) 

Fig. 2.2. (a) AC and DC charging ports (b) AC and DC charging connectors, followed by 

different countries. 

A “combo,” charging connector is used in Europe. This combo has separate DC 

charging pins added with the existing AC chargers’ connectors. EV & charging hardware 

producers are attempting to homogenize the charging standards and accompany a 

widespread arrangement of the EV charging gadget. Fig.2.2 (a) and (b) shows charging 

ports and connectors respectively of various standards individually for both AC and DC 

charging. 

2.5 OVERVIEW OF CHARGING STANDARDS IN INDIA  

In India, light vehicle category of EV is widely adopted, with more modest battery 

pack and lower power prerequisites. As of 2017, 2-wheeler (2W) and 3-wheeler (3W) 

represented 99% of the aggregate EVs in India, with 3-wheeler assessing 78% (17.5 lakhs) 

and 2-wheeler assessing 21% (4.75 lakh). So, it is necessary to characterize the standards 

for category of EVs. 

The connectors between EV and EVSE, particular of communication conventions 

and characterizing the level of voltage/current are prerequisites for standardization. India 

is expecting to deploying a modular charging infrastructure giving all the accessible 

 

Country AC Charging 

Ports 

USA 
SAE: J1772 

level 1, 2 (1-φ) 

JAPAN 
SAE: J1772 

level 1, 2 (1-φ) 

DC Charging 

Ports 

● SAE: J1772 level 

1+DC 

● SAE: J1772 level 

2+DC combo 

CHAdeMO DC fast 

charging 

EU 

● IEC: 62196, level 1 

(1-φ) 
● IEC: 62196-2, level 

2 & 3 (1 & 3-φ) 

IEC: 62196-2, level 2 

& 3 (1 & 3-φ) 

IEC: 62196-3, 

hybrid combo 

CHINA 
GB/T: 20234.3-2011 

DC fast charging 

INDIA IEC: 60309 male 

connector 

GB/T: 20234.3-2011 

DC fast charging 
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alternatives like Bharat chargers, CHAdeMO & CCS to EV users. Primary requirement for 

standardization includes defining the level of voltage/current and finding connectors 

between the EV and EVSE. 

A committee on standardization of protocol for EV formed by the ministry of heavy 

industries in late 2017. On the basis of voltage and charging time, they framed draft 

standards for charging stations named as Bharat EV charger-AC001 (BEVC- AC001) and 

Bharat EV charger-DC001 (BEVC-DC001). In India, bureau of Indian standards (BIS) 

drafted IS:15886 for standardization of EVs and hybrid electric vehicles (HEVs) and their 

components. 

The automotive research association of India (ARAI) also drafted some of the 

standards which includes automotive industry standard (AIS)-138. It is for DC charging 

system by existing international standards which includes IEC: 61851-1 specifies general 

requirements, IEC: 61851-23 is for charging station of EVs and IEC: 61851-24 is for digital 

communication [5]. The AIS: 102 (Part 1 and 2) and AIS: 123 include central motor 

vehicles rules (CMVR) type approval for HEVs. Further, AIS: 131 specifies approval 

procedure for EVs and HEVs presented in market for demonstration projects for 

government schemes. 

With the type of EV (2W, 3W, 4W and buses), the design of charger depends on 

battery selection, system architecture and electronics for vehicle. India has adopted BEVC-

AC001 (15 A, KW, IEC-60309 connector) and BEVC-DC001 (200 A, 15 KW, GB/T-

20234 connector) for EVs low voltage applications. Right now, India is in the stage to 

characterize the standards for various, i.e., low or high, voltage applications as shown in 

Fig.2.3 The EV chargers demand for DC-DC converters and inverters is likely to increase 

in near future, going forward. 
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Fig.2.3. Public Charging Characterization of EVs in India 

BEVC-AC001: - The detailed specifications of low voltage AC EV charger are shown 

below. These specifications apply to charge three EVs simultaneously from single phase 

AC supply at 230 V with maximum 15A output current and maximum 3.3 kW output 

power with IEC: 60309 connectors. The global reference to this standard is IS: 12360. 

General Requirements 

• EVSE: AC. 

• Energy Transfer Mode: Conductive mode. 

Input Requirements 

• Input Supply System: AC ,3-φ, 5 wire system (3P+N+PE). 

• Input Voltage: 415 V as per IS: 12360. 

• Input Frequency: 50 Hz (± 1.5 Hz). 

• Failure Backup for Input Supply: For the control system and billing unit minimum 

1 hour battery backup for. During back up time in case battery drains out, data logs 

should be synchronized with CMS (Central management system). 

Output Requirements 

• Number of Ports: 3 
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• Each Output type: 230 V single phase, 15 A as per IS-1- 2360 AC. 

• Output Details: Three independent charging sockets. 

• Output Current: 15 A current each for three vehicles charging simultaneously, 

with IEC: 60309 connectors. 

BEVC-DC001: - This standard gives all the specifications for low voltage DC EV 

charging station [6]. This DC charger works with 3-φ AC input voltage, 415 V. In this, 

the requirements of digital communication between charging station and EV for 

controlling the charging has also been specified. This standard is referred to the IEC: 

61851 Part 1, 23 and GB/T: 20234. 

General Requirements 

• EVSE: Dual- connector DC EVSE. 

• Energy Transfer Mode: Conductive modes. 

• Charging Mode: 4 charging modes. 

• Reliability and Serviceability: Modularity, fault codes, self- diagnostic features, 

and easy field serviceability 

Input Requirements 

• Input Supply System: AC, 3-φ, 5 wire system (3P+N+E). 

• Input Voltage: 415 V as per IS:12360. 

• Input Frequency: 50 Hz (± 1.5 Hz). 

• AC Connector for Supply Side: IEC: 62196 Type 2. 

• Input Supply Failure Backup: For control system and billing unit minimum 1 

hour battery backup. 

Output Requirements 

• Output Details: Apt for 48 V and 72 V vehicle battery configuration. 

• Charger Configuration Type: 

➢  Type 1: 48 V or 72 V for single vehicle charging with maximum power of 10 

KW, or charging at 48 V with maximum 3.3 KW of power for 2W EV. 

➢  Type 2: 48 V for single vehicle charging with maximum power of 10 KW and 

72 V with 15 KW power. 
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• Output Current: 200 A Max. 

• Output Connector: 2 connectors. 

• Compatibility of Output Connector: One connector with GB/T: 20234.3. 

• Communication System: Controlled area network (CAN) between EV-EVSE and 

open charge point protocol (OCPP) between EV-CMS. 

• Converter Efficiency: At nominal output power (> 92 %) 

• Power Factor: At full load (≥ 0.90). 

2.6 SAFETY CONSIDERATION OF EV CHARGING STANDARDS IN INDIA 

With regards to electrical safety, the standardization of charging infrastructure stays 

a vital challenge in a rigorously developing global regulatory landscape. In India, some 

safety regulations of international and national standard are picked up by Indian agencies 

like AISC for featuring the need of harmonization. The AISC is set up by MoRT&H 

(Ministry of Road Transport & Highways) under CMVR-Technical Standing Committee 

(TSC). This committee review about the design, operation safety, construction, and motor 

vehicle’s maintenance. 

Under National Electric Mobility Mission Plan (NEMMP), adoption and 

manufacturing of EV and HEV in India scheme is introduced by Department of Heavy 

Industry, Govt. of India. This will need infrastructure support for AC and DC charging 

stations [45]. Automotive EV application involves both consumer and automotive domains 

for high voltage electrical safety. For drafting the new standards, some of the existing 

standards are considered for the electrical safety around on-board as well as off board 

chargers’ infrastructure. Chargers, power connectors the administrative structure 

concerning electrical and functional safety is grounded by the IS: 13252-2010 standard 

alongside the two later alterations published by the BIS as shown in Fig. 2.4(a) [40]. 
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(a) 

 

(b) 

Fig.2.4. (a) Indian electrical safety regulations based on IS: 13252-2010. 

(b)  Indian standard for EV safety. 

Safety standards are submitted to CMVR-TSC in the form of recommendation by 

AISC for approval. Then AISC recommendations are considered by CMVR-TSC. It may 

either approve or sends the recommendations for improvements to the AISC. The 
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MoRT&H takes final decision after CMVR-TSC submission of proposal with the 

recommendations of CMVR. After getting final approval, the test agency will allotment a 

certificate to developer. Some of the presently appropriate safety regulations of India are 

shown in Fig. 2.4(b). 

2.7 CONCLUSION 

The most preferrable EV charging standards globally like SAE, IEEE, IEC, 

CHAdeMO and GB/T are summarized. Further, the EV charging standards followed by 

India has been discussed in detail. In 2015, faster adoption and manufacturing of HEVs & 

EVs in India was initiated. The program aimed at promoting research, development, and 

demonstration of projects on EVs. The Govt. of India, ministry of heavy industries & public 

enterprises and department of heavy industry constituted a committee and submitted its 

report on 11th October 2017. The committee has recommendations in the form of 

specifications for AC and DC chargers namely BEVC- AC001 and BEVC-DC001 for low 

voltage applications. The specifications of both the chargers are also discussed. The BEVC-

AC001 is specified for charging up to 3 KW using standard 15 A industrial plug. However, 

BEVC-AC002 will sooner be specified for on-board EV charger. In BEVC-DC001, DC 

chargers with output less than 100 V/15 KW is specified but BEVC-DC002 will sooner be 

defined for higher voltages ranges (300 V-1000 V) and high-power ratings (30 KW and 

more). Furthermore, for high voltage applications, currently India is following the 

international standards like IEC 62196-2 for AC and CCS/ ChAdeMO for DC charging. 

Moreover, the safety standards for EV charging in India also summarized. In India, safety 

regulations are taken by AISC and safety standards for conductive EV charging are based 

on IS: 13252-2010. 
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Chapter 3 

SYSTEM ARCHITECTURE AND PI BASED EV CHARGER 

CONTROLLER  

 

3.1 INTRODUCTION 

This chapter describes the overall EV charger control strategies. Due to high 

demand of pollution free environment and limited fuel reserves, electric vehicles (EVs) 

are taken more into consideration by automotive companies. EVs are popular because 

being one of the most effective solutions to reduce reliance on oil and negligible flue 

gas emission. However, short driving range, battery life issues and charging are some 

of the major concerns in EVs [1]. 

Most important parts of EVs are battery and its charger [2]. Typically, there are 

two types of EV chargers i.e., on-board & off-board [3]. The off-board charger 

transfers higher power and charge battery pack in lesser time. For slow charging, on-

board chargers are utilized. Generally, an EV charger has two conversion stages: AC-

DC and DC-DC. The first stage is the AC-DC converter and is connected across grid 

and DC-DC converter in the second stage is connected across the battery pack. 

As the trend of EVs is growing, their high penetration on power distribution 

grid can cause a significant issue such as: high fault current, induces harmonics, phase 

difference, deviation in frequency and voltage etc. EVs being nonlinear load for the 

grid, therefore difference between power generation and consumption can lead to the 

frequency deviation in grid. Moreover, the power converters present in EV for charging 

system can produce harmonics during operation. These emitted harmonics can cause 

additional power losses, device malfunction and induce instability in the system [4]. 

Therefore, in order to overcome the above-mentioned problems, some optimal control 

strategies are required to support the grid. These EV charger control strategies may 

help in maintaining grid quality and respond quickly in case of frequency deviation 

conditions with high accuracy. Moreover, the first stage AC-DC converter should be 

properly controlled as it is directly connected with grid and can help utility from 
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various issues. 

In the literature, numerous types of EV charging controllers have been 

discussed [51]. Linear & non-linear controllers are well known among them. Sliding 

mode control (SMC) [51], feedback linearization control [52], model predictive control 

(MPC) [53], model reference control [54] and adaptive control [55] are some non-

linear controllers. A high-quality current waveform and fast dynamic response may be 

achieved in non-linear controllers but their analysis and design are very complex [56-

57]. Proportional integral (PI), proportional resonant (PR), hysteresis band (HB) and 

fuzzy logic controller (FLC) are some common controllers used for EV charging. 

Moreover, considering control accuracy, zero tracking for periodic signal can be 

possibly achieved in steady state using internal model principal (IMP) based controller 

[58]. Whereas, Resonant controller [59-60], Repetitive Controller (RC) [61-63] and 

hybrid controller [64] are some IMP based controllers designed for EV charging. 

3.2 Operating Modes for EV Charger 

Location (OFF board or ON board), topology (integrated or dedicated), 

connection type (conductive or inductive), supply type (AC or DC) and power flow 

direction (bidirectional or unidirectional) are all factors to consider when choosing an 

EV charger [65]. The operating modes of an EV charger are covered in this section. 

The overall construction of an on-board EV charger is shown in Fig.3.1. 

 

Fig.3.1 Architecture of two-stage On-board charger  
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The battery pack is usually charged using a two-stage on-board EV charger. The first 

step is AC-DC power conversion, and the second stage is DC-DC power conversion. 

Each of these stages is made up of a variety of active and passive components such as 

capacitors, inductors, and semiconductor devices. 

