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Abstract 

The issue of zero-emission mobility is one of the most topical, the electric vehicle market 

being in a continuous growth, which led to the development of new charging technologies. 

Unfortunately, limiting the autonomy of vehicles is a major problem, which can be solved, in 

a first phase, by developing fast charging technologies and developing an adequate 

infrastructure to serve the end user. This article comes in support of those mentioned, 

highlighting the limitations of the existing methods and proposing the design and 

development of a closed-loop DC-DC buck converter based battery charger for charging a 

plug-in electric vehicle using the constant-current and constant-voltage (CCCV) charging 

scheme. The motivation that led to the approach of this topic is presented in the introductory 

part, with emphasis on the extreme phenomena resulting from global warming, with direct 

involvement of the factors that lead to the burning and consumption of fossil fuels. The 

second chapter, very detailed and comprehensive, is dedicated to Three-phase Controlled 

Rectifier, starting with topologies, deepening the mathematical model, adopting the Voltage 

Oriented Control (VOC) strategy to control the three phase rectifier based on high 

performance direct-quadrature‐ coordinate controllers, ending with overall rectifier 

simulation, using MatLAB Simulink. The third chapter actually presents the simulation part, 

with emphasis on the related diagrams, presentation of parameters, highlighting the battery 

charge controller for CCCV charging and presentation of the final results. The final part is 

dedicated to the practical application itself, comprehensive and clear, as well as the whole 

work. 

Keywords: battery charger; buck converter; electric vehicle; fast charging; three-phase 

rectifier 

1. Introduction 

Climate change involves several dimensions and it is one among the foremost complex 

issues facing the world today [1]. It affects all regions around the world. Ice shields at the 

poles are melting and the sea-level is rising; as a result of which many regions of the world 

are experiencing extreme weather events like floods, hurricanes, rainfall shifting, extreme 

heat-waves, droughts and the likes. As climate change worsens with time, the mentioned 

dangerous weather events are becoming more frequent and severe. These consequences if not 

addressed, are expected to intensify in the near decades. 

The burning of fossil fuels for electricity, heat or transport is the main source of the heat-

trapping greenhouse gases like carbon dioxide (CO2) which lingers in the atmosphere and 



 

14 

 

results in severe change in climate [2]. Amid the growing concerns about the global climate 

change and the need to mitigate the more frequent and intense negative consequences of it 

like storms, heat waves, drought, warming oceans , rising sea levels, and melting glaciers that 

are directly harming animals, destroying the ecosystems they live, and wreak havoc on 

people's communities and livelihoods, humanity is involved in reducing the flow of these 

heat-trapping greenhouse gases, either by reducing the burning of fossil fuels or enhancing 

oceans, forests and soil which are the sinks that accumulate these gases. Moving away from 

petroleum as the main energy source for powering our transportation is one way to mitigate 

the climate change. The world is now pursuing transportation systems powered by electricity 

that can help us scale back the consumption of petroleum. 

The process is quite simple as battery electric vehicles (EVs) would be plugged into the 

grid, and their on-board battery systems will be recharged using clean, renewable electricity. 

Undoubtedly, electric cars will definitely be more appealing in a world where reducing carbon 

emissions and pollution is a growing concern. Several researches conducted by experts have 

shown that electric cars are better for our environment [3]. Even after the production of 

electric vehicle and the generation of the electricity required to fuel it is considered, EV still 

emits less greenhouse gases and air pollutants over its life than a petrol or diesel car. 

This article aims at developing fast battery charger for EVs which will help cities develop 

more sustainable transport by reducing the use of fossil fuels and hence saving the 

environment. The lack of a charging system that can easily and seamlessly recharge EV 

batteries remains a major step-back to the widespread adoption of electric vehicles. As a 

result, an EV charging infrastructure that will parallel the existing gasoline stations is critical. 

However, developing and deploying such an EV charging infrastructure is difficult, and must 

take into consideration competing industry standards, available technologies, grid impacts, 

and other technical and policy issues. 

Let us first review the state-of-the-art EV charging infrastructure by reviewing the power 

electronics converter topologies suitable for fast battery chargers specifically focusing on the 

AC/DC front-end stage design and isolated and non-isolated DC/DC converter topologies and 

their limitations and why the proposed dc-dc buck converter based battery charging system. 

Normally, two different charging approaches are used, namely conductive and inductive 

charging. 

Conductive chargers have hard-wired connection between the power supply and power 

electronic interfaces (PEI) to do the charging and conventionally consist of a power factor 

correction (PFC) ac/dc rectifier followed by a dc/dc converter. On the other hand, inductive 

charging or contactless charging does not use wired connection between the supply and the 

PEI for charging. 

Conductive plug-in Electric Vehicle (PEV) chargers can be classified on the basis of their 

power level. Currently supported power levels are ac level 1 (L1, 1.92 kW max), ac level 2 

(L2, 19.2 kW max), and dc level 3 (L3, greater than 19.2 kW) [4]. Depending on where the 

charger resides, conductive PEV chargers can be classified as on-board or off-board. The on-

board PEI charger sits inside the PEV and usually consists of two power stages: 1) 

rectification of ac mains and 2) battery current regulation. This charger type is also referred to 

as two-stage on-board charger. Off-board chargers are typically fast, high power dc charging 

solutions (L3 and 20 kW or more), where the PEI for charging is installed on an external 

charging infrastructure. 
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Inductive or wireless charging techniques use primary (transmitter) and secondary 

(receiver) coils for transferring power using the principle of magnetic induction. Wireless 

charging systems commonly have a lower efficiency and power density compared to 

conductive charging systems [5], [6], [7]. Wireless charging technology review and 

discussion is beyond the scope of this article. 

In the section below, different power electronics converters for fast charging application 

are identified and compared. Their advantages and disadvantages are discussed. Topology 

variations and control improvements proposed in literature to better suit fast charging are also 

discussed. Note that this article does not cover the topologies for on-board chargers. It focuses 

on the converter topologies suitable for fast charging application only. Reviews of on-board 

chargers, integrated chargers, and off-board chargers can be found in [8] and [9]. 

Table 1 summarizes the state-of-the-art dc fast chargers on the market. The state-of-the-art 

dc fast chargers convert the three-phase ac voltage up to 480 V to the desired dc voltage by 

two power electronics conversion stages: an AC/DC rectification stage with power factor 

correction (PFC), which converts three-phase input ac voltage to an intermediate dc voltage; 

and a DC/DC stage, which converts the intermediate dc voltage into regulated dc voltage 

required to charge the electric vehicle. The galvanic isolation between the grid and the EV 

battery can be provided in one of the two following methods. The first option is to use a line-

frequency transformer before the AC/DC stage to provide isolation from the grid (See Fig. 

1a). The next DC/DC stage is a non-isolated converter. 