On the basis of power flow. On-board charger can be divided into two types: (a) 

active power transfer (b) reactive power transfer. For a unidirectional charger, there is only 

one mode of operation i.e., active power transfer only. This indicates the charging mode or 

can be said grid to vehicle (G2V) mode only. For bidirectional type of charger, there is both 

active and reactive power transfer. For active power transfer, it performs grid to vehicle 

(G2V)/ vehicle to grid (V2G)/ discharging modes of operation. For reactive power transfer, 

it performs both inductive and capacitive operation. 

3.2.1 Unidirectional EV Charger’s Operation 

Unidirectional topologies only transfer active power from the grid to the vehicle 

(G2V) with a power factor of about unity [66]. Battery charging active power command to 

charge the battery pack is also known as this mode. This is the most common sort of charger 

in today's electric vehicles, and it just enables you to regulate the active power command 

to charge the battery pack. The charger only operates on the right side of the x-axis of the 

P-Q plane, as illustrated in Fig. 3.2, since it does not enable control of reactive power. 

 

Fig.3.2. Operating mode for Unidirectional Charger 
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3.2.2 Bidirectional EV charger’s Operation 

The second sort of charger is bidirectional; it has the capacity to transmit active 

power in both ways, allowing it to operate in both G2V and V2G modes [66]. As 

demonstrated in Fig.3.3, it provides for the regulation of both active and reactive power. 

EV users can sell their battery energy to the distribution grid during peak hours or transfer 

it to other cars using V2G technology. This process is known as vehicle-to-vehicle (V2V) 

(V2V). EV chargers' bi-directionality aids the grid in meeting peak load needs or providing 

immediate electricity during outages.  

 

Fig.3.3. Operating mode for Bidirectional Charger 

The primary goal of a bidirectional EV charger is to interchange active and reactive 

electricity between the grid and the automobile. As a result, the EV may contribute active 

electricity to the grid in the event of a sudden rise in demand, as well as absorb it if extra 

power is available. As a result, the huge number of EVs in the distribution network may be 

beneficial not just in absorbing demand-supply mismatches, but also in the wide-scale 

integration of intermittent renewables into the grid. Furthermore, reactive power regulation 

may deliver harmonic current within the charger's permitted limit. It's worth noting that 

only four modes of operation are accessible in four quadrant operation with active and 

reactive power exchange, as shown in Table V. On an active-reactive plane, Fig. 3.3 depicts 

the EV charger's operational modes. 
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Table V 

 MODES OF CHARGING OPERATION 

Mode Active Power (W) Reactive Power (VAR) Operation Power Factor 

1 Positive Zero Charging 1 

2 Negative Zero Discharging -1 

3 Zero Positive  Inductive  0 

4 Zero Negative  Capacitive 0 

 

3.3 Controller Design 

A typical layout of a two-stage on-board electric vehicle charger is depicted in Fig.3.1.  

 

Fig.3.4 Overall Control Structure for two-stage EV charger 

Fig. 3.4 depicts the on-board charger along with the overall control structure. Here, 

in the first stage, i.e., the AC-DC conversion stage, the converter is interfaced with the grid 

through the inductor (L) to minimize the ripple content in grid current, and the DC-link 

capacitor (Cdc) is connected at the second stage. 

3.3.1 AC-DC Converter Control 

 

Fig.3.5. Dual-loop control for AC-DC converter 
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The dual-loop control structure is used for first stage converter where, the active 

(P)-reactive (Q) power is tracked in outer-power loop and grid side current is regulated in 

inner- current loop as shown in Fig.3.5 (where the m is factor of grid current, Ig). Two 

regular PI controllers are utilized in outer-power loop which generates the reference for 

inner-current loop. Further, the current reference is converted into periodic form and 

regulated by current controller in inner loop. 

 

Fig.3.6. Control Architecture of AC-DC converter 

The control architecture of first stage i.e., AC-DC converter has been shown in 

Fig.3.6. The controller performs three functions i.e., tracking of P-Q and grid current 

commands. The P-Q are calculated by αβ quantities of grid-side current and voltage. Since, 

the P-Q are constant, they can be easily tracked by regular PI controllers. Therefore, two 

PI regulators are utilized to track P and Q’s reference commands. The PI regulators 

generates reference active (𝐼𝑑∗) and reactive (𝐼𝑞∗) current components, 𝐼𝑑∗ = 𝐾𝑝𝑑(𝑃∗ − 𝑃) + 𝐾𝑖𝑑 ∫(𝑃∗ − 𝑃) 𝑑𝑡 
 

(3.1) 𝐼𝑞∗ = 𝐾𝑝𝑞(𝑄∗ − 𝑄) + 𝐾𝑖𝑞 ∫(𝑄∗ − 𝑄) 𝑑𝑡 
 

(3.2) 

  Here,  𝑘𝑝𝑑, 𝑘𝑖𝑑, 𝑘𝑝𝑞 and 𝑘𝑖𝑞 are proportional and integral gains of P and Q. PI 

regulators. Further, the reference dq current quantity is transformed into periodic form (𝐼𝑔∗) 

with the help of ωt generated byC. 𝐼𝑔∗ = 𝐼𝑑∗ sin 𝜔𝑡 + 𝐼𝑞∗ cos 𝜔𝑡 (3.3) 

3.3.2 DC-DC Converter Control 
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Fig.3.7. Control Architecture of DC-DC converter 

Battery pack current (Ibat) and DC-link voltage are the values to be maintained 

in the EV charger's second stage (Vdc). Two PI regulators are used in this control 

arrangement. The PI controller regulates the DC link voltage in the outer loop by 

equating it to the appropriate reference value. The battery current is referenced and 

controlled in the inner control loop by this PI controller. Now, using the PWM 

approach [67], this inner loop controller generates the duty cycle and pulses. 𝐼𝑏𝑎𝑡∗ = (𝐾𝑝1 + 𝐾𝑖1𝑠 ) (𝑉𝐷𝐶∗ − 𝑉𝐷𝐶) 
(3.4) 

                𝑑𝑑𝑐 = (𝐾𝑝2 + 𝐾𝑖2𝑠 ) (𝐼𝑏𝑎𝑡∗ − 𝐼𝑏𝑎𝑡)                     (3.5) 

Since, the primary focus of work focuses on the design of control structure for the inner 

loop control of AC-DC stage. 

3.4 PI- Based EV Charger Control Structure 

On- board EV charger structure has been depicted in Fig.3.5. and its controller has been 

illustrated in Fig.3.8. For a two-stage on-board EV charger, the controller is based on 

ordinary PI regulators. A completely regulated three-phase AC-DC converter is followed 

by a bidirectional buck boost DC-DC converter in the charger. 
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Fig.3.8 PI based control algorithm for EV charger 

  Both conversion stages can operate on the positive and negative sides of the P-Q 

power plane. Five parameters are managed in the described control strategy: active-reactive 

power (P-Q), grid current (Ig), battery current (Ibat), and DC link voltage (Vdc). As a result, 

for each level, two distinct controllers have been incorporated. The control of an AC-DC 

converter consists of two loops, one for grid side current control and the other for outer (P 

and Q) control. Two independent PI controllers are used to control active and reactive 

power in the outer loop. The active (Id*) and reactive current component (Iq*) references 

will be generated by the outputs of the outer power loop, respectively. The dq domain is 

used to describe these reference currents. Furthermore, two PI controllers are used to reduce 

the discrepancy between these two current components and the real active and reactive 

current components of grid current in the inner current control loop.  

Two parameters, battery current (Ibat) and DC-link voltage, are regulated in the control 

architecture of the DC-DC (second stage) converter (Vdc). The reference DC link voltage 

(Vdc*) is compared to the real in the outer loop, and the PI controller minimizes the error. 

The outer loop creates the reference battery current (Ibat*), which is compared to the real 

battery current in the inner loop and regulated by the PI controller. In this EV charger 

control , a total of five values, P, Q, Ig, Vdc, and Ibat, are directed to the control. 

3.5 RESULTS 

The simulation and hardware results of the PI-based control architecture are presented in 
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this part, with simulation and hardware parameters reported in Tables VI. The MATLAB 

2020a software is used to simulate the EV charger and OPAL-RT (4510) for controller in 

real time.  

3.5.1 Simulation Results 

 A simulation scenario with various P and Q instructions has been built to claim the 

controller's performance, as shown in Table V. The first two modes are concerned with the 

charge-discharge cycle of an electric vehicle battery. In mode 1, the battery is charged at 

7.2 kW and discharged at the same rate in mode 2. The next two modes demonstrate 

reactive power operation without the use of an electric vehicle's battery. The charger 

compensates the inductive reactive power and capacitive reactive power in mode-4 without 

exchanging power with the battery in mode-3. In the event of an on-board EV charger, a 

400 V DC-link voltage reference is used, and the nominal voltage of the EV battery pack is 

set to 350 V. 

 

Fig.3.9. Simulation results of measured P-Q, grid current (Ig), DC-link voltage (Vdc), 

battery voltage (Vbat), battery current (Ibat) 

During all modes, the active (P)-reactive (Q) powers, grid side current (Ig), DC-link voltage 

(Vdc), Battery voltage (Vbat), and Battery current (Ibat) displayed in Fig 3.9. Each operational 
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mode takes 0.25 seconds to complete. While battery voltage is always positive, the negative 

value of battery current indicates charging and the positive value indicates discharge. The 

battery current in modes 3 and 4 is zero since there is no active power activity during these 

modes. Because the EV charger runs at full load for best efficiency, the grid side current 

remains constant throughout all modes, i.e., 30A. (rms). Throughout all operating modes, 

the DC connection voltage is maintained at 400 V. 

Fig. 3.10 depicts the shift from one mode to another of active-reactive power and 

three-phase grid current with phase a voltage (for better clarification grid current is 

multiplied by factor of 5). The current and voltage of phase an are in phase during mode 1. 

Current Ig gets totally out of phase with grid voltage Vg when the charger switches from 

mode 1 to mode 2, as shown in Fig.3.10 (a). 

 

Fig.3.10 Transition of active-reactive power and grid current from (a) Mode-1 to 2, (b) 

Mode-3 to 4. 

As demonstrated in Fig.3.10 (b), upon switching from mode 3 to 4, current Ig shifts from 

90 degrees lagging behind voltage Vg to 90⁰ leading. THD in grid current is in the 

permissible range in all four modes as depicted in Fig.3.11. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.3.11. THD in grid- current (a) Mode 1 (b) Mode 2 (c) Mode 3 (d) Mode 4 

 3.5.2 Experimental Results 

 The controller performance has been validated in laboratory using OPAL-RT 

(4510). The hardware prototype results of the above-mentioned controller are shown in 

Fig.3.1, together with the modifications stated in Table VIII. A four-mode hardware 

scenario identical to simulation has been built. Table IV lists the specifications for the 

hardware prototype, which is rated at 500 VA. Eight 12 V, 7 Ah batteries are connected in 

series to make a 96 V battery pack. During modes 1 and 2, the charger charges and 

discharges the battery pack at a rate of 500 W. The following two modes, 3 and 4, are 

related with reactive power operation and compensate 500 VA of inductive and capacitive 

reactive power, respectively.  

Both converters are made up from IGBT Semikron legs, and a battery pack of 96 V has 

been designed by combining eight 12 V/7 Ah batteries in series. 
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(a) 

 

(b) 

Fig.3.12. Transition between (a) Mode 1-2, (b) Mode 3-4: grid voltage-current, DC-link 

voltage, and battery current, battery voltage & frequency. 

The experimental results are taken on an eight-channel Tektronix mixed signal 

oscilloscope (series 5) with a total of eight signals: grid voltage (Vg), grid current (Ig), DC-

link voltage (Vdc), and battery current (Ibat). Because the grid voltage is 70V (rms), the grid 
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peak voltage is roughly 98.99 V. Throughout all working modes, the full charger rating 

(500 VA) is used for cost-effective operation and optimal use. As a result, the EV charger's 

AC side current remains consistent throughout all working modes, at 7.1 A (rms). 

Modes 1 and 2 depict the charging-discharging operation of the battery at the same 

rate, i.e., 500 W, and the transition between them is depicted in Fig. 3.12. (a). In modes 1 

and 2, the phase angle is zero and 180°, respectively. Because the battery pack voltage is 

roughly 105 V, the battery charging current in mode 1 is 500/100 = 5 A, and the discharging 

current in mode 2 is likewise the same because the discharging power command is the same 

as the charging active power command. In mode 3, the charger just compensates for 

inductive reactive power, and the grid current shifts from out of phase to 90° lagging, as 

illustrated in Fig. 3.12. (b). In the transition from mode-3 to 4, the phase angle changes 

from precisely 90° trailing to leading due to reactive power operation, as shown in Fig. 

3.12.(b). As a result, during this transition, the battery current is zero. 

3.6 CONCLUSION 

The architecture of two-stage on board has been shown in this chapter with the detail 

description of the controller design. The EV charger works in 4 modes. The operating 

modes for unidirectional and bidirectional EV charger has been explained in detail. PI 

based control topologies for a two-stage off-board EV charger were given in this chapter. 

The first is based on a standard PI controller, while the second is based on ANFIS. Each 

AC-DC and DC-DC converter has its own controller in the overall EV charger controller. 

There are two control loops in the AC-DC converter. Four PI regulators are used in the PI-

based controller, two for the outer loop and two for the inner loop. Tuning four PI regulators 

for a single controller, especially for inner loop, might be tricky at times. In compared to 

the outer loop, the inner loop is significantly faster and more difficult to adjust. The outside 

loop PI regulators are used to track the active/reactive power command, while the inner 

ones are used to track the active/reactive power command. At DC-DC stage, two PI 

controllers have been utilized to maintain the DC- link voltage and battery current. 
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Chapter 4 

FUNDAMENTALS OF REPETITVE CONTROL  

 

4.1 INTRODUCTION 

With the development of fast switching power devices, microcontrollers, digital 

signal processors (DSPs), and control strategies in the EVs, various control strategies have 

been developed such as synchronous-frame proportional integral (PI) [4], sliding mode 

control [5], predictive control [6] and hysteresis control [7]. Synchronous-frame PI 

controller is best suited for three phase converters and can only regulate sinusoidal 

fundamental frequency signals. The performance of a predictive controller is extremely 

sensitive to uncertainties and disturbances, and it is entirely reliant on an accurate model. 

Sliding mode and hysteresis control's erratic switching patterns can make low-pass filtering 

difficult and switching devices and microprocessors might be stressed. 

 Considering the control accuracy, by the internal model principle (IMP) [5], zero-

tracking error of any periodic signal can be achieved, as long as generator of the reference 

is included in a stable closed control loop. For grid-connected inverters, many IMP-based 

controllers have been developed, including repetitive controllers (RC) [6-9], resonant 

controllers (RES) [10,11], and hybrid controllers [12]. Other control systems, such as those 

provided in [13-14], can selectively compensate the harmonic distortion by altering 

modulation algorithms. Internal models of desired harmonics are incorporated into the 

control loop of the aforementioned IMP-based controllers, resulting in relative precise 

control of periodic signals. Even with the fact that harmonic distributions are unequal, 

optimal harmonic mitigation by such controllers is difficult to obtain [15]. To provide high-

quality feed-in current, a large number of parallel RES are necessary since the RES can only 

track one sinusoidal signal at a given resonance frequency [16]. Multiple resonant 

controllers (MRESs) will enhance processing burden and design complexity significantly. 

The conventional RC (CRC) approach, which includes internal models for all harmonics, 

may simultaneously eliminate all harmonics and provide a promising precise current 

control solution for PWM inverters [17]. CRC with the recursive form reduce design 
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complexity and calculation overhead when compared to MRESs, however they impede 

transient response and take up additional data memory. The odd-harmonic RC (OHRC) 

strategy has been proposed to improve the dynamic performance of RC systems [18], which 

not only boosts the error convergence rate but also utilizes less data memory than the CRC 

scheme. To improve the transient response, a series of RC schemes were developed by 

changing the internal model of RC, such as the (6k ± 1) order harmonic RC (6k ± 1) scheme 

[19], general parallel structure RC scheme [20] dual-model RC scheme [21], and (nk ±m) 

order harmonic RC scheme [22]. The plug-in structure, constitute of a plug-in RC with a 

state-feedback controller, is used in almost all of the aforementioned RC schemes. The idea 

of RC is to eradicate fundamental harmonics, whilst the state feedback controller's objective 

is to improve RC systems' transient response. 

 

4.2 RC CONTROLLER BASED EV CHARGER 

 

Fig.4.1 RC based control algorithm for EV charger 

RC based EV charger for the inner loop control of the AC- DC stage has been 

developed in this chapter. Fig.3.1 depicts the structure of an on-board EV charger, 

whereas Fig.4.1 depicts the control architecture. The suggested charger controller 

comprises two control loops: the outer one controls active (P) and reactive (Q) power, 

while the inner one controls grid current. The P and Q can be controlled by a PI 

controller since they are constant in nature. The outer loop serves as a reference for the 
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inner current loop, and it is periodic in this case. The reference current is compared to 

the real grid current, and the PWM approach is used to create pulses for the AC-DC 

converter. The overall control strategy for the outer loop control of the AC-DC stage 

has been elaborated in Section 3.3.1. For the inner loop control of the AC-DC stage RC 

control has been employed. The regular PI controller has been utilized for both inner 

and outer loop control of the second stage i.e., DC-DC stage. 

The main focus of this research work is on the development of the inner control 

for the AC-DC stage. So, in this chapter RC control has been utilized. 

4.3 FUNADAMENTALS OF REPETITVE CONTROL 

4.3.1 INTERNAL MODEL PRINCIPLE 

The internal model principle asserts that if an exact realisation (model) of the 

reference/disturbance generator is incorporated in a stable closed-loop system, the 

output may track/reject the reference/disturbance signal with zero steady-state error. In 

control theory, the realisation or model of the reference/disturbance signal is referred 

to as the "internal model."  

An integrator can be used to model signals having a dc content. The steady-

state error for constant reference and/or disturbances is virtually nil thanks to an 

integral action in the feedback loop. As demonstrated in Fig.4.2 [42, 66], a discrete-

time integrator can be described as a unit delay with positive feedback. In other words, 

the integral value may be stored in only one memory location. 

 

Fig.4.2. Block diagram of discrete-integrator 

Additionally, periodic signals can be represented by a memory loop which thus 

generates an output at frequencies kω, where k = 0, 1, 2, 3 and ω is the periodic signal's 

angular frequency [42, 66]. A signal with period T = 2п/ω is stored in a First in First 

Out (FIFO) buffer in a memory loop. The number of memory locations required is 
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determined by the ratio of signal period T to sampling period Ts. For example, if the 

reference signal has a duration of 0.02 s (i.e., T = 0.02s, f = 50 Hz) and a sampling 

period of 0.1 ms (fs = 10 kHz), the reference signal will need T /Ts = 200 memory 

locations. In the steady-state, no input is required to create an output with time period 

T if positive feedback is formed from the FIFO buffer's output to its input. The discrete 

frequency spectrum of the periodic signal at the output of the FIFO buffer exhibits 

peaks at k. Fig.4.3 shows a block design of a basic memory-loop in discrete domain 

with time period T. A conventional memory loop's transfer function, as shown in 

Fig.4.3, is: 𝑈𝑟(𝑧)ⅇ(𝑧) = 𝑧−𝑁01 − 𝑧−𝑁0 
 (4.1) 

Where, N0 = T/Ts ∈ ℕ. 

 

Fig.4.3 Block diagram of standard memory-loop (discrete domain). 

Notice how (4.1) includes poles in the vicinity of k2Лf, where k ∈ N. If the closed-loop 

system is stable, then there will be no tracking error.  

4.3.2 REPETITVE CONTROLLER 

For periodic signals, the CRC, as shown in Fig.4.4, has proven to be an effective 

harmonic controller. The CRC is often used to improve control performance in terms of 

harmonic compensations [24], with the Ig’s total harmonic distortion (THD) typically being 

less than 5%.  

 

                  Fig.4.4. Conventional RC  
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The CRC can be expressed as [24], 𝐺𝐶𝑅𝐶 = 𝑈𝑟𝑐(𝑠)𝐸(𝑠) = 𝑘𝑟 ⋅ ⅇ−𝑠𝑇01 − ⅇ−𝑠𝑇0 ⋅ ⅇ−𝑠𝑇𝑐 (4.2) 

The control gain is kr, the fundamental period of the signal is To =1/f0 = 2п/ω0, the 

fundamental angular frequency is ω0, and the compensation time is Tc. 

It can be seen from eq. (4.2) that CRC is recursive, thus when implemented consumes 

a little computational effort. The GCRC can further be expanded as: 

𝐺𝐶𝑅𝐶 = 𝑘𝑟 [− 12 + 1𝑇0𝑠 + 2𝑇0 ∑ 𝑆𝑠2 + (𝑛𝜔0)2
+∞
𝑛=1 ] (4.3) 

 

 

(a) 

 

 

(b) 

Fig.4.5. Frequency response of RC (a) within the range of angular frequency of 1 rad/sec 

to 105 rad/sec (b) frequency sensitivity illustration at 3rd harmonics 
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The eq. (4.3) illustrates that for all harmonic frequencies (i.e., all harmonic signals 

and internal model of DC), the CRC is analogous to the amalgam of proportional controller 

(i.e., -kr/2), numerous parallel RES, and an integrator (i.e., kr/(sT0)). According to IMP, at 

harmonic frequencies nω0 (including DC signal), the RES components approach infinity, 

and hence the CRC described in (1) can compensate for all harmonic distortions as 

explained in [24]. It is worthy to note that a RES with a high control gain at corresponding 

harmonic frequency has a fast transient response [26,27].  Since the control gains of CRC 

are identical for all RES controllers i.e., kr/T0 in eq. (4.3). Therefore, at each harmonic 

frequency, CRC cannot improve its transient response through setting the control gain 

independently. As discussed in [28-29], the CRC provides sluggish selective harmonic 

compensation performance. Fig.4.5 depicts the frequency response of RC. As it is clearly 

demonstrating that the controller has high gain at numerous fundamental frequencies, 

allowing it to eliminate respected associated noises.  

The Repetitive controller consists of three main parts: the internal model ( 𝑧−𝑁01−𝑧−𝑁0), 

(where, N0 = fs/f; fs: sampling frequency and f: frequency of the signal), a phase-lead 

compensator, Gc(z) and a low pass filter, Q(z). The internal model is principally responsible 

for achieving zero steady-state error, while the low-pass filter improves system robustness 

and the compensator ensures closed-loop system stability. The literature has employed 

three distinct structures to implement RC (conventional RC structure, feed-forward RC 

structure, and plug-in RC structure). The repetitive controller is used to supplement a 

traditional feedback controller that already exists. The feedback controller is intended to 

stabilize the plant Gp(z) and offer broad-spectrum disturbance attenuation. 

(a) CONVENTIONAL RC STRUCTURE (CRC) 

The three main parts i.e., internal model, phase-lead compensator, and low-pass filter 

Q(z) is same for all the three structures. The only difference is in the implementation 

and performance (i.e., parameters values, RC gain and the stability). The entire control 

system is modified to incorporate RC (Grc1(z)) in the case of CRC structure, and the 

RC controller adapts the instruction to a feedback control system as illustrated in 

Fig.4.6. 
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Fig.4.6 Conventional Repetitive Controller Structure  

(b) FEED-FORWARD RC STRUCTURE 

The entire control system has been modified to include the feed-forward command 

signal and the Grc2(z), RC controller as illustrated in Fig.4.7. 

 

Fig. 4.7 Feed-forward Repetitive Controller Structure includes feed-forward 

command signal 

(c) Plug-in type RC Structure 

Fig.4.8 depicts the most often used plug-in repetitive control system. Plug-in RC 

control structures are simple to integrate into a robust, already operational closed-loop 

control system. Fig.4.8 depicts the RC, represented by Grc3(z), may be plugged in or 

out at any moment. When the signal input to the conventional feedback controller Gx(z) 

is investigated, it can likewise be shown in that feed-forward and plug-in RC 

architectures achieve the same outcome. 

 

Fig.4.8 RC with plug-in structure 

The discrete time RC with plug-in structure in expanded form has been shown 

in Fig.4.9. The three main parts has been shown here. 
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Fig.4.9. Block Diagram of discrete time RC structure 

INTERNAL MODEL 

The internal model's direct implementation is generally unstable. As a result, 

the internal model must first be stabilized. A pole-zero plots of an internal model for 

No = 200 is shown in Fig.4.10. The placement of all 100 poles can be shown to be on 

the unity circle. As a result, the internal model is critically stable on its own, and little 

modifications in parameters result in unstable operations. It is frequently unstable in 

real applications. 

 

Fig.4.10: Pole zero plot of an internal model ( 𝑧−2001−𝑧−200), illustrating all the poles on the 

boundary of unity circle. 

Various adjustments to the internal model have been proposed in the literature to 

stabilize it. A low-pass filter in series with the delay line z-No is one approach to do this, but 

it reduces the rejection of higher-order harmonics. However, employing an internal model 

to stabilize the entire system (plant and controller) is unfeasible. As a result, the plant is 

stabilized across an extensive large frequency range using a traditional feedback controller, 
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represented by Gx(z). 

LOW-PASS FILTER 

A linear phase first-order low-pass filter (Q(z)) of the type α1z
−1+α0+α1z

1 where 

2α1+α0 = 1 is widely used to suppress higher-order harmonics rejection and achieve internal 

model stability. To increase the system's stability, the low-pass filter's frequency response 

should be unity in the low-frequency region, where signal tracking is critical, and almost 

zero outside the filter's bandwidth (internal model and low-pass filter). The frequency 

response of different Q(z) filters is shown in Fig.4.11. The obvious is that the filter's 

bandwidth is directly proportional to α0. 