 

TABLE 1: Technical Specifications of state-of-art dc fast chargers 

Manufac

turer Model 

ABB 

Terra 53 

Tritiu

m Veefil-

RT 

PHIH

ONG 

Integrate

d Type 

Tesla 

Supercharg

er 

EVTEC 

espresso&char

ge 

ABB 

Terra HP 

Power 50 kW 50 kW 120 

kW 

135 kW 150 kW 350 

kW 

Supporte

d protocols 

CCS 

Type 1 

CHAd

eMO 1.0 

CCS 

Type 1 & 

2 

CHAd

eMO 1.0 

GB/T Superch

arger 

SAE 

Combo-1 

CHAdeMO 

1.0 

SAE 

Combo-1 

CHAd

eMO 1.2 

Input 

voltage 

480 

Vac 

380-

480 Vac 

600-

900 Vdc 

380 

Vac±15% 

480 

Vac±15% 

380-480 

Vac 

400 Vac ± 

10% 

400 

Vac ± 

10% 

Output 

voltage 

200-

500 V 

50-500 

V 

200-

500 V 

50-500 

V 

200-

750 V 

50-410 

V 

170-500 V 150-

920 V 

Output 120 A 125 A 240 A 330 A 300 A 375 A 
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current 

Peak 

efficiency 

94% >92% 93.5% 91% 93% 95% 

Volume 758 L 495 L 591 L 1047 L 1581 L 1894 L 

Weight 400kg 165kg 240kg 600kg 400kg 1340kg 

Time to 

add 200 

miles 

72 min 72 min 30 min 27 min 24 min 10 min 

 

The second option is to use a high-frequency transformer inside an isolated DC/DC 

converter to provide isolation (See Fig. 1b). If a single-module charger does not meet the 

power requirement of the dc fast charger system, multiple identical modules are connected in 

parallel to increase the output power as shown in Fig. 1c and Fig. 1d. An example is the Tesla 

Supercharger, which is made of 12 paralleled modules [10]. Similar approach is used by most 

manufacturers listed in Table 1. 

 

Figure 1: Simplified block diagram of conventional dc fast charger power conversion 

systems 

1.1 Grid-facing AC/DC converters 

Grid-facing AC/DC converters provide an interface between the grid and a regulated dc 

bus. A key performance requirement for these converters is high power quality on the ac and 

dc sides, achieved by input current shaping and output voltage regulation [11], [12]. In this 

article, the AC/DC converters suitable for fast charging are identified and shown in Fig. 2. 

Their features are summarized in Table 2. They are further categorized as bidirectional and 

unidirectional converters. 
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Figure 2: AC-DC front-end topologies for dc fast chargers 

 

TABLE 2: Comparison of different AC/DC converter topologies for dc fast chargers 

Converter Switches/Dio

des 

Bidirection

al 

THD PF 

Range 

Control 

Complexity 

PWM 

Converter 

(Fig. 2a) 

6 / 0 Yes Low Wide Low 

NPC 

Converter 

(Fig. 2b) 

12 / 6 Yes Very 

Low 

Wide Moderate 

Vienna 

Converter 

(Fig. 2c) 

6 / 6 No Very 

Low 

Limited Moderate 

Buck-type 

Converter 

(Fig. 2d) 

6 / 6 No Low Limited Low 

 

1.1.1 Bidirectional AC/DC converters:  

The most widely used grid-facing AC/DC converter is the three-phase active pulse-width-

modulated (PWM) converter with an LCL filter shown in Fig.2a. This boost-type converter 

has an output voltage higher than the input line-to-line peak voltage. The six-switch PWM 

converter generates low harmonic input currents, provides bidirectional power flow, and 

enables arbitrary power factor (PF) regulation. Due to the simple structure, well established 
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control schemes, and the availability of low-cost IGBT devices with sufficient current and 

voltage ratings, this topology is widely adopted in the state-of-the-art dc fast chargers [13]. 

Another boost-type converter implementation is the neutral point-clamped (NPC) 

converter shown in Fig. 2b. This three-level converter enables the utilization of devices with 

lower voltage rating that can provide lower switching losses at an acceptable cost. Moreover, 

the resulting three-level voltage waveform reduces the input current harmonics and dv/dt. In 

[14], a 30 kW EV charger prototype with an NPC front-end achieves low total harmonic 

distortion (THD) input current with the leakage inductance of input transformer serving as the 

ac side filter. Another advantage of using NPC converter as the AC/DC front-end is that it 

explicitly creates a bipolar dc bus [15]. This property is explored in [16] and [17] to 

implement an EV charging station with a bipolar dc bus, allowing the DC/DC converters to 

connect to half of the dc bus voltage. The availability of a bipolar dc bus also provides 

opportunities for partial-power converter implementation for the DC/DC stage. 

 

1.1.2 Unidirectional AC/DC converters: 

If only unidirectional power flow is required, the T-type Vienna rectifier, shown in Fig. 2c, 

is a three-level solution with reduced number of active switches. While it preserves all the 

advantages of three-level converters, it also shares the common issues of three-level 

converters including the need for dc-link capacitor voltage balancing. One major limitation 

for Vienna rectifier is the unidirectional power flow, and limited reactive power control. Due 

to the restricted modulation vector, the range of achievable reactive power is narrow and 

depends on the output voltage (the range is -30° < Ø < 30° when the output voltage is higher 

than twice the peak input ac line-to-line voltage, and it is reduced to Ø = 0 if the output 

voltage is equal to the peak input ac line-to-line voltage). Reference [18] presents a 25 kW EV 

charger prototype with a single-switch Vienna rectifier and four parallel three-level DC/DC. 

In [19], a 20 kW SiC-based Vienna rectifier switching at 140 kHz is 98.6% efficient and 

features compact passive components. In [20], an EV charger is proposed that uses a Vienna 

rectifier and two isolated DC/DC converters with each DC/DC converter interfaced to half of 

the dc bus voltage. By using the DC/DC converters to inject the sixth order harmonic in the dc 

bus voltage, only one phase of the Vienna rectifier is pulse-width modulated at a time, 

improving the system efficiency. 

If the output voltage is lower than the input line-to-line voltage, a buck-type unidirectional 

AC/DC converter shown in Fig. 2d can be adopted. This converter has some advantages over 

the boost-type topologies, such as inherent short-circuit protection, simple inrush current 

control, and lower output voltage. An additional advantage is that the input current can be 

controlled in open-loop. The power flow can be reversed only if the output voltage is 

reversed. Thus, the converter is only unidirectional with fixed output voltage polarity. The 

achievable phase difference between the input voltage and the input current fundamental 

depends on the required output voltage. In order to achieve a higher phase difference, the 

converter needs to operate with a reduced output voltage range (i.e. if the wide output voltage 

range is required, the phase shift between the input voltage and input current fundamental 

needs to be kept small). The conduction losses are generally higher than that of the boost-type 

converter because more devices are connected in series [21], but the switching losses can be 

lower. The buck-type converter can still operate at very high efficiency, as reported in [22] 

where 98.8% efficiency was achieved. In [23], the buck-type rectifier is modified to allow two 

input phases connecting to each phase leg. With two phase legs conducting the current (in 
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contrast to one phase leg for the buck-type rectifier shown in Fig. 2d), the device conduction 

loss is reduced while maintaining low THD of the input current. Adding a fourth diode bridge 

leg connected to the midpoint of the diode bridge and the star-point of the input capacitors 

leads to reduced voltage stress on the switches [24]. This allows the use of switches with 

lower voltage rating and better performance, potentially achieving higher system efficiency. 