 

Fig.4.11. Magnitude response of different Q(z); low-pass filter 

 

 

(a) 

 

 

 

(b) 
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(c) 

Fig.4.12. Pole-zero plot of internal model ( 𝑧−4001−𝑧−400), along with different Q(z) filters: (a) 

Q(z) = 0.25z-1 + 0.5 + 0.25z1 (b) Q(z) = 0.15z-1 + 0.7 + 0.15z1 (c) Q(z) = 0.05z-1 + 0.9 + 

0.05z1 

Fig.4.11. depicts the pole-zero plot of internal plot of the internal model with 

different low-pass filters. ( 𝑧−4001−𝑧−400)Q(z) is the system shown in Fig.4.12. From Fig.4.11 

and Fig.4.12, it may be deduced that a low-pass filter trades stability with higher-order 

harmonic rejection. The Q(z) = 0.05z-1 + 0.9 + 0.05z1 among all the three low-pass filters 

which are taken into consideration has highest stability. Therefore, it brings the least 

stability to the overall considered system, as it can be seen that the poles of the system lies 

close to the boundary of unit circle. 

COMPENSATOR 

The zero-phase error tracking controller is implemented through the compensator 

Gc(z). To accomplish zero phase error tracking in an RC system, Gc(z) should be chosen as 

the inverse of the system model. However, because the plant model Gp(z) comprises 

unmodeled dynamics and parameter uncertainties, the inverse model of the converter 

system is hard to construct. As a result, achieving zero phase error tracking control is 

difficult. 

 Using a lead step c as a compensator in the repeating control law, [45, 71] presented 

a basic phase-lead approach. Experimentation is frequently used to determine the 

appropriate value of lead step m. As a result, Gc(z) is modelled as: 

Gc(z) = zc (4.4) 

A lead step c provides a phase lead in the frequency domain to compensate for phase 

lag, especially at high frequencies. It also can compensate for unknown time delays that 
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have not been predicted. A linear phase lead will result from such a lead step c. 𝜃 = 𝑐 𝜔𝜔𝑁 1800 (4.5) 

4.3.3 TRANSFER FUNCTION FOR RC CONTROLLER 

 Fig.4.7 depicts the overall closed loop system. The transfer function from Igref(z) and 

d(z) to Ig(z) is 𝐼𝑔(𝑧)𝐼𝑔∗(𝑧) =  (1 + 𝐺𝑅𝐶(𝑧)) + 𝐺𝑥(𝑧)𝐺𝑝(𝑧)1 + (1 + 𝐺𝑅𝐶(𝑧))𝐺𝑥(𝑧)𝐺𝑝(𝑧) {1 − 𝑧−𝑁 (𝑄(𝑧)(1 − 𝑘𝑟𝐺𝐶(𝑧)))} 𝐻𝑧(𝑧)1 − 𝑧−𝑁{𝑄(𝑧)(1 − 𝑘𝑟𝐺𝑐(𝑧)𝐻(𝑧))}  (4.6) 

𝐼𝑔(𝑧)𝑑(𝑧) =  (1 + 𝐺𝑥(𝑧))𝐺𝑝(𝑧))−1 (1 − 𝑧−𝑁 𝑄(𝑧))1 − 𝑧−𝑁𝑄(𝑧)(1 − 𝑘𝑟𝐺𝑐(𝑧)𝐻(𝑧))  (4.7) 

Here,  𝐻(𝑧) =  𝐺𝑥(𝑧)𝐺𝑝(𝑧)1 + 𝐺𝑥(𝑧)𝐺𝑝(𝑧) =  𝑀(𝑧)𝐴(𝑧)  
(4.8) 

Here the known delay steps are represented by d ∈ ℝ, A(z) is the system characteristic 

equation and all the roots lies inside the unit circle. The M+(z) & M-(z) are cancelable and 

non-cancelable parts of the numerator and M(z), respectively. M−(z) contains roots outside 

or on the unit circle and have undesired roots in the unit circle, and M+(z) contains roots of 

M(z), that are not in M−(z).  The Gc(z) must be an exact inverse of H(z), so that zero-phase 

compensation may be achieved. However, due to parameter uncertainty and unmodeled 

system dynamics, achieving the precise inverse of the system is unachievable. Hence, Gc(z) 

has been selected as, 𝐺𝑐(𝑧) =  𝑧𝑐𝐴(𝑧−1)𝑀−(𝑧−1)𝑀+(𝑧−1)𝑏  (4.9) 

Here, the phase lead step i.e., c = d and b ≥ || M-1(z-1) ||2. For practical applications, the 

delay step can be determined by experiments. 

4.3.4 STABILITY: RC SYSTEM 

From the eq. (4.5) – (4.8), closed loop system illustrated in Fig.7 can be stable only 

if constraints mentioned subsequently are satisfied:   

(i) H(z) will be asymptotically stable implies that the poles of H(z) lie inside the 

unit circle. 
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𝐻(𝑧) =  𝐺𝑥(𝑧)𝐺𝑝(𝑧)1 + 𝐺𝑥(𝑧)𝐺𝑝(𝑧) 

 As if the roots of characteristic equation of H(z) i.e., 1+ Gx(z)Gp(z) = 0 should 

lie inside the unit circle. This ensures that for the closed loop system consisting 

conventional feedback controller and plant is stable. 

(ii) For, 1 − 𝑧−𝑁{𝑄(𝑧)(1 − 𝑘𝑟𝐺𝑐(𝑧)𝐻(𝑧))} = 0, roots should be inside the unit 

circle and 𝑄(𝑧)(1 − 𝑘𝑟𝐺𝑐(𝑧)𝐻(𝑧)) < 1 ∀𝑧 = ⅇ𝑗𝜔 

Fig.4.5(b) depicts that, if fundamental frequency varies from 50 Hz (344 rad/sec) to 

50±0.2 Hz, the magnitude corresponding at the third-order harmonic frequency i.e., 

942rad/sec will drop down from 52.07dB to 35.19dB. This demonstrates that fractional 

order harmonics are not compensated by the RC controller. Hence, we need a frequency 

adaptive RC scheme. 

4.4 RESULTS 

 4.4.1 Simulation Results 

AT FUNDAMENTAL FREQUENCY 

The system architecture of an on-board EV charger has been modelled in the 

MATLAB toolbox, as shown in Fig.3.1. A two-stage 7.2kVA on-board electric vehicle 

charger is in the works. In Table IV, you'll find a list of simulation parameters. To test the 

controller's performance, a simulation with various values of P and Q was created, as given 

in table V. To get the most out of the EV charger, the full charger rating is utilized in all 

working modes. The first and second modes are used to charge and discharge batteries, 

respectively, while the third and fourth modes are used to rectify reactive power. If the grid 

requires it during modes 3 and 4, the charger can adjust reactive demand within its 

authorized limitations. In mode 1, the grid voltage & current being perfectly in phase when 

battery pack is charging from grid. However, grid side current is perfectly out of phase with 

voltage of grid while discharging in mode 2. 
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Fig.4.13 Measured grid-voltage (Vg), grid-current (Ig), active (P) - reactive (Q) power, 

DC-link voltage (Vdc), battery-voltage (Vbat) and battery-current (Ibat). 

 

Fig.4.14 Measured grid-voltage (Vg) and grid-current (Ig) during transition from (a) 

Mode 1 to Mode 2 (b) Mode 3 to Mode 4 

Fig. 4.14(a) depicts the shift from mode 1 to mode 2 for 0-0.5 sec. Moreover, the 

reactive power operation has been carried out only in modes 3 and 4. In modes 3 and 4, 

from 0.5-0.8 sec the current is 90° behind the voltage and 90° ahead of the voltage, 

respectively, as seen in Fig.4.14(b). 
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(a)  

(b) 

 

(c) 

 

(d) 

Fig.4.15 THD in Ig (a) Mode 1 (b) Mode 2 (c) Mode 3 (d) Mode 4. 

 

UNDER VARYING GRID CONDITION 

 The frequency of the signal to be tracked/rejected (reference signal) must be 

well known and invariant for repetitive control to work. In practice, however, keeping the 

frequency of the reference signal constant is not always practicable. Because the EV is a 

non-linear demand, it will generate ongoing power system disruptions. The difference 

between instantaneous generation and loading plus losses leads the synchronous machine 

generators to speed up or slow down, resulting in frequency fluctuation. The kinetic energy 

of the spinning machine is used to store or extract the balance between generated and 

consumed power. Frequency maintaining generators detect this shift in frequency and 

modify their real power output to compensate for it. The magnitude of the frequency 

fluctuation is determined by the system's inertia and hence its size. Power electronic 

inverters must be able to operate correctly and fulfil performance standards (such as 

harmonic levels) in small networks due to the substantial variance in system frequency. 
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The produced dc energy is fed into the ac utility system through grid linked inverters. At 

the point where the inverter is linked to the utility system, the ac electric energy from the 

inverter must be compatible with the energy inside the ac utility system. As a result, the 

inverter must be able to monitor the grid's fluctuating frequency signal. An RC controlled 

EV charger has been developed to test the performance of repetitive control under varied 

frequency settings. 

The controller has been tested at 49.5 Hz and 50.5 Hz in Mode 1 operation. A phase 

shift between the grid current and grid current has been noticed. 

 

(a) 

 

(b) 

Fig.4.16 Phase difference between Ig and Vg due to frequency deviation (a) at 49.5Hz (b) 

at 50.5Hz. 
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(a) 

 

                                          (b)                                                            (c) 

Fig.4.17. THD in grid Ig without frequency adaptability when grid frequency (a) 50 Hz 

(b) 49.5 Hz and (c) 50.5 Hz 

THD in grid current during mode 1 under grid varying condition is shown in 

Fig.4.16. When the frequency of grid is exactly 50 Hz, the THD is 1.84% as illustrated in 

Fig.4.16(a). However, the THD rises drastically while a small change in grid frequency, as 

depicted in Fig.4.17 (b) & (c). The THDs during 49.5 Hz and 50.5 Hz grid frequencies are 

7.46% and 7.94%, respectively. Furthermore, this is unacceptable since it exceeds the THD 

limit of 5% set by IEEE-519 standard. 

4.4.2 Experimental Results 

The performance of the RC has been evaluated in a real time 500 VA experimental, setup 

whose detail has been shown in chapter 6. The experimental parameters are enumerated in 

Table IV. 

  Under Fundamental Frequency 

 The controller's performance has also been verified in real time using four modes 

relating to battery charging/discharging and reactive power correction. However, in real-
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time configuration, the EV charger's operational rating is limited to 500 VA in all working 

modes. 

 

(a) 

 

(b) 

Fig.4.18. Transition with RC from (a) Mode 1 to 2 and (b) Mode 3 to 4. 

Fig. 4.18 (a) and (b), shows the transitions from mode 1 to mode 2 & from mode 3 to 

mode 4 respectively. The charging and discharging of a battery pack are depicted in 

Fig.4.18 (a), with the battery current being negative during charging and positive during 
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discharging. In mode 1, the AC side current and voltage are perfectly in phase, whereas 

they are out of phase in mode 2. Similarly, during the changeover from mode 3 to 4, the 

phase difference of 90° lagging and leading, as shown in Fig.4.19 (b). Furthermore, during 

all four operating modes the DC-link voltage has been maintained at 150 V.THD in all four 

modes has been under the permissible range as shown in Fig. 4.19  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.4.19. THD in Ig in all operating modes (a) Mode 1 (b) Mode 2 (c) Mode 3 (d) Mode 4 

 Under variable frequency Condition 

 RC has been tested under the grid varying conditions and evaluated during charging 

mode only. Fig.4.20 (a) and (b) exhibit the experimental results of an EV charger controller 
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under variable grid condition. When the supply frequency changed, the controller's 

performance deteriorated resulting in a phase shift between the grid-current & voltage, as 

illustrated in Fig.4.20 (a). When the AC side frequency is 50.5 Hz, as illustrated in Fig.4.20 

(b), a phase shift may also be noticed. In addition, as indicated in the simulation results, 

changes in AC side frequency increase THD in grid current. 

 

(a) 

 

(b) 

Fig.4.20 Phase difference between Ig and Vg due to frequency deviation (a) at 49.5Hz (b) 

at 50.5Hz. 
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4.5 CONCLUSION 

This chapter introduces RC controllers and examines the performance of digital repetitive 

control systems with time-varying period reference signals. As RC has been employed in 

the inner loop of the AC- DC controller. RC controller performance has been tested using 

MATLAB 2020a in all the four operation modes The influence of a changing frequency 

reference signal on the performance of the RC control system was demonstrated using an 

on-board EV charging application. This demonstrates that the CRC method performs 

poorly under varied frequency settings. When dealing with a changing frequency reference 

signal, advanced repeated control procedures are required. 
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 Chapter 5 

FRACTIONAL ORDER REPETITIVE CONTROLLER: DESIGN AND 

ANALYSIS 

 

5.1 INTRODUCTION 

In the previous chapter, it can be seen that the RC controller are not capable of 

working under grid varying conditions. The literature on frequency variations leading to a 

non-integer ratio (No) between the sampling frequency (fs) and the fundamental frequency 

of the reference signal (f) can be divided into two categories: using a variable sampling 

time RC controller whose sampling time varies according to the reference/disturbance 

signal period to maintain an integer ratio No, and using frequency adaptive RC control 

schemes with fixed sampling time. 