 

1.2 Isolated DC/DC converters: 

A DC/DC converter after the AC/DC front-end provides an interface to the EV battery. 

Since the electric vehicle’s battery must not be grounded (i.e. it must be floating with respect 

to the ground) at all times, galvanic isolation is required to maintain the isolation between the 

grid and the battery so that the battery protection remains unaffected by the charging system. 

This can be achieved by using an isolated DC/DC converter. Isolated DC/DC converter 

topologies suitable for EV chargers are presented in Fig. 4; their features are summarized in 

Table 3. A more comprehensive review of isolated DC/DC converters is provided in [25] and 

[26]. 

 

1.2.1 Unidirectional isolated DC/DC converters: 

If only unidirectional power flow is required, a possible implementation is the phase-shift 

full-bridge (PSFB) converter, shown in Fig.3a. When the converter operates in phase-shift 

PWM control its active switches operate at zero-voltage switching turn-on (ZVS) [27]. The 

main disadvantages of this topology are the turn-off losses in the active switches, high losses 

in the output diodes, and the large ringing across the output diodes due to the LCL resonance 

of the transformer leakage inductance, parasitic capacitance of the reverse biased diodes and 

the output inductor. To reduce the voltage overshoot and the ringing, active or passive 

snubber circuits can be applied at the cost of reduced system efficiency. In [28] and [29], a 

current-fed PSFB converter is proposed by moving the output inductor to the primary side of 

the transformer and connecting the diode bridge to an output capacitor directly. This approach 

minimizes the voltage overshoot and the ringing but the ZVS range becomes highly load-

dependent. To maintain ZVS over a wide operating range for EV battery charging, trailing 

edge PWM is used in [28] while auxiliary circuits are proposed in [29].  

Another unidirectional isolated DC/DC converter for fast charging is the LLC resonant 

converter, shown in Fig. 3b. Converter output voltage is regulated by changing the switching 

frequency to adjust the impedance ratio of resonant tank to equivalent load. 

 

The LLC converter utilizes the magnetizing current to achieve ZVS, resulting in low turn-

off losses and low transformer losses [30]. The LLC converter can achieve very high 

efficiency if the input-to-output voltage ratio is narrow [31]. However, it suffers from limited 

light-load power regulation capability and the ZVS condition may not hold for a wide 

operating range, thus negatively impacting efficiency.  

Multiple approaches are proposed to improve performance for a wide output voltage range 

and at light load conditions. Various control methods are proposed including PWM, phase-

shift, and other hybrid modulation schemes to narrow the range of operating frequency while 

broadening the output range [32]. In [33], a variable dc voltage is regulated by the AC/DC 

converter to match the EV battery voltage, allowing the LLC converter to always operate 
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around the resonant frequency with maximum efficiency. Although this method is simple and 

effective with no extra hardware, wide output voltage range is not guaranteed since the dc 

voltage variation is limited by the grid voltage and switch voltage rating. Hardware 

modifications include employing multiple transformers and multiple rectifiers on transformer 

secondary side. In [34], an extra capacitor paralleled with a four-quadrant switch is inserted in 

the LLC resonant tank. By modulating the four-quadrant switch, the inserted capacitance and 

therefore the resonant frequency adapts to the load, improving the efficiency at light-load 

condition. Despite their effectiveness, these methods require additional hardware and result in 

higher system cost and larger system volume. Also, a smooth transition between multiple 

configurations during operation is difficult to achieve. 

Another issue for the LLC converter is that the resonant capacitor has to withstand high 

voltage stress at high power, which complicates component selection. To enhance the power 

rating and alleviate the stress on switching devices and resonant components, a multilevel 

LLC converter, a three-phase LLC converter, and an LLC converter with paralleled modules 

can be used. 

 

1.2.2 Bidirectional isolated DC/DC converters:  

If bidirectional power flow is required, a dual active bridge (DAB) converter (shown in 

Fig. 3c) can be used for EV charging applications due to its high power density, high 

efficiency, buck and boost capability, low device stress, small filter components, and low 

sensitivity to component variation [35], [36]. When introduced in 1991 [36], the DAB 

converter was not widely adopted due to the high power losses and relatively low switching 

frequency of the power semiconductor devices at that time. More recently, the DAB converter 

started gaining attention, due to the capabilities of the new SiC- and GaN-based power 

semiconductor devices and the advances in Nano-crystalline and amorphous soft magnetic 

materials, which enabled the converter efficiency and power density improvements. In the 

DAB converter, the power flow is controlled by adjusting the phase shift between primary and 

secondary voltage, with transformer leakage inductance serving as the power transfer element. 

Owing to its simple structure and ZVS operation, the DAB converter has been extensively 

used in isolated bidirectional DC/DC conversion applications. 
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Figure 3: Isolated DC-DC converter topologies for dc fast chargers 

 

TABLE 3: Comparison of different isolated DC/DC converter topologies for dc fast 

chargers 

Converter 
Switches/ 

Diodes 

Bidirection

al 

Major Advantages and 

Disadvantages 

PSFB 

converter 

(Fig.3a) 

4 / 4 No 

Simple Control; wide output range. 

High switching losses in primary 

switches and output diodes; duty-cycle 

loss; hard to realize ZVS under light-

load. 

LLC 

converter 

(Fig.3b) 

4 / 4 No 

Low reactive current; ZVS on 

primary side and ZCS on secondary 

side. 

Limited controllability; hard to 

maintain high efficiency and ZVS 

under wide operating range. 

DAB 

converter 

(Fig.3c) 

8 / 0 Yes 

Wide achievable output range. 

Inherent reactive current; trade-off 

between reactive power and ZVS 

condition. 

CLLC 

converter 

(Fig.3d) 

8 / 0 Yes 

Low reactive current; wide ZVS 

range. 

Limited controllability under wide 

output range. 
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For EV battery charging, the converter is required to operate with a wide range of voltage 

gain and power due to the EV charging profile, under which reactive power can increase 

dramatically and ZVS condition no longer holds [37]. This causes a dilemma in the design of 

leakage inductance, in which high leakage benefits a wide ZVS range but worsens the reactive 

power and results in lower efficiency, and vice versa [38]. To improve the performance under 

a wide operating range, various modulation schemes have been proposed. In [39], authors 

propose dual-phase-shift (DPS) modulation to minimize the current-stress of switching 

devices, where primary and secondary duty cycle are introduced as an additional degrees of 

freedom. In [40], the DPS is adopted to achieve ZVS under full load range. In [41], the 

concept of DPS is further extended to triple-phase-shift (TPS) to enable more degrees of 

freedom and achieve multiple design objectives such as broader ZVS range, lower current 

stress, and improved efficiency. In addition, hybrid modulation incorporates operating 

frequency and pulse density to regulate the transferred power without sacrificing ZVS while 

controlling the reactive power flow [42]. Recent work in [43] applies TPS to enhance light-

load efficiency while switching to DPS to reduce the circulating current under medium- and 

heavy-load conditions. However, all proposed control strategies have inherent performance 

trade-offs, and require complex modulation schemes that may be difficult to implement and 

may not be as robust to parameter variation. Another concern is the high frequency charging 

ripple resulting from the reactive power that is inherent to DAB converter operation [44]. 

Another variant of the bidirectional DC/DC converter is the CLLC converter shown in Fig 

4d [45]. Due to its symmetrical circuit, the CLLC converter provides the same voltage gain 

characteristic in both power flow directions, which reduces the control complexity and 

facilitates power regulation. Moreover, the CLLC converter distributes two resonant 

capacitors on both sides of the transformer, which helps reduce the resonant capacitor voltage 

stress compared to the LLC converter. Compared with the DAB converter, the leakage 

inductance required for the CLLC resonant tank is much smaller. As a result, the reactive 

power circulating in the converter is also smaller. Further, the sinusoidal resonant current of 

the CLLC converter exerts smaller stress on the high-frequency transformer than the DAB 

converter. However, due to its similarities to the LLC converter, the CLLC converter exhibits 

similar design trade-offs as the LLC converter such as the ZVS condition and efficiency 

degradation for a wide voltage and power operating range. The controllability of CLLC 

converter is another challenge, as the voltage gain curve against frequency tends to be steady 

in specific frequency ranges [45]. To solve above issues, authors in [46] add an auxiliary 

transformer to help realize full load range ZVS while improving power regulation. A detailed 

parameter design methodology is provided in [47] to realize robust power regulation with a 

wide operating range. 

In many cases, there is a desire to minimize the number of active devices in a topology. 

One way to achieve this is to utilize half-bridge equivalents of the converters shown in Fig. 3 

including the widely used half-bridge LLC converter [48], [49] and dual half-bridge (DHB) 

converter [50], [51]. The half-bridge converters use only four active switches which reduces 

the cost. Comparing with the full-bridge version, the voltage applied is half of the dc link 

voltage. This feature is beneficial for the high-frequency transformer design when used in MV 

applications. However, the current stress on the active devices is doubled, and the degrees of 

freedom available for converter control are reduced. 
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1.3 Non-isolated DC/DC converters: 

If the charging system is designed to exploit the isolation provided by a different power 

conversion stage of the fast charging system (for example the line-frequency transformer 

before the AC/DC front-end), a non-isolated DC/DC converter can be used instead of an 

isolated one, while still providing a floating power supply to the vehicle battery. In this 

discussion, we consider bidirectional non-isolated DC/DC converters for two reasons. First, 

the achievable efficiency of bidirectional converters is higher than the unidirectional ones due 

to synchronous rectification. Second, unlike isolated DC/DC converters, the bidirectional 

operation does not add more complexity to the control of non-isolated DC/DC converters. 

Although focusing on the bidirectional converters, the discussions also apply to corresponding 

unidirectional versions. 

Considering the battery voltage is lower than the output voltage of the AC/DC front-end in 

most cases, a boost converter (from the battery point of view) in Fig. 4a is the simplest non-

isolated topology to interface with the battery. The power rating of this converter is limited 

since the current is carried by a single switch. Also, the inductor size is large if the current 

ripple needs to be small. 

To increase the current carrying capability and reduce the current ripple seen by the 

battery, two or more phase legs can be interleaved to form a multi-phase interleaved boost 

converter. Fig. 4b shows an interleaved boost converter with three phase legs. Due to its 

simple structure, good performance, and scalability to high power, this topology has been 

widely explored in literature for EV charging application [13], [14], [52], [53], [54]. In [14], 

an EV charger prototype is reported to have six phase legs connected in parallel and 

interleaved to reach 30 kW. In [53], a 100 kW three-phase interleaved boost converter is 

designed to work in discontinuous conduction mode (DCM). The inductors are small enough 

to allow both positive and negative current in one switching period, achieving ZVS for all 

switches. With an optimized inductor design, the system size can be reduced and efficiency 

improved. In [54], an interleaved boost converter implementation operating in DCM utilizes 

the partial power concept by separating the bus voltage into two parts in series. With the 

converter connecting to part of the bus voltage, switches with lower voltage ratings can be 

used, potentially reducing losses. The drawback of this method is the extra hardware and 

control effort to balance the two DC bus voltages. 

Another topology that offers better harmonic performance than the boost converter is the 

three-level boost converter [55] and its bidirectional version [56] as shown in Fig. 4c and Fig. 

4d, respectively. The current ripple in the three-level boost converter is only one fourth of that 

in the boost converter if the same inductor is used, which implies a smaller inductor can be 

used to meet the current ripple specifications. In [57], the performance of a boost converter, a 

two-phase interleaved boost converter and a three-level boost converter are compared. The 

work shows that the three-level boost converter can increase efficiency and reduce the size of 

the magnetic components. However, the three-level boost converter has high electromagnetic 

interference (EMI) in terms of common mode noise, which could have a negative impact on 

the battery system. Further, the three-level boost converters cannot be paralleled easily. If 

there is a phase shift between paralleled three-level boost phase legs, large circulating currents 

will result unless interphase inductors are used between phase legs. For high power 

applications when multiple parallel phase legs are necessary, circulating currents can be 

suppressed by either switching the phase legs synchronously [58], which eliminates the 

inductor size reduction due to interleaving, or by using an integrated inductors that suppresses 



 

24 

 

the circulating currents [59]. Due to its three-level nature, the three-level boost converter is 

suitable for interfacing the EV battery with a bipolar bus such as the EV charging station 

topologies proposed in [60], [61] and [62]. 

Another potential three-level topology for fast chargers is a flying capacitor converter 

shown in Fig. 4e. This three-level topology allows for the use of a smaller inductor compared 

to a boost converter. Also, the power rating of the converter can be easily increased by 

paralleling and interleaving multiple phase legs. However, the short circuit protection design 

is challenging due to the presence of the flying capacitor. In addition, the switching 

commutation loop of the flying capacitor converter involving the uppermost and lowermost 

devices is larger than that of boost converter and three-level boost converter [63], which may 

cause undesired voltage overshoot during switching. In [64], a 55 kW flying capacitor 

converter prototype boosts the battery voltage three times to the traction inverter bus voltage. 

The efficiency is above 96.5% over the entire power range. However, to the authors’ best 

knowledge, currently no proposed or implemented dc fast charger uses the flying capacitor 

converter. 

 

Figure 4: Non-isolated DC-DC converter topologies for dc fast chargers 

 

 

TABLE 4: Comparison of different non-isolated DC/DC converter topologies for dc fast 

chargers 

Converter Switches/Diodes Major Advantages and Disadvantages 

Boost converter 

(Fig.45a) 
2 / 0 

Simple control. 

Limited current and voltage capability. 

Interleaved boost 

converter (Fig.4b) 
6 / 0 

Increased current capability; low current ripple; 

simple control; good scalability. 

Limited voltage capability. 

Three-level boost 

converter (Fig.4d) 
4 / 0 

Increased voltage capability; reduced current 

ripple. 

Not for interleaving due to circultaing current. 

Flying capacitor 

converter (Fig.4e) 
4 / 0 

Increased voltage capability; good scalability. 

Difficult short-circuit protection. 
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While the state-of-the-art dc fast chargers requires MV-to-LV line-frequency transformers, 

another solution is the proposed closed-loop DC-DC buck converter based battery charger for 

charging a PEV using the constant-current and constant-voltage (CCCV) charging scheme. 