 In terms of the control accuracy, by the internal model principle (IMP) [5], zero-

tracking error of any periodic signal can be achieved as long as a reference generator is 

included in a stable closed control loop. For grid-connected inverters, numerous IMP-based 

controllers have been developed, including repetitive controllers (RC) [6-9], resonant 

controllers (RES) [10,11], and hybrid controllers [12]. Other control systems, such as those 

provided in [13-14], can selectively compensate for the harmonic distortion by altering 

modulation algorithms. Internal models of desired harmonics are incorporated into the 

aforementioned IMP-based controller’s control loop, resulting in the periodic signal’s 

precise relative control of. Even though harmonic distributions are unequal, optimal 

harmonic mitigation by such controllers is challenging to obtain [15]. Many parallel RES 

is necessary to provide a high-quality feed-in current since the RES can only track one 

sinusoidal signal at a given resonance frequency [16]. Multiple resonant controllers 

(MRESs) will significantly enhance the processing burden and design complexity. The 

conventional RC (CRC) approach, which incorporates internal models for all harmonics, 

may eliminate all harmonics simultaneously and provide a promising precise current-

control solution for PWM inverters [17]. CRC with the recursive form reduces design 

complexity and calculation overhead compared to MRESs. However, they impede transient 
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response and take up additional data memory. The odd-harmonic RC (OHRC) strategy to 

improve the dynamic performance of RC systems has been proposed [18], which boosts the 

error convergence rate and utilizes less data memory than the CRC scheme. To improve the 

transient response, RC systems such as the (6k ± 1) order harmonic RC (6k ± 1) scheme 

were developed by modifying the internal model of RC. [19], general parallel structure RC 

scheme [20] dual-model RC scheme [21], and (nk ±m)-order harmonic RC scheme [22]. 

The plug-in structure constituted a plug-in RC with the state-feedback controller, which is 

used in almost all of the aforementioned RC schemes. The idea of RC is to eradicate 

fundamental harmonics, whilst the state feedback controller's objective is to advance RC 

systems' transient response. 

All the RC, as mentioned earlier, are very sensitive to the grid frequency variations. 

As in most applications, RC has been implemented in the discrete domain. Considering the 

example of CRC, any periodic signal (reference signal) having an integer period of 𝑁 =𝑓𝑠 𝑓⁄  (fs: sampling frequency, f: grid frequency) can be tracked. In practice, grid frequency 

varies within a specific range, i.e., 49 Hz to 50 Hz; considering fixed sampling rate, N may 

be fractional. In a digital control system with integer N, however, just delay elements may 

be employed. However, only delay elements in a digital control system with integer N may 

be implemented; hence N is frequently rounded to the nearest integer. As a result, the 

resonant frequency of the RC will diverge from the desired harmonic frequency. Therefore, 

the harmonic rejection performance of RC systems will be considerably impacted due to 

this variation. To improve the frequency adaptability of RC, a variable sampling rate 

technique is used to assure the same integer period of N under grid frequency fluctuations 

[23]. However, this method is seldom used as the real-time implementation and control 

complexity increases [24]. Therefore, a fixed sampling rate strategy has been proposed. In 

this, a repetitive control scheme based on a fractional delay scheme has been adopted. The 

Lagrange-interpolation approach is used to create a fractional delay low-pass filter. The 

internal model of fractional-period signals will be approximated. 

The fractional delay filter is optimized in this chapter to implement adjustments to 

the FORC controller architecture. The suggested design technique includes an improved 

FD filter that delivers a unity magnitude response and a constant fractional delay across the 
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FD filter's bandwidth for any order (n = 1, 2, 3). It also explains the tools created with the 

goal of assessing the stability of a FORC-controlled system operating at a fixed sampling 

rate and with a variable frequency reference signal. 

5.2 STATE OF ART REASEARCH 

Many controllers for grid connected converters have been developed based on the 

Internal Model Principle (IMP), such as repetitive controllers [55] resonant controllers [46, 

60] and hybrid controllers [49]. Because the internal model of the reference signal is 

incorporated in the stable closed-loop, IMP-based controllers provide correct control of 

periodic signals.  However, achieving optimal harmonic mitigation remains a difficult task. 

Conventional RC methods, for example, incorporate a model of the reference signal at the 

fundamental frequency as well as all harmonic frequencies below the Nyquist frequency. 

However, because the control gain is the same at fundamental and all harmonic frequencies, 

these control techniques fail to suppress specific harmonic frequencies optimally. Multiple 

parallel structure resonant controllers (MRSC) and Discrete Fourier Transform based RC 

(DFT-RC) at specified harmonic frequencies with separate control gains offer fast transient 

response at the cost of high computational cost when considering the harmonic distribution. 

An IMP-based Selective Harmonic Control (IMP-SHC), also known as (n ± km)-

order harmonic RC, is utilized to avoid the significant computational load of MRSC and 

DFT-RC. Internal models of (n ± km) order harmonics (m ≤ n/2 and n are the pulse number) 

are used to best attenuate chosen harmonics  47, 51]. Grid-connected converters have also 

been controlled using a dual-mode RC control technique, which is a specific instance of 

DFT-RC. All of these approaches, however, are susceptible to frequency fluctuations, 

meaning that the harmonic frequencies of the controller and reference signal do not match, 

resulting in more tracking error, increased THD, and poor performance. 

The literature has studied two approaches to dealing with frequency variations: one 

is to utilize variable sample rates, and the other is to use FD filters. Variable sampling time 

approaches are seldom employed because of their implementation complexity, the 

controller's time-varying structure, and other difficulties such as stability [53, 54]. 

Controlling converters, shunt active power filters, and front ends with FD filter-based RC 

control methods has recently become popular. 
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5.3 REPETITIVE CONTROL SCHEMES BASED ON FRACTIONAL DELAY 

FILTER 

5.3.1 Optimal Designing of Fractional Delay Filter 

Any fractional delay z-No may be well approximated by FD filters with integer 

delays, according to the Lagrange interpolation-based FD filter design. The order No = fs/f, 

like CRC, represents FORC's control resolution. Higher sampling frequencies usually 

imply more control precision. 

The FORC method assumes that z-No = z-(Ni + F), with Ni = int [No] representing the 

integer portion of No and F = No -Ni, 0<F< 1 representing the fractional component of No. 

A Lagrange interpolation polynomial can estimate the fractional delay z-F as follows [54]: 

𝑧−𝐹 ≈ ∑ 𝐻𝑙𝑧−𝑙     𝐿
𝑙=0  (5.1) 

Here l being the degree of the polynomial and the Lagrange coefficients Hl can be 

calculated as: 𝐻𝑙 = ∏ 𝐹−𝑖𝑙−𝑖𝐿𝑖=0𝑖≠𝑙 , l = 0,1,2,…,L (5.2) 

Linear interpolation between two samples is represented by the instance n = 1. For all 

frequencies, the optimal magnitude response of z-F is unity. For various fractional delay 

values F = 0-0.9, Fig.5.1 demonstrates the magnitude response of first, second, and third 

order filter based on Lagrange-interpolation. For n = 1, n = 2, and n = 3, the bandwidth of 

(5.1) is 50%, 63%, and 75% of the Nyquist frequency, respectively, indicating that higher-

order fractional delay filters provide benefit from greater and better approximation of 

fractional delay z-F in the low frequency range. 



61 

 

 
 

 

 

(a) 

 

(b) 

 

                                   (c) 

Fig.5.1. For fractional delay range (F = 0:0.1:0.9) magnitude response plot of Lagrange-

interpolation based FD filter (a) L= ,1 (b) L = 2, (c) L = 3 

For the FD filter, its magnitude response for a wide range of frequency should 

possess an all-pass behavior. As per the literature, the fractional delay should be in the 

optimal range for good stability along with least approximation. In section 5.3.3, the effect 

of having non-optimal filter has been discussed. If the magnitude of FD filter is unity, then 

the stability of fractional order repetitive controller (FORC) also becomes easier. Fig.5.1. 

For fractional delay range (F = 0:0.1:0.9) magnitude response plot of Lagrange-

interpolation based FD filter (a) L= ,1 (b) L = 2, (c) L = 3 

The design procedure for optimal designing is as follows: 

• Calculate the order of FORC i.e., No, and No = fs/f. 
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• Select order of the FD filter i.e., L. For most converter control and signal processing 

applications, first, second, or third order filters are generally appropriate. 

• Estimate the value of F  𝐹 = 𝑁0 − (ⅈ𝑛𝑡[𝑁0] − 𝐿2),           If  L is even     (5.3) 

𝐹 = 𝑁0 − (ⅈ𝑛𝑡⌊𝑁0⌋ − 𝐿2)               If L is odd      (5.4) 

• Determine the necessary integer delay Ni = No – F 

• Using (5.2), determine the co-efficient of FD filter. 

• Equation (5.1) can be used to implement the FD filter. 

Figure 5.3 depicts the Lagrange interpolation-based FD filter construction, which may be 

represented as: 

Gf(z) = H0 + H1z
-1 +H2z

-2 +………+ Hlz
-l = ∑ 𝐻𝑙𝑧−𝑙     𝐿𝑙=0                          (5.5) 

5.3.2 Designing and analysis of Fractional Order Repetitive Controller 

A plug-in repetitive controller has been implemented which has been discussed in 

the previous chapter. Under all the circumstances, in a traditional plug-in RC, the order 

must always be integer, i.e. No must always be integer. However, in fact, the grid 

frequency, which serves as a reference signal for grid-connected converters, fluctuates 

unpredictably.  

In chapter 4, it has already been explained, that No= fs/f integer delays can be used 

to realize or internal model a periodic reference signal with period T= 1/f at a given 

sampling frequency fs. The non-integer value of No can be divided into the integer part i.e., 

Ni and the fractional part i.e., F , therefore, z-No = z-(Ni + F)  

 

(a) 
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(b) 

Fig.5.2 a) Fractional order repetitive control (b) Block diagram of the frequency adaptive 

RC. 

As shown in Fig.5.2 (b), by incorporating an FD filter i.e., Gf(z) inside the RC loop, along 

with the z-Ni. The transfer function of FORC controller as shown in the Fig.5.1.  is given as 

: 𝐺𝑓𝑟(𝑧) = 𝑘𝑟𝑄(𝑧)𝐺𝑓(𝑧)𝑧−𝑁𝑖1 − 𝑘𝑟𝑄(𝑧)𝐺𝑓(𝑧)𝑧−𝑁𝑖 𝐺𝐶(𝑧) (5.6) 

Substituting (5.5) into (5.6), we get, 

𝐺𝑓𝑟(𝑧) = 𝑘𝑟 𝑧−𝑁ⅈ (∑ 𝐻𝑙𝑧−𝑙𝑄(𝑧)𝐿𝑙=0 )1 − 𝑧−𝑁ⅈ(∑ 𝐻𝑙𝑧−𝑙𝑄(𝑧)𝐿𝑙=0 ) 

 

(5.7) 

Here, Hl has been defined in (5.2). If F becomes zero, the FORC will become equivalent to 

the conventional RC. As a result, the FORC provides a generic method for tracking or 

eliminating any periodic signal with any fundamental frequency, resulting in an integer or 

non-integer value of No. 

In Fig. 5.2(a), Ig can be given as 

𝐼𝑔(𝑧) = 𝐼𝑔∗(𝑧)(1 + 𝐺𝑓𝑟(𝑧))𝐺𝑥(𝑧)𝐺𝑝(𝑧) + 𝑑(𝑧)1 + (1 + 𝐺𝑓𝑟(𝑧))𝐺𝑥(𝑧)𝐺𝑝(𝑧)  (5.7) 

From Fig.5.2 (a), transfer function from Ig*(z) and d(z) to Ig(z) is given as: 
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𝐼𝑔(𝑧)𝐼𝑔∗(𝑧) = ((1 + 𝐺𝑓𝑟(𝑧))𝐺𝑥(𝑧)𝐺𝑝(𝑧))1 + (1 + 𝐺𝑓𝑟(𝑧))𝐺𝑥(𝑧)𝐺𝑝(𝑧)
= {1 − 𝑧−𝑁𝑖(∑ 𝐻𝑙𝑧−𝑙𝐿𝑙=0 ) (𝑄(𝑧)(1 − 𝑘𝑟𝐺𝐶(𝑧)))} 𝐻𝑧(𝑧)1 − 𝑧−𝑁𝑖{𝑄(𝑧)(∑ 𝐻𝑙𝑧−𝑙𝐿𝑙=0 )(1 − 𝑘𝑟𝐺𝑐(𝑧)𝐻(𝑧))}  

(5.8) 

𝐼𝑔(𝑧)𝑑(𝑧) =  (1 + 𝐺𝑥(𝑧))𝐺𝑝(𝑧))−1 (1 − 𝑧−𝑁𝑖(∑ 𝐻𝑙𝑧−𝑙𝐿𝑙=0 )𝑄(𝑧))1 − 𝑧−𝑁𝑖(∑ 𝐻𝑙𝑧−𝑙𝑄(𝑧)𝐿𝑙=0 )(1 − 𝑘𝑟𝐺𝑐(𝑧)𝐻(𝑧))  (5.9) 

Here,  𝐻(𝑧) =  𝐺𝑥(𝑧)𝐺𝑝(𝑧)1 + 𝐺𝑥(𝑧)𝐺𝑝(𝑧) =  𝑧𝑑𝑀+(𝑧−1)𝑀−(𝑧−1)𝐴(𝑧)𝑏  (5.10) 

Here the known delay steps are represented by d ∈ ℝ, A(z-1) =0 is the system characteristic 

equation and all the roots lies inside the unit circle. The M+(z) & M-(z) are cancelable and 

non-cancelable parts of the numerator and M(z), respectively. 