This buck type dc fast charger provides rectification, voltage step down at unity power factor 

(UPF) without the need for a PFC. Its control is simple, utilizes less electronic components, 

easy protection against reverse current from the battery, provides size reduction, and 

efficiency improvement over the state-of-the-art implementations, by minimizing the power 

lost in the conversion process. 

The proposed system model consists of three parts: Three-phase Rectifier, Buck converter 

and Battery system. Fig. 5 is the block diagram of the system. 
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Figure 5. The proposed system block diagram 

 

2. Three-phase Controlled Rectifier 

2.1 Topologies 

Rectifiers convert the utility ac supply voltage to a dc voltage with a fixed or ad-justable 

magnitude. They are used in various industrial applications such as electronic ballasts, 

household electric appliances, battery charging, motor drives, power conversion,  High 

Voltage Direct Current (HVDC), etc. [65]. Although rectifiers provide a dc output, they differ 

in characteristics such as ac-side harmonics, power factor, and efficiency as well as output 

ripple and mean voltage. Due to the wide range of applications, different configurations and 

classifications occur. 

Rectifiers are generally classified according to the function and the load type into either: a 

voltage source rectifier (VSR) or a current source rectifier (CSR) [66]. 

AC-dc converters are commonly classified according to the topology, as shown in fig. 6, 

into line or naturally commutated rectifiers and forced commutated rectifiers. Each can be 

classified into either regenerative or non-regenerative [67]. In applications such as drives, 

downhill conveyors, locomotives, cranes, etc., the energy flow can be reversed during 

operation. The rectifier should be able to deliver energy back to the ac power supply, hence is 
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considered a regenerative rectifier [68]. This rectifier is termed a line-side commutated 

converter. 

Rectifiers

Natural commutation Forced commutation

Uncontrolled Semi-controlled Fully-controlled VSR PWM CSR PWM 

RegenerativeNon-regenerative

Vienna

Boost

RegenerativeNon-regenerative

 

Figure 6. Classification of rectifiers 

Universal bridge topology of a bidirectional regenerative Pulse Width Modulation (PWM) 

Voltage Source Rectifier (VSR) is adopted in this paper. The VSR can operate as a voltage-

source inverter (VSI) and as a rectifier when reversing the power flow from the load to the dc-

link. The power circuit of the VSR is shown in fig. 7. The dc link output voltage is controlled 

at voltage level greater than the maximum input line voltage. Therefore this converter 

operates as a voltage booster. The input current is controlled to be synchronized with supply 

voltage to improve the input power factor [69], [70], [71], [72]. 
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Figure 7. Voltage source PWM rectifier 

Different PWM techniques can be used to determine the on and off conditions of inverter 

switches, such as Sinusoidal Pulse Width Modulation (SPWM), Space Vector Modulation 

(SVM), and Super High Efficiency (SHE) [73]. The SPWM is adopted in this paper. 

To achieve unity power factor (UPF) operation and bi-directional energy flow ca-pability 

of the rectifier, the universal topology is adopted to build a low-cost three-phase module 

rectifier. However, poor immunity to shoot-through faults, high per-unit current rating, and 

high switching losses are some of the draw backs of this topology [74]. 
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2.1.1 Steady state operation 

The basic diagram of the three‐ phase boost converter is shown in the figure below (Fig. 

8). The line voltage that comes from the grid is denoted uL and the bridge converter voltage is 

denoted uS and can be controlled from the dc‐ side. Diagrams for both rectifi-cation and 

regeneration operation at UPF are shown in Fig. 9. 
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Figure 8. Rectifier Schematic 
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Figure 9. (a) General phasor diagram (b) Rectification at UPF (c) Regeneration at UPF. 

By controlling the voltage drop across the inductance L that connects the line and the 

converter, we can control the line current iL. Controlling the amplitude of converter voltage 

uS and the phase angle, ε we indirectly control the phase and amplitude of the line current. By 

doing so, the average value (i.e the mean) and sign of the dc current is subject to control that 

is proportional to the active power that is conducted through the converter. We can 

independently control the reactive power with a shift of the fundamental harmonic current iL 

with respect to voltage uL [74]. 

Remark: A current source character is brought by the inductors connected between the line 

and the rectifier which result in the boost feature of the converter [74]. 

 

2.1.2 Mathematical Model 

The three‐ phase line voltage and current are: 

             𝑈𝑎 = 𝐸𝑚𝑐𝑜𝑠(𝑤𝑡)               (1) 

𝑈𝑏 = 𝐸𝑚𝑐𝑜𝑠(𝑤𝑡 − 2 π /3)           (2) 

𝑈𝑐 = 𝐸𝑚𝑐𝑜𝑠(𝑤𝑡 − 4 π /3)            (3) 

 

𝑖𝑎 = 𝐼𝑚𝑐𝑜𝑠(𝑤𝑡 + Ø)                   (4) 
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𝑖𝑏 = 𝐼𝑚𝑐𝑜𝑠(𝑤𝑡 + Ø − 2 π /3)         (5) 

𝑖𝑐 = 𝐼𝑚𝑐𝑜𝑠(𝑤𝑡 + Ø − 4 π /3)         (6) 

 

And since there is no neutral connection here, equation 7 is 
obtained: 

𝑖𝑎 + 𝑖𝑏 + 𝑖𝑐 = 0                            (7) 

A three‐ phase system can be described with only two components 
α and β (real and imaginary respectively). Furthermore, we call a 
space vector the quantity [75], [76]. 

𝑉𝑠(𝑡) =  𝑉𝛼(𝑡) + 𝑗𝛽(𝑡) 

=  2/3𝐾(𝑉𝑎(𝑡) + 𝑉𝑏(𝑡)𝑒𝑗2𝜋/3 + 𝑉𝑐(𝑡)𝑒𝑗4𝜋/3        (8) 

Where K is a scaling constant (amplitude invariant K = 1, RMS‐
invariant K = 1/√2, power invariant K = √(3/2)). 

2.1.3 Rectifier ABC Model 

𝑈𝑆𝑎𝑏 =  (𝑆𝑎 —  𝑆𝑏)𝑈𝑑𝑐            (9) 

𝑈𝑆𝑏𝑐 =  (𝑆𝑏 —  𝑆𝑐)𝑈𝑑𝑐             (10) 

𝑈𝑆𝑐𝑎 =  (𝑆𝑐 —  𝑆𝑎)𝑈𝑑𝑐             (11) 

With phase i = a, b, c and Si the switching function defined by: 

Si = {
1 upper switch ON
0 bottom switch ON

 

 

𝑢𝑆𝑎 =  ƒ𝑎 . 𝑢𝑑𝑐           (12) 

𝑢𝑆𝑏 =  ƒ𝑏 . 𝑢𝑑𝑐           (13) 

𝑢𝑆𝑐 =  ƒ𝑐 . 𝑢𝑑𝑐            (14) 

 

𝑓𝑎 =  𝑆𝑎 –  𝑆 ∗ =  𝑆𝑎 – 1/3(𝑆𝑎 + 𝑆𝑏 + 𝑆𝑐)  

=  2𝑆𝑎 − (𝑆𝑏 + 𝑆𝑐)/3                             (15) 

 