So, the Gc(z) has been chosen in a way to achieve zero-phase compensation 𝐺𝑐(𝑧) =  𝑧𝑑𝐴(𝑧−1)𝑀−(𝑧−1)𝑀+(𝑧−1)𝑏  (5.11) 

Here b ≥ || M-1(z-1) ||2. In practical applications, d has been determined by experiments. 

5.3.3 FORC: Stability Criteria 

There are several approaches for examining a system's stability, but FORC pushes each 

approach to its limit due to its high degree of polynomial equation. Calculating the pole 

locations, for example, is the most frequent way for stability studies, but FORC has a very 

high No value (200 when f = 50 Hz and fs = 10 k Hz), making root-finding extremely 

difficult for any root-finding algorithm. Using the classic Nyquist stability criteria (5.7) – 

(5.11), the entire closed-loop system may be determined to be stable if the following two 

requirements are met: 

1. The closed-loop system H(z) (provided in (5.10)) is asymptotically stable without 

the FORC controller. That is, the roots of 1 + Gx(z)Gp(z) = 0 are contained within 

the unit circle. 

2. The roots of  1 − 𝑧−𝑁𝑖 {𝑄(𝑧)(∑ 𝐻𝑙𝑧−𝑙𝐿𝑙=0 )(1 − 𝑘𝑟𝐺𝑐(𝑧)𝐻(𝑧))} = 0 should lie 
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inside the unit circle 

Therefore, |Q(z)||∑ 𝐻𝑙𝑧−𝑙𝐿𝑙=0 )| |(1 − 𝑘𝑟𝐺𝑐(𝑧)𝐻(𝑧))|< 1 ∀𝑧 = ⅇ𝑗𝜔                                      (5.12) 

In real applications, both Ni and F change slowly with grid frequency variation; 

nevertheless, because Ni can only have an integer number, the magnitude response of z-Ni 

is always unity for all frequencies. If the value of F is within the ideal fractional delay range 

of the FD filter, proper division of No into its two components (Ni and F) ensures that the 

magnitude response of the FD filter is always unity within the bandwidth of the filter. In 

real applications, if the proposed FD filter's bandwidth is greater than the bandwidth of the 

low pass filter Q(z), then 

| ∑ 𝐻𝑙𝑧−𝑙𝐿𝑙=0 )| → 1 & | 𝑄(𝑧)| → 1 

within the pass band of Q(z). The initial stability requirement of FORC systems is identical 

to that of CRC systems, and the stability criteria of (5.12) for FORC systems becomes 

similar to that of CRC systems inside the pass band of Q(z). The stability range for the 

FORC gain is 0 < kr < 2 when Gc(z) of (5.11) is used to accomplish zero-phase 

compensation. It is evident that FORC systems may be synthesized in a similar way to well-

known CRC systems. 

5.4 RESULTS 

 5.4.1 SIMULATION RESULTS 

As discussed in chapter 4, the performance of the RC system has been detoriates 

under varying grid frequency. But using the LaGrange interpolation-based FD filter, it has 

been overcome. The results have been validated under variable grid frequency. It has been 

depicted in Fig.5.3 (a) during the charging i.e., Mode 1, under 49.5 Hz and 50.5 Hz, no 

phase shift can be seen between the grid current and the grid voltage. THD in grid current 

during mode 1 using frequency adaptability approach has depicted in Fig.5.4. The grid-

current’s THD is in the allowable limit and does not change considerably when the 

frequency. With 49.5 Hz and 50.5 Hz, grid frequencies, THD being 1.86% and 1.99%, 

respectively 
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(a) 

 

(b) 

Fig.5.3. No phase difference between Ig and Vg with frequency adaptability due to 

frequency deviation (a) at 49.5Hz (b) at 50.5Hz. 

 

Fig.5.4. THD in grid Ig with frequency adaptability when grid frequency (a) 49.5 Hz and (b) 50.5 

Hz. 

5.4.2 EXPERIMENTAL RESULTS 

RC system with frequency adaptability scheme has been examined in real time using 

OPAL-RT (4510). The parameters have been enumerated in Table IV. When the supply 
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frequency changed, the controller's performance deteriorated resulting in a phase shift 

between the grid-current & voltage, as illustrated in Fig.5.5 (a). When the AC side 

frequency is 50.5 Hz, as illustrated in Fig.5.5(b), a phase shift may also be noticed. In 

addition, as indicated in the simulation results, changes in AC side frequency increase THD 

in grid current. 

 

(a) 

 

(b) 

Fig.5.5. Steady-state performance of the frequency adaptive RC controller at (a) 49.5 Hz 

(b) 50.5 Hz 
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5.5 CONCLUSION 

This chapter outlines a method for designing and analyzing a FORC control scheme that 

uses a constant sample rate to adjust for periodic signals of varying frequency. A design 

improvement has been presented, as well as stability criteria for the proposed FORC 

systems. A well-designed FORC control system is totally compatible with a CRC system, 

according to extensive experimental data. It also demonstrates that, in the presence of 

frequency changes, the sampling frequency has no substantial influence on the tracking 

error performance of the FORC controller, but the performance of the CRC controller is 

very sensitive to sample frequencies. In general, the suggested FORC approach provides a 

simple, efficient, and high-performance real-time control solution for power converters 

dealing with periodic signals of variable fundamental frequency. 
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Chapter 6 

RESULTS: SIMULATION AND EXPERIMENTAL 

 

6.1 SIMULATION RESULTS 

In the MATLAB toolbox, the system architecture, as illustrated in Fig.3.1, of an on-

board EV charger has been simulated. A two-stage 7.2kVA on-board EV charger is being 

developed. The simulation parameters have been enumerated in Table II. A simulation with 

varied values of P and Q was developed to validate the controller's performance, as shown 

in table III. During all operating modes, the complete charger rating is used to get the most 

out of EV charger. The first and second modes are for charging and discharging of batteries, 

respectively, while the latter two modes just indicate reactive power correction. During 

mode 3 and 4, if the grid requests, the charger can compensate reactive demand within its 

permissible limits. 

Table VI 

System Parameters 

PARAMETERS SYMBOL Simulation Experimental 

Grid Voltage  Vg 230 V 70 V 

Grid Frequency f 50 Hz 50 Hz 

Switching frequency  fs 20 kHz 20 kHz 

DC link Capacitor Cdc 330 µF 330µF 

Line Inductor  L 1 mH 2.5 mH 

Battery Voltage  Vbat 350 V 96V 

DC link voltage Vdc 400 V 150 V 

DC-DC Converter Inductor Lf 2 mH 4mH 

DC-DC Converter 

Capacitor  
Cf 330 µF 47 µF 

For all four modes of operation, voltage of the grid (Vg), current in the grid (Ig), measured 
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active (P) and reactive (Q) power, dc-link voltage (Vdc), battery voltage (Vbat), and battery 

current (Ibat) as depicted in Fig. 6.1. The Ibat is negative during charging and positive while 

discharging. During modes 3 and 4, the Ibat is zero, indicating that no active power operation 

has been performed. In all four operating modes, Vdc has been maintained at 400 V. 

 

Fig.6.1. Measured grid-voltage (Vg), grid-current (Ig), active (P) - reactive (Q) power, 

DC-link voltage (Vdc), battery-voltage (Vbat) and battery-current (Ibat) using RC. 

TABLE VII 

Modes of Operation 

Mode P(kW) Q(kVAR) S (kVA) Time(sec) 

1 7.2 0 7.2 0 - 0.25 

2 -7.2 0 7.2 0.25 – 0.5 

3 0 7.2 7.2 0.5 – 0.75 

4 0 -7.2 7.2 0.75 - 1 

 



71 

 

 
 

 

In mode 1, the grid voltage & current being perfectly in phase when battery pack is 

charging from grid. However, grid side current is perfectly out of phase with grid voltage 

while discharging in mode 2.  Fig.6.2(a) depicts the shift from mode 1 to mode 2 using RC 

control approach. Moreover, only in modes 3 and 4, reactive power operation has been 

performed. In modes 3 and 4, the current is 90° behind the voltage and 90° ahead of the 

voltage, respectively, as seen in Fig.6.2(b). 

 

Fig.6.2. Measured grid-voltage (Vg) and grid-current (Ig) during transition using from (a) 

Mode 1 to Mode 2 (b) Mode 3 to Mode 4 

Fig. 6.2(a) shows the transition from mode 1 to 2 using RC control scheme in the 

inner loop of AC-DC converter. Fig.6.3 shows the same operation for EV charging 

infrastructure using PI based controller. On comparing Fig.6.2(a) and Fig.6.3 it can be 

clearly concluded that transition from mode 1 to 2 using RC controller. It can be clearly 

seen in Fig.6.2(a) that with RC controller the transition is smooth and gives no overshoot, 

but there is an overshoot in grid current with regular PI controller and takes more time to 

settle. 
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Fig.6.3 Transition from mode 1 to 2 with RC controller 

 

(a) 

 

(b) 

Fig.6.4. THD in grid Ig without frequency adaptability when grid frequency (a) 50 Hz (b) 

49.5 Hz and (c) 50.5 Hz. 
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THD in grid current during mode 1 without frequency adaptation approach is shown 

in Fig.6.4. When the frequency of grid is exactly 50 Hz, the THD is 1.84% as illustrated in 

Fig.6.4 (a). However, the THD rises drastically while a small change in grid frequency, as 

depicted in Fig.6.4(b) & (c). The THDs during 49.5 Hz and 50.5 Hz grid frequencies are 

7.46% and 7.94%, respectively. Furthermore, this is unacceptable since it exceeds the THD 

limit of 5% set by IEEE-519 standard. Furthermore, during grid frequency variations, there 

is a phase-shift between current and even in charging operation as can be visible in Fig. 15. 

Fig.6.5 (a) depicts the steady-state response of an RC controlled rectifier with a grid 

frequency of 50 Hz (i.e., No = 20k / 50 = 400), with a power factor of unity. The value of 

No (samples per period) is integer, it indicates that the RC controller is working properly. 

The frequency (f) was altered from 50 Hz to 49.5 Hz to evaluate the behavior of the repeated 

controlled converter in the presence of grid frequency changes. The sampling frequency 

remained constant at 20 kHz, resulting in a non-integer number of samples per period (No 

= fs/ f) (No = 404.046). Similarly, when the frequency varies from 50 to 50.5 Hz as shown 

in Fig 6.5 (b), number of samples per period (No = fs/ f) (No = 396.03). Because the CRC 

technique can't handle non-integer values, No is rounded to the nearest integer value, which 

is No = 400. When the samples per period become non-integer and are rounded off to the 

nearest integer to operate with CRC schemes, the peak-to-peak current tracking error 

considerably rises due to grid frequency variance. As a result, the THD value in grid current 

will be high. The frequency of the grid in AC-DC converters is an uncontrollable parameter, 

and based on the simulations presented in this section, it has been determined that when the 

samples per period become non-integer and the sampling frequency is fixed, the 

performance of RC control declines dramatically. As a result, the FORC technique was 

created to deal with fractional period periodic signals, as discussed in Chapter 5. 
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(a) 

 

(b) 

Fig.6.5. Phase difference between Ig and Vg without frequency adaptability due to 

frequency deviation (a) at 49.5Hz (b) at 50.5Hz. 

The experiments have been carried out using FORC to compare the performance in 

the present of variable frequency. It can be clearly seen that the FD filter based FORC is 

capable of tracking periodic signal under variable grid frequency. THD in grid current 

during mode 1 using frequency adaptability approach has depicted in Fig.6.6. The grid-

current’s THD is in the allowable limit and does not change considerably when the 

frequency changes. With 49.5 Hz and 50.5 Hz, grid frequencies, THD being 1.86% and 
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1.99%, respectively. Furthermore, when employing the frequency adaptation approach as 

indicated in Fig.6.7, there is no phase difference between grid current & voltage. 

 

 

                                            (a)                                                                  (b) 

Fig.6.6. THD in grid Ig with frequency adaptability when grid frequency (a) 49.5 Hz and 

(b) 50.5 Hz. 

 

(a) 
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(b) 

Fig.6.7. No phase difference between Ig and Vg with frequency adaptability due to 

frequency deviation (a) at 49.5Hz (b) at 50.5Hz. 