𝑓𝑏 =  2𝑆𝑏 − (𝑆𝑎 + 𝑆𝑐)/3       (16) 

𝑓𝑐 =  2𝑆𝑐 − (𝑆𝑎 + 𝑆𝑏)/3         (17) 

(𝑓𝑎𝑏𝑐 𝑎𝑟𝑒 0, ±1/3 𝑜𝑟 ±  2/3)    (18) 
 

The rectifier is defined by four equations, one for each phase 
voltage and one for the currents (dc‐  link): 
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[
𝑈𝑎
𝑈𝑏
𝑈𝑐

] = R[
𝑖𝑎
𝑖𝑏
𝑖𝑐

] + L
𝑑𝑖

𝑑𝑡
[
𝑖𝑎
𝑖𝑏
𝑖𝑐

] + [
𝑈𝑠𝑎
𝑈𝑠𝑏
𝑈𝑠𝑐

]     (19) 

 

𝐶
𝑑𝑢𝑑𝑐

𝑑𝑡
 =  𝑆𝑎𝑖𝑎 +  𝑆𝑏𝑖𝑏 +  𝑆𝑐𝑖𝑐 – 𝑖𝑙𝑜𝑎𝑑  (20) 

The combination of the previous equations can be represented as a block diagram: 
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Figure 10. The Rectifier Model 

 

2.1.4 Rectifier αβ‐ Equations 

[
𝛼
𝛽] = [

2

3

−1

3

−1

3

0
1

√3

−1

√3

] [
𝑎
𝑏
𝑐
]          (21) 

[
𝑎
𝑏
𝑐
]  =  

[
 
 
 
1 0
−1

2

√3

2

−1

2

−√3

2 ]
 
 
 

[
𝛼
𝛽]         (22) 

Then, applying this transformation we can find the voltage equations in αβ‐ coordinates: 

[
𝑈𝛼
𝑈𝛽

] = R[
𝑖𝛼
𝑖𝛽

] + L
𝑑

𝑑𝑡
[
𝑖𝛼
𝑖𝛽

] + [
𝑈𝑠𝛼
𝑈𝑠𝛽

]      (23) 

 

𝐶
𝑑𝑢𝑑𝑐

𝑑𝑡
 =  3/2(𝑆𝛼𝑖𝛼 +  𝑆𝛽𝑖𝛽) –  𝑖𝑙𝑜𝑎𝑑   (24) 

                                       

2.1.4 Rectifier dq‐ Equations 
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 Here, we will apply the Park transformation: 

V𝑑𝑞  =  V𝑐𝑒−𝑗𝜃          (25) 

 

Where Vc is a space vector (vc = vα + jvβ). We get: 

 

𝑈𝑆 = R𝑖𝑠 + 𝐿𝑑𝑡
𝑑𝑖𝑠 + 𝑢𝑠

𝑠               (26) 

 

𝑢𝑑𝑞𝑒𝑗𝜃 = R𝑖𝑑𝑞𝑒
𝑗𝜃+L(𝑒𝑗𝜃(𝑗𝑤𝑖𝑑𝑞 +

𝑑𝑖𝑑𝑞

𝑑𝑡
))+𝑒𝑗𝜃𝑢𝑠𝑑𝑞    (27) 

 

𝑢𝑑𝑞= R𝑖𝑑𝑞+L
𝑑𝑖𝑑𝑞

𝑑𝑡
+𝑗𝐿𝑤𝑖𝑑𝑞+𝑢𝑠𝑑𝑞            (28) 

 

And finally, with separation of Real and Imaginary part we obtain: 

𝑢𝑑= R𝑖𝑑+L
𝑑𝑖𝑑

𝑑𝑡
−𝑤𝐿𝑖𝑞+𝑢𝑠𝑑     (29) 

 

𝑢𝑞= R𝑖𝑞+L
𝑑𝑖𝑞

𝑑𝑡
− 𝑤𝐿𝑖𝑑+𝑢𝑠𝑞     (30) 

 

 

2.1.5 Instantaneous Power[75] 

From the well-known relation Power, P = Real{V I*} for single phase Root Mean Square, 

RMS‐ value‐ scaled phasors V and I (“*” indicates complex conjugate), we know that 

instantaneous power for three‐ phase system will be proportional to: 

Re{vs (is)*} = Re{vdq (idq)*}    (31) 

Note that the formula is independent of the coordinate system. From the space vector 

definition we     get (the time argument “(t)” is removed for simplicity): 

𝑣𝑠(𝑖𝑠) ∗ = (
2

3
𝐾)2(𝑣𝑎 + 𝑣𝑏𝑒

𝑗
2𝜋

3 + 𝑣𝑐𝑒
𝑗
4𝜋

3 ) + (𝑖𝑎 + 𝑖𝑏𝑒
𝑗
2𝜋

3 + 𝑖𝑐𝑒
𝑗
4𝜋

3 )* 

= (
2

3
𝐾)2[𝑣𝑎𝑖𝑎 + 𝑣𝑏𝑖𝑏 + 𝑣𝑐𝑖𝑐 + 𝑗

1

√3
(𝑣𝑎(𝑖𝑐 − 𝑖𝑏) + 𝑣𝑏(𝑖𝑎 − 𝑖𝑐) + 𝑣𝑐(𝑖𝑏 − 𝑖𝑎))]  (32) 

And finally the real part gives the active power: 

𝑃 = 
3

2𝐾2 𝑅𝑒𝑎𝑙{𝑣𝑠(𝑖𝑠) ∗} = 
3

2𝐾2 𝑅𝑒𝑎𝑙{𝑣𝑑𝑞(𝑖𝑑𝑞) ∗} =  𝑣𝑎𝑖𝑎 + 𝑣𝑏𝑖𝑏 + 𝑣𝑐𝑖𝑐      (33) 

 

And with imaginary part we obtained the reactive power: 

𝑄 = 
3

2𝐾2
𝐼𝑚(𝑣𝑠(𝑖𝑠) ∗) =  

3

2𝐾2
𝐼𝑚((𝑖𝑑𝑞) ∗) 
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=  𝑗
1

√3
(𝑣𝑎(𝑖𝑐 − 𝑖𝑏) + 𝑣𝑏(𝑖𝑎 − 𝑖𝑐) + 𝑣𝑐(𝑖𝑏 − 𝑖𝑎))]       (34) 

2.1.6 Limitations 

To properly operate the rectifier, there is a need for a minimum dc-link voltage which will 

help in obtaining undistorted current waveforms. Negative polarization of the six diodes of 

the rectifier will help us achieve full control of the rectifier. By ensuring a dc-link voltage 

greater than the peak dc-voltage generated by the diodes alone, will keep the diodes blocked. 

As far the diode rectifier theory, the maximum dc output voltage is the peak value of line to 

line Root Mean Square (RMS) voltage [74]. 

VDCMIN  >  √2VLL(RMS)  = √2.√3.VLN(RMS)    (35) 

 

VDC-LINK

VDIODE-RECTIFIER

15-20%

√2VLL

 

Figure 11. dc-link voltage condition 

Better select a dc‐ link voltage about 15‐ 20% higher than √2VLL. For the simulation, 625 

V is selected. 

IMPORTANT: The previous voltage VLL(RMS) corresponds to the converter voltage 

(Us). There is no line impedance taking in account here. 

Nevertheless, if there is no line impedance (R = 0Ω , L=0H) we can continue to write the 

equation (35) according to the amplitude of supply voltage Em: 

VDCMIN  >  √2.√3.VLN(RMS) = √3 EM   (36) 

ATTENTION: This is a true definition but doesn’t apply in all situation [74] 

 

The dc‐ link voltage depends on the PWM method. In our case, we will use SPWM. In this 

case the maximum reference voltage is Vdc/2 (Fig. 12 [77]) 

2

Udc

2

Udc

max. sinusoidal reference value 

wt
0
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Figure 12.  Maximum sinusoidal reference voltage (converter voltage Us) for SPWM 

Finally, our minimum DC‐ link voltage will be: 

𝑉𝐿𝑁(𝑝𝑒𝑎𝑘) = 
𝑉𝐷𝐶

2
     (37) 

 

𝑉𝐿𝐿(𝑟𝑚𝑠)

√3
√2 =

𝑉𝐷𝐶

2
    (38) 

 

𝑉𝐷𝐶𝑚𝑖𝑛 > 2𝑉𝐿𝑁(𝑝𝑒𝑎𝑘) = 
2√2

√3
𝑉𝐿𝐿(𝑟𝑚𝑠) = 1.663𝑉𝐿𝐿(𝑟𝑚𝑠)     (39) 

A minimum dc-link voltage is defined in the book [74] by taking into account the line 

inductance. Our case is amplitude invariant (they assume a maximum converter voltage to be 

2/3Vdc, which is the radius of switching hexagon). For power invariant, the dc-link voltage 

will be √3/2Vdc. They define a dc-Link voltage as: 

𝑉𝑑𝑐 > √(3[𝐸𝑚
2 + (𝑤𝐿𝑖𝑑)2])                  (40) 

It is observable that the R is ignored and if there is no inductance voltage, L=0 we can 

rewrite equation 40 for Vdcmin > √3EM. And hence from this equation the maximum 

inductance value can be calculated as: 

𝐿 <  
√(

𝑉𝐷𝐶
2

3
− 𝐸𝑚

2 )

𝑤𝑖𝑑
                              (41) 

A high current ripple results from a low inductance value and will make the design more 

reliant on the line impedance. As indicated by [74], a greater value of the inductance will give 

a low current ripple, however at the same time decreases the activity scope of the rectifier. 

The current is controlled by the voltage drop across the inductance. This voltage drop is 

constrained by the voltage of the rectifier however its maximal worth is restricted by the dc‐
link voltage. Therefore, a high current (high power) through the inductance needs either a 

high dc‐ link voltage or a low inductance (low impedance). 

 

2.1.7 Voltage oriented control strategy 

The Voltage Oriented Control (VOC) ensures high unique and static execution through an 

interior current control loop. Be that as it may, the quality relies chiefly upon the current 

control procedure. 
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Figure 13.  VOC Block Scheme 

The VOC is near Field Oriented Control for induction motor. The strategy depends on the 

change between fixed directions αβ and synchronous rotating coordinates dq. This 

methodology ensures:  

 Quick transient response 

 High static execution through inward current control loop 

Thus, the performance relies upon the nature of the current control loop applied.  

We can discover a few systems that can be applied for current control. A generally utilized 

plan for elite current control is the dq coordinated regulator, in which the regulated currents 

are DC quantities. This wipes out steady‐ state errors. 

 

2.1.8 The rectifier closed loop system block diagram 
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Figure 14.  The rectifier closed loop system block diagram 

 At the beginning, the Phase Locked Loop (PLL) is feed from the line voltage Uabc. 

Then the voltage angle is determined and utilized for three‐ phase to dq‐
coordinate transformation of the line current and voltage. 

 Then the dq‐ coordinate values and the dc‐ link voltage esteem are utilized in a 

decoupled regulator.  

 At the last stage, the reference voltages generated by the regulator are shipped to 

the PWM block to make the switching patterns Sabc (S = 1 implies upper switch 

ON, lower switch OFF; S=0 implies upper switch OFF, lower switch ON).  

Comment: The converter voltage Us and the reference voltage from the regulator are in 

correspondence. 

The overall rectifier system detailed above will be simulated in Matrix Laboratory, 

MATLAB/Simulink. As indicated by Fig. 14, there will be four principle parts in this rec-

tifier model: the PLL, a decoupled regulator/controller consisting of a current and voltage 

regulator, a PWM block, and a rectifier model (grid impedance Resistance, R and inductor, L 

included). 

 

2.1.9 abc to dq0 transformation and vice versa 

The abc to dq0 block uses a Park transformation to transform a three-phase (abc) signal to 

a dq0 rotating reference frame. 

Benefits of abc to dq0 conversion: 

 To reduce complexity of the system with dc values instead of ac values. 
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 The DC quantities facilitate easier filtering and control. It is much easier to design a 

controller for the dq model and one can use a regular Proportional Integral 

Derivative, PID which is not possible to apply directly on a regular ABC model. 

 Independent control of active and reactive power is easily achieved by controlling 

the resulting dc quantities. 

 

Figure 15.  Vabc to Vdq 

 

 

Figure 16. Iabc to Idq 

Inverse Park transformation is utilized to convert a time-domain direct, quadrature, and 

zero components in a rotating reference frame to the components of a three-phase system. 

There is no zero component in a balanced system. 

 

Figure 17.  dq to abc transformation 

 

2.1.10 Decoupled Controller 
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Decoupled controller with current controller and the dc‐ link voltage controller: 

 

Figure 18.  Decoupled controller 

 

2.1.11 Overall rectifier simulation 

The simulation of the system is done in MATLAB Simulink based on the VOC strategy. 

VOC implemented in synchronous rotating dq frame to control active and reactive power 

separately by controlling currents in d and q axes respectively. 

The simulink model below is created for three phase SPWM AC-DC boost converter. A 

abc-dq control loop is implemented for unity power factor (reactive component of the current, 

i_q^*  set to zero). The proposed model provides regulated output DC voltage with unity 

power factor and superior input power quality. The input voltage is three phase 230 V rms, 50 

Hz. The output voltage is also 625 V DC. 

 

Figure 19. Three-Phase Rectifier 
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Figure 20. Inside the three-phase Bridge Converter (3-legs of the rectifier built using 

MOSFET switches) 

 

Figure 21. Inside the PWM Signal block (gate signals generation for the MOSFET 

switches of the rectifier) 

Refer to fig. 13 for the closed loop control implementation. 