 

Fig.6.8. THD comparison 

The grid-current THD is compared in Fig.6.8 without and with frequency adaptability 

technique. It can be noted that with frequency adaptability technique, almost constant THD 

has been maintained even after variations in the grid frequency.  
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6.2 Experimental Results 

The performance of the proposed control approach is evaluated in a real-time 500 VA 

experimental setup, as shown in Fig.6.9. Both converters are made up from IGBT Semikron 

legs, and a battery pack of 96 V has been designed by combining eight 12 V/7 Ah batteries 

in series. 

 

(a) 

 

(b) 

Fig.6.9 Hardware setup (a) Hardware Setup (b) Battery bank. 

The experimental parameters are enumerated in Table II. The DC link voltage has 

been maintained at 150 V, and the controller's performance has also been verified in real 

time using four modes relating to battery charging/discharging and reactive power 

correction. However, in real-time configuration, the EV charger's operational rating is 

limited to 500 VA in all working modes. 
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Table VIII 

Modes of Operation 

Mode P(W) Q (VAR) S (VA) 

1 500 0 500 

2 -500 0 500 

3 0 500 500 

4 0 -500 500 

 

Fig.6.10 (a) and (b), shows the transitions from mode 1 to mode 2 & from mode 3 

to mode 4 respectively. The charging and discharging of a battery pack are depicted in 

Fig.6.10 (a), with the battery current being negative during charging and positive during 

discharging. In mode 1, the AC side current and voltage are perfectly in phase, whereas 

they are out of phase in mode 2. Similarly, during the changeover from mode 3 to 4, the 

phase difference of 90° lagging and leading, as shown in Fig.6.10 (b). Furthermore, during 

all four operating modes the DC-link voltage has been maintained at 150 V. 

 

(a) 
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(b) 

Fig.6.10. Transition with RC from (a) mode 1 to 2 and (b) mode 3 to 4. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.6.11. THD in Ig at 50 Hz (a) Mode 1 (b) Mode 2 (c) Mode 3 (d) Mode 4  
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The frequency adaptability of the proposed controller was evaluated during 

charging mode. By varying the supply frequency to 49.5 Hz and 50.5 Hz, Fig.6.12 (a) and 

(b) exhibit the experimental results of an EV charger controller without frequency 

adaptability. When the supply frequency changed, the controller's performance deteriorated 

resulting in a phase shift between grid-current and grid-voltage, as illustrated in Fig.6.12(a). 

When the AC side frequency is 50.5 Hz, as illustrated in Fig.6.12(b), a phase shift may also 

be noticed. In addition, as indicated in the simulation results, changes in AC side frequency 

increase THD in grid current. 

 

(a) 

 

(b) 

Fig.6.12. Steady-state performance of the RC without frequency adaptability scheme at 

(a) 49.5 Hz (b) 50.5 Hz 
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Fig.6.13. illustrates the results of an EV charger controller in charging mode with 

frequency adaptability when the supply frequency has been slightly varied between 49.5 

Hz and 50.5 Hz. Even when the AC side frequency varies, there is no phase shift between 

the voltage and current on the AC side. As a result, the controller aids in keeping THD in 

AC side current within the allowable limit of 5%. 

 

(a) 

 

(b) 

Fig.6.13. Steady-state performance of the frequency adaptive RC controller at (a) 49.5 Hz 

(b) 50.5 Hz 

More experiments have been carried out in order to better assess the frequency 

adaptive RC controller's dynamic performance. Fig. 6.14 shows the dynamic performance 

of the frequency adaptability RC controller under frequency step changes. The frequency 
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adaptability RC controller method is shown to be resistant to grid frequency fluctuations. 

As a result, the proposed controller provides excellent tracking accuracy. 

 

(a)  

 

(b)  

Fig.6.14. Dynamic performance of the frequency adaptive technique under grid frequency 

step changes (a) 49.5 Hz – 50.5 Hz (b) 50.5 Hz – 49.5 Hz 
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Chapter 7 

CONCLUSION AND FUTURE SCOPE 

 

7.1 CONCLUSION 

The development of various electric vehicle (EV) charger controllers is the subject 

of this effort. The EV charger has two conversion stages: AC-DC (first) and DC-DC 

(second). These two converters are the most important parts of an electric vehicle charger. 

The EV charger is intended to charge and discharge the battery pack while also 

compensating for reactive power. Both converters are intended to work in both directions 

for this reason. IGBT switches with an anti-parallel diode are used to create the converters. 

The EV charger can both charge the battery pack and transmit battery power to the grid or 

a local load. 

On-board EV charger and its controller has been developed in this project. The two-

stage EV charger needs two different controllers, one for each conversion step (AC-DC 

and DC-DC). The major goal of this project is to provide control algorithms for first-stage 

AC-DC converters in order to address numerous EV charging issues. In all EV charger 

controllers, however, the generic control technique is employed for the second stage DC-

DC converter. All EV charger controllers are built to follow any active/reactive power 

command within the range of the EV charger's rating. 

The active/reactive power, grid side current, DC link voltage, and battery current 

are all managed in an EV charger controller. The proposed controller regulates three 

quantities: active/reactive power, grid side current, and AC-DC converter control. The 

remaining two values, DC link voltage and battery current, are controlled by the DC-DC 

converter. In this scenario, three references are provided, with the remaining two being 

produced by them. The control of an AC-DC converter is divided into two loops, the outer 

and inner loops. The outer loop creates the inner control loop's reference. The 

active/reactive power is tracked in the outer loop, which creates the grid current reference 

for the inner current control loop. 
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In this work, Frequency adaptive RC has been suggested to provide optimal control 

scheme to track or eliminate harmonics under normal or varying grid frequency for the EV 

charger. The controller's performance was evaluated in various modes and found to be 

satisfactory in terms of steady-state performance along with fast dynamic response. The 

RC controller's analysis and synthesis have been thoroughly examined. Furthermore, by 

approximating the fractional delay with a Langrage-interpolating polynomial, the RC's 

frequency adaptability is improved. The controller has been successfully installed on the 

first stage of an on-board electric vehicle charger, and its performances has been evaluated 

using MATLAB/Simulink and a real-time experimental setup. The THD has been 

maintained in the permissible limit. In the results, it has been found that the proposed 

control technique is very advantageous for EV charging applications and helps to maintain 

the quality of grid current while small variation in grid frequency or PLL estimation error. 

The claims are verified by both simulation and experimental results. 

7.2 FUTURE SCOPE 

• Under variable or uncertain frequency reference/disturbance signal situations, an 

Advanced Repetitive Controller (ARC) is utilized to improve repetitive control 

performance. It incorporates a fractional delay filter based on Taylor series 

expansion to provide the required non-integer delay. 

• Throughout this research, only first order RC controllers have been studied, and a 

higher order RC controller within the ARC could improve the system's tolerance to 

reference frequency alterations while also affecting the stability range. As a result, 

future work could include comparing the performance of the two controllers for the 

same plant by substituting first order RC with a higher order RC within ARC. 
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APPENDIX A 

MODELING OF EV CHARGER 

A.1 AC-DC Converter Modeling (Single-phase) 

Mathematical modelling of single-phase AC-DC converter has been done in this section. 

A switching model of AC-DC converter has been shown in the Fig.A.1.  

 

Fig.A.1. AC-DC converter switching model  

Figure 3.2 depicts the switching model of a single-phase AC-DC converter. A single pole 

double throw switch represents each leg of Fig. 3.1. The grid voltage is represented by Vg, 

the grid side inductor is Ls, the AC side filter inductance and capacitance are Lf and Cf, 

respectively, and the equivalent series resistance (ESR) of filter inductance and capacitance 

is RLf and RCf. The on states of switches S1 and S3 are represented by Sp = 1 and Sp = 0 

correspondingly. Sn = 1 and Sn = 0 denote the on and off states of switch S2 and S4, 

respectively. 

 𝑉𝑝𝑛 = 𝑉𝑝 − 𝑉𝑛= 𝑆𝑝 ⋅ 𝑉𝐷𝐶 − 𝑆𝑛 ⋅ 𝑉𝐷𝐶 = (𝑆𝑝 − 𝑆𝑛)𝑉𝐷𝐶= 𝑆𝑝𝑛 ⋅ 𝑉𝐷𝐶  

 

  

(A.1) 

Here                                         𝑆𝑝𝑛 = 𝑆𝑝 − 𝑆𝑛                                                        (A.2) 

Also ,                                      𝐼𝐷𝐶 = (𝑆𝑝 − 𝑆𝑛)𝑉𝐷𝐶 = 𝑆𝑝𝑛 ⋅ 𝐼𝐿𝑓                               (A.3) 

Applying KVL in the outer loop. Neglect the capacitor ESR, 𝑉𝑔 = 𝑉𝐿𝑠 + 𝑉𝐶𝑓𝑑𝐼𝑔𝑑𝑡 = 𝑉𝑔𝐿𝑠 − 𝑉𝐶𝑓𝐿𝑆  

 

(A.4) 
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Applying KVL, in the inner loop, we get  𝑉𝐶𝑓 = 𝑉𝐿𝑓 + 𝐼𝐿𝑓 ⋅ 𝑅𝐿𝑓 + 𝑉𝑝𝑛𝑑𝐼𝐿𝑓𝑑𝑡 = 𝑉𝐶𝑓𝐿𝑓 − 𝐼𝐿𝑓 ⋅ 𝑅𝐿𝑓𝐿𝑓 − 𝑉𝑝𝑛𝐿𝑓  

 

 

(A.5) 

At junction. Applying KCL, will get 𝐼𝑔 = 𝐼𝐿𝑓 + 𝐼𝐶𝑓𝑑𝑉𝐶𝑓𝑑𝑡 = 𝐼𝑔𝐶𝑓 − 𝐼𝐿𝑓𝐶𝑓  

 

(A.6) 

A.1.2 AC-DC Converter: Average Model 

Applying the averaging operator to the switching model across one switching period yields 

the average model of the system. For a time-varying variable y, the averaging operator is 

defined as, 

𝑦̃ = 1𝑇 ∫  𝑇
0 𝑦(𝜏)𝑑𝜏 

(A.7) 

𝑦̃ is the average value. Hence, by using averaging operator to (A.4- A.6), following 

equations can be deduced: 𝑑𝐼𝑔̃𝑑𝑡 = 𝑉𝑔̃𝐿𝑆 − 𝑉𝐶𝑓̃𝐿𝑆𝑑𝐼𝐿𝑓̃𝑑𝑡 = 𝑉𝐶𝑓̃𝐿𝑓 − 𝐼𝐿𝑓̃ ⋅ 𝑅𝐿𝑓𝐿𝑓 − 𝑑𝑝𝑛 ⋅ 𝑉𝐷𝐶𝐿𝑓
 

(A.8) 

 

(A.9) 

 

Here,  𝑑𝑝𝑛 = 𝑆𝑝𝑛̃𝑑𝑉𝐶𝑓̃𝑑𝑡 = 𝐼𝑔̃𝐶𝑓 − 𝐼𝐿𝑓̃𝐶𝑓  

(A.10) 

(A.11) 

 

dpn represents the average value for Spn and VDC
 is DC link’s average voltage. 