 

 

 

Figure 22. Vdc output of the rectifier in model 2, Vref (i.e desired output) is set to 625 V 
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Figure 23. Phase-A input Voltage. The input voltage is three phase 230 V rms, 50 Hz 

 

Figure 24. Phase-A input current 

 

Figure 25. Power output of the rectifier. From t=0 to t=0.5 the reference voltage is kept at 

625 V and power equals 39 kW. From t=0.5 to t=1.0 the reference voltage is changed to 

800 V and power equals 50kW. 

 

Table 5. Rectifier table of values used in simulation 
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Parameter Value 

𝑉𝑠𝑢𝑝𝑝𝑙𝑦(𝑝𝑒𝑎𝑘) 220√2 V 

𝑓𝑠𝑢𝑝𝑝𝑙𝑦 50 Hz 

𝑅𝑙𝑖𝑛𝑒 0.05 Ω 

𝐿𝑙𝑖𝑛𝑒 2 mH 

C 1500 µF 

𝑅𝑙𝑜𝑎𝑑 50 Ω 

𝑉𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 625 V 

𝑃𝐼𝐷𝑑 Kp=2000, Ki=100, Kd=0 

𝑃𝐼𝐷𝑞 Kp=2000, Ki=100, Kd=0 

𝑓𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 5000Hz 

 

3. Buck Converter Charging the Battery 

Here we simulated a dc to dc buck converter and battery charge controller to charge the 

battery using Constant Current Constant Voltage (CCCV) charging protocol. 
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Figure 26.  Buck Converter CCCV Battery Charger 

 

3.1 Operating principles of buck converter 

Buck, or step down converters produce an average output voltage lower than the input 

source voltage [78]. 

The output and input voltages are related as such: 

𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛
𝑇𝑜𝑛

𝑇
       (42) 
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Figure 27.  Buck Converter Subsystem in Simulink 

The equation for inductor and capacitor selection according to [68] are as follows respec-

tively: 

𝐿 =  
𝑉𝑜(𝑉𝑠−𝑉𝑜)

𝑓∗𝑉𝑠∗∆𝐼
            (43) 

 

𝐶 =  
∆𝐼

8∗𝑓∗∆𝑉𝑐
               (44) 

Where Vs is the input voltage, Vo is the output voltage, f is the switching frequency, ΔI is 

the peak to peak ripple current of the inductor, and ΔVc is the peak to peak ripple voltage of 

the capacitor. 

 

Table 6. Buck Converter parameter values as used in our simulation 

Parameter Value 

𝑉𝑖𝑛 625 V 

𝑉𝑜𝑢𝑡 400 V 

𝐿 10 µH 

𝐶 100 µF 

𝑓𝑠 20 KHz 

 

3.2 The Battery Charge Controller 

The battery charge controller consists of voltage control, current control, and charger code 

to achieve CCCV FAST CHARGING of the battery. The entire charging process is divided 

into two modes, first one is constant current mode and second one is constant voltage mode. 
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Figure 28.  CCCV Battery Charging Profile 

As demonstrated in figure 28 [79], constant current mode is the initial state of the charging. 

In this mode the battery is charged with a huge but fixed current usually referred as bulk 

current. This process of constant current charging will continue until the Open Circuit Voltage 

(OCV) of the battery is reached. The constant current mode would energize the battery to 

about 80% charged [80], [81]. Once the OCV of the battery is reached, the controller switches 

to the constant voltage mode. During this process, a constant voltage which is usually the 

battery OCV is maintained across the battery and the charging current drops until it reaches a 

preset value called float value. If the current decreases beyond the float value threshold, the 

charging process is terminated and the battery is considered fully charged. 

In the simulation of this system however, we charge the remaining 20% of the battery 

indefinitely at the constant voltage stage because the battery can be considered fully charged 

upon the completion of the CC-CV protocol [80]. 
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Figure 29.  Battery Charge Controller 

The battery charge controller in fig. 19 charges the battery with 125 A in the bulk mode 

and then charges the battery with constant voltage of 400V in the absorption stage (constant 

voltage stage). For the simulation we used 360 V nominal and 56.3 Ah for a Li-ion battery. 

 

Figure 30.  Voltage Controller 

 

 

 

 

Figure 31.  Current Controller 
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Figure 32.  Buck and the Battery Charge Controller 

 

Figure 33.  Full CCCV Battery Charging Simulink System 
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Figure 34.  Simulation Results 

4. Discussion on Simulation Results 

As seen in fig. 34 the battery began charging with bulk current of 125 A until the OCV of 

the battery is reached (400 V as selected) then the charge enters the constant voltage mode 

until the current falls to nearly zero ampere. 

 

5. Hardware Implementation of the CCCV Charger Prototype 

This section explains how we built CCCV charge controller that could achieve fast 

charging for a 12 V lead-acid battery. The controller also activates or deactivates load with a 

relay, prints on screen the voltage, current, and power values [82]. 
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Figure 35.  CCCV Battery Charger Prototype 

The controller began charging the battery with a bulk constant charging current of 2A until 

14.4V is reached which is the battery’s OCV. Then the controller changes to charging the 

battery with a constant voltage of 14.4V indefinitely at a very low current flow. The controller 

is supplied from a power supply however ac-dc rectifier or solar panels can be used. 

 

5.1 Parts and Schematic of the Charge Controller 

Arduino microcontroller is used to read input and output voltage, current values, and 

process the calculations. A variable buck converter circuit that will be able to regulate the 

output voltage and keep it constant is made and controlled with a PWM signal from the 

Arduino. Current sensor ACS712 module is used in order to read and limit the current value. 

A relay is used to enable or disable the load. A 20 by 4 i2c connected Liquid Crystal Display; 

LCD is used to print the values. The Arduino is supplied from a fixed value small 2amps buck 

converter set to 5V. 
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Figure 36.  Parts of the charge controller 

 

Figure 37. Schematic of the Charge Controller 
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Figure 38. The Prototype PCB of the Charge Controller 

 

5.2 Results and Discussions on the Implemented Prototype 

The code for the CCCV control is uploaded to the Arduino and the charger began charging 

the battery in bulk mode with current equals to 2A. 

 

Figure 39.  Constant Current Charging (Bulk Mode) 

After reaching 14.7V the charger switches to charging the battery in Constant Voltage    

Mode (absorption stage). 
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Figure 40.  Constant Voltage Charging 

 

6. Conclusion 

 This article detailed the development of fast charging technologies to serve the end 

user focusing on designing a buck-type dc fast charger prototype for EVs. The motivation that 

led to the approach of this topic is presented in the introductory part, with emphasis on the 

extreme phenomena resulting from global warming, with direct involvement of the factors 

that lead to the burning and consumption of fossil fuels. 

The limitations and disadvantages of the existing methods were discussed and the design 

and development of a closed-loop DC-DC buck converter based battery charger for charging a 

PEV using the constant-current and constant-voltage (CCCV) charging scheme is proposed. 

The proposed charger mainly consists of three parts: Three-phase Rectifier, DC-DC 

converter and Battery system. The second chapter is dedicated to the Three-phase Con-trolled 

Rectifier, starting with topologies, deepening the mathematical model, adopting the Voltage 

Oriented Control (VOC) strategy to control the three phase rectifier based on high 

performance direct-quadrature‐ coordinate controllers, ending with overall rectifier 

simulation, using MatLAB Simulink. The third chapter actually presents the simulation part, 

with emphasis on the related diagrams, presentation of parameters, highlighting the battery 

charge controller for CCCV charging and presentation of the final results. The final part is 

dedicated to the practical application itself, where a Lead-acid battery is used in the prototype 

testing. However, lithium-ion battery is normally used due to its high performance. 

A prototype of the CCCV charger is designed using a Power Supply, DC-DC con-verter, 

Arduino NANO, Current Sensor