 

A.1.2 AC-DC Converter: Small Signal Model 

Applying the averaging operator to the switching model across one switching period yields 
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the average model of the system. For a time-varying variable y, the averaging operator is 

defined as, 𝑑𝐼𝑔̃𝑑𝑡 = 𝑉𝑔̃𝐿𝑠 − 𝑉𝐶𝑓̃𝐿𝑠𝑑𝐼𝐿𝑓̃𝑑𝑡 = 𝑉𝐶𝑓̃𝐿𝑓 − 𝐼𝐿𝑓̃ ⋅ 𝑅𝐿𝑓𝐿𝑓 − 𝑑𝑝𝑛̃ ⋅ 𝑉𝑑𝑐𝐿𝑓𝑑𝑉𝐶𝑓̃𝑑𝑡 = 𝐼𝑔̃𝐶𝑓 − 𝐼𝐿𝑓̃𝐶𝑓
 

(A.12) 

  

(A.13) 

(A.14) 

Taking Laplace Transform, we get, 

𝑆𝐼𝑔̃ = 𝑉𝑔̃𝐿𝑆 − 𝑉𝐶𝑓̃𝐿𝑆𝑆𝐼𝐿𝑓̃ = 𝑉𝐶𝑓̃𝐿𝑓 − 𝐼𝐿𝑓̃ ⋅ 𝑅𝐿𝑓𝐿𝑓 − 𝑑𝑝𝑛̃ ⋅ 𝑉𝑑𝑐𝐿𝑓𝑆𝑉𝐶𝑓̃ = 𝐼𝑔̃𝐶𝑓 − 𝐼𝐿𝑓̃𝐶𝑓
 

(A.15)  

 

(A.16) 

(A.17) 

From (A.15)                                            𝐼𝑔̃ = 𝑉𝑔̃𝐿𝑆 − 𝑉𝐶𝑓̃𝐿𝑆                                     (A.18) 

Putting the (A.18) into (A.17), we get, 

𝑆𝑉𝐶𝑓̃̃ = 1𝐶𝑓 ( 𝑉𝑔̃𝑆𝐿𝑆 − 𝑉𝐶𝑓̃𝑆𝐿𝑆) − 𝐼𝐿𝑓̃𝐶𝑓𝑉𝐶𝑓̃ = 𝑉𝑔̃𝑆2𝐿𝑆𝐶𝑓 + 1 − 𝐼𝐿𝑓̃ ⋅ 𝑆𝐿𝑆𝑆2𝐿𝑆𝐶𝑓 + 1 

 

 

(A.19) 

Now, put (A.19) into (A.16) 𝑆𝐼𝐿𝑓̃ = 1𝐿𝑓 ( 𝑉𝑔̃𝑆2𝐿𝑆𝐶𝑓 + 1 − 𝐼𝐿𝑓̃ ⋅ 𝑆𝐿𝑆𝑆2𝐿𝑆𝐶𝑓 + 1) − 𝐼𝐿𝑓̃ ⋅ 𝑅𝐿𝑓𝐿𝑓 − 𝑑𝑝𝑛̃ ⋅ 𝑉𝑑𝑐𝐿𝑓𝐼𝐿𝑓̃ = 𝑉̃𝑔̃𝑆3𝐿𝑓𝐿𝑆𝐶𝑓 + 𝑆2𝐿𝑆𝐶𝑓𝑅𝐿𝑓 + 𝑆(𝐿𝑓 + 𝐿𝑆) + 𝑅𝐿𝑓−𝑑𝑝𝑛̃ ⋅ 𝑉𝑑𝑐 ( 𝑆2𝐿𝑠𝐶𝑓 + 1𝑆3𝐿𝑓𝐿𝑠𝐶𝑓 + 𝑆2𝐿𝑆𝐶𝑓𝑅𝐿𝑓 + 𝑆(𝐿𝑓 + 𝐿𝑆) + 𝑅𝐿𝑓)
 

 

 

 

 

(A.20) 

 

If the grid voltage disturbance is considered to be zero, the final relationship is as 

continues to follow: 
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𝐼𝐿𝑓̃̃ = −𝑑𝑝𝑛̃ ⋅ 𝑉𝑑𝑐 ( 𝑆2𝐿𝑆𝐶𝑓 + 1𝑆3𝐿𝑓𝐿𝑆𝐶𝑓 + 𝑆2𝐿𝑆𝐶𝑓𝑅𝐿𝑓 + 𝑆(𝐿𝑓 + 𝐿𝑆) + 𝑅𝐿𝑓) 
 (A.21) 

 

(A.21) approaches to the equation shown below at high frequencies, 𝐼𝐿𝑓̃̃ = −𝑑𝑝𝑛̃ ⋅ 𝑉𝑑𝑐𝑆𝐿𝑓 + 𝑅𝐿𝑓  
(A.22) 

 

It can be seen from the above equation that with reduction in 𝐼𝐿𝑓̃̃ ,dpn increases because of 

the negative sign. Hence the transfer function of plant become 𝐺𝑃𝑎𝑐 = 𝑉𝑑𝑐 ⋅ 1𝑆𝐿𝑓 + 𝑅𝐿𝑓 
(A.23) 

A.2 Battery Pack Modelling 

 

Fig.A.2. Battery pack equivalent model 

The Li-ion cell is utilized to build the battery pack because of its well-known benefits. At 

the lowest SOC value of 20%, the cut off voltage of a Li-ion cell is 2.95 V for a nominal 

cell voltage of 3.3 V. When the SOC reaches 90%, the maximum output voltage is 3.6 V. 

Each cell's nominal current capacity is 18 Ah. The number of cells required in each string 

linked in series to create the 350 V battery pack is 350/3.3 = 106.06. 107 cells are the 

closest integer value. As a result, this battery pack's maximum voltage is 107*3.6 = 385.2 

V, and its lowest voltage is 107*2.95 = 315.65 V. Each string has a nominal capacity of 

18 Ah 350 V = 6.3 kWh. The capacity of the battery pack, on the other hand, may be 

extended by attaching another string in parallel.Fig.A.3 depicts the similar battery pack 

model. The internal resistance of the battery is Rb, while the open circuit voltage of the 
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battery pack is Voc. For 1KHz AC battery charging current, the initial internal resistance 

is less than 4mohm, according to the battery manufacturer's data sheet. This internal 

resistance, however, is valid for a charging rate of 0.55 C, or 10 A. Internal resistance of 

Li-ion batteries is often higher since it is related to charging current. As a result, 10mOhm 

per cell is chosen. The total internal resistance is 10mohm * 107 ohm since each string 

has 107 cells linked in series. Furthermore, the battery open circuit voltage fluctuates with 

the present state of charge. 

A.3. DC-DC Converter Modeling 

 

Fig.A.3.  DC-DC Converter 

Fig.A.3. It is made up of two IGBT switches that operate in both directions. It operates in 

buck mode when a battery is present and boost mode when active power is sent to the 

grid. 

• Switch S7 is on & S8 is off 

 

Fig.A.4. Buck Operation State: ON 

Apply KVL, we get,  
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Vdc = Vlf + Vbat (A.24)                              

 𝑑𝐼𝐿𝑓𝑑𝑡 = 𝑉𝐷𝐶𝐿𝑓 − 𝑉𝑏𝑎𝑡𝐿𝑓  
(A.25) 

Here, Vbat and Vlf are the voltage across the battery/ capacitance Cf and inductance Lf. 

At battery side, applying KCL gives,  𝐼𝐿𝑓 = 𝐼𝐶𝑓 + 𝐼𝑏𝑎𝑡𝑑𝑉𝑏𝑎𝑡𝑑𝑡 = 𝐼𝐿𝑓𝐶𝑓 − 𝐼𝑏𝑎𝑡𝐶𝑓  

 

(A.26) 

Here, the current through capacitor Cf is ICf. now apply KCL at DC- link capacitor gives, 

 𝐼𝐷𝐶 = 𝐼𝐶𝐷𝐶 + 𝐼𝐿𝑓𝑑𝑉𝐷𝐶𝑑𝑡 = 𝐼𝐷𝐶𝐶𝐷𝐶 − 𝐼𝐿𝑓𝐶𝐷𝐶 

(A.27) 

 

• Switch S7 OFF and S8 ON 

 

Fig.A.5 Buck Operation State: OFF 

 

Apply KVL in battery loop, 0 = 𝑉𝐿𝑓 + 𝑉𝑏𝑎𝑡𝑑𝐼𝐿𝑓𝑑𝑡 = − 𝑉𝑏𝑎𝑡𝐿𝑓  

(A.28) 

 

At battery side, apply KCL, 
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𝐼𝐿𝑓 = 𝐼𝐶𝑓 + 𝐼𝑏𝑎𝑡𝑑𝑉𝑏𝑎𝑡𝑑𝑡 = 𝐼𝐿𝑓𝐶𝑓 − 𝐼𝑏𝑎𝑡𝐶𝑓  

 

(A.29) 

 

Now, at DC link capacitor side, apply KCL, 𝐼𝐷𝐶 = 𝐼𝐶𝐷𝐶𝑑𝑉𝐷𝐶𝑑𝑡 = 𝐼𝐷𝐶𝐶𝐷𝐶 

(A.30) 

Duty cycle d and (1-d) can be used to average the on and off states. The duty cycle for 

switch S7 is denoted by d. When the KVL equations (A.25) and (A.28) are averaged, the 

result is 𝑑Γ𝐿𝑓̃𝑑𝑡 = 𝑑 (𝑉𝐷𝐶̃𝐿𝑓 − 𝑉𝑏𝑎𝑡𝐿𝑓 ) + (1 − 𝑑) (− 𝑉𝑏𝑎𝑡𝐿𝑓 )𝑑Γ𝐿𝑓̃𝑑𝑡 = 𝑑 ⋅ 𝑉𝐷𝐶̃𝐿𝑓 − 𝑉𝐿𝑢𝑡𝐿𝑓
 

 

 

(A.31) 

 

Fig.A.6. Two-stage bidirectional EV charger’s average model 

Now, averaging of KCL equation given in (A.26) – (A.29), results in 𝑑𝑉𝑏𝑎𝑡𝑑𝑡 = 𝑑 (𝐼𝐿𝑓̃𝐶𝑓 − 𝐼𝑏𝑎𝑡̃𝐶𝑓 ) + (1 − 𝑑) (𝐼𝐿𝑓̃𝐶𝑓 − 𝐼𝑏𝑎𝑡̃𝐶𝑓 )𝑑𝑉𝑏𝑎𝑡𝑑𝑡 = 𝐼𝐿𝑓̃𝐶𝑓 − 𝐼𝑏𝑎𝑡̃𝐶𝑓
 

 

 

(A.32) 

Now, after averaging the KVL of (A.27) – (A.30), we get, 
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𝑑𝑉𝐷𝐶̃𝑑𝑡 = 𝑑 (𝐼𝐷𝐶̃𝐶𝐷𝐶 − 𝐼𝐿𝑓̃𝐶𝐷𝐶) + (1 − 𝑑) (𝐼𝐷𝐶̃𝐶𝐷𝐶)𝑑𝑉𝐷𝐶̃𝑑𝑡 = 𝐼𝐷𝐶̃𝐶𝐷𝐶 − 𝑑 ⋅ 𝐼𝐿𝑓̃𝐶𝐷𝐶
 

 

 

(A.33) 

Average expression for the model of DC-DC converter has been shown in (A.31), (A.32) 

and (A.33). 

Fig.A.6 depicts the equivalent circuit of both conversion stages is shown in Fig.A.6. For 

the sake of simplicity, this averaged model does not account for converter losses. 

However, for efficiency analysis, the non-idealities of converter switches, inductors, and 

capacitors are necessary, which is not the case here. This model's main goal is to show the 

dynamic behavior of a designed EV charger. 
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APPENDIX B 

COMPONENT CALCULATION 

This section encompasses the design of both on-board and off-board electric vehicle 

chargers. Rating and operating voltage are the main differences between on-board and off-

board EV chargers, and the values of EV charger components are determined by these 

values. Based on a literature review, it was discovered that on-board EV charger ratings 

range from 3.3 to 9.4 kW, therefore it was built and simulated in MATLAB for 7.2 kW. 

B.1. DC Link Voltage  

DC link voltage, for the proper rectification should ne more the peak line to line voltage 

and the battery voltage. As the battery voltage is 350V, also it varies as per SOC. Hence 

the DC link voltage has been selected as 400V. 

Minimum value for the DC link voltage can be calculated as: 𝑉𝐷𝐶 min_on > √2 ⋅ 𝑉𝑝ℎ> √2 ⋅ 230 > 325.26V  
(B.1) 

 

B.2. DC Link Capacitance 𝐶𝑑𝑐 = 2𝑘1𝑉𝑝ℎ ∝ 𝐼𝑝ℎ𝑡(𝑉𝑑𝑐2 − 𝑉𝑑𝑐𝑚𝑖𝑛2 ) 
(B.2) 

 

Here, Vdc being dc link voltage, Vdc_min being the min. DC-link voltage, and overloading 

factor i.e., ∝ is taken as 1.2. During dynamics, the energy dynamic constant (k1) is 0.1. t 

being the time that DC link Voltage takes to recover. = 2 × 0.1 × 230 × 1.2 × 30 × 0.015(4002 − 325.262) = 475.46𝜇F 

 

 

Therefore, DC link capacitor selected as 500𝜇F. 

B.3 Grid Side Inductor 𝐿𝑠−𝑜𝑛 = √3 ⋅ 𝑚 ⋅ 𝑉𝐷𝐶12 ⋅ 𝛼 ⋅ 𝑓𝑠 ⋅ 𝐼𝑐𝑟𝑝𝑝 
(B.3) 
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= √3 × 1 × 40012 × 1.2 × 20000 × 3 = 0.8mH 

 

The grid side inductor selected as 1mH. 

B.4 DC- DC Converter Filter 

The bidirectional DC-DC converter may operate in both buck and boost modes. The initial 

duty cycle in buck and boost mode is computed as follows  to determine the filter inductor 

and capacitor. Vdc denotes the DC link voltage, whereas Vbat denotes the battery voltage. 𝐷buck = 𝑉2𝑉1 = 350600 = 0.875𝐷boost = 1 − 𝑉2𝑉1 = 1 − 350600 = 0.125 

(B.4) 

 

(B.5) 

 

 

To calculate the filter inductance and capacitance: 𝐿𝑓 = 𝑉2 × 𝐷boost Δ𝐼𝐿 × 𝑓𝑠 = 350 × 0.41673.5 × 20 × 103 = 2.1mH𝐶𝑓 = 1 − 𝐷buck 8 ⋅ 𝐿𝑓(Δ𝑉2/𝑉2)𝑓𝑠2 = 1 − 0.58338 × 2.1 ( 35350) × (20 × 103)2 = 6.2𝜇F 

(B.6) 

 

 

(B.7) 
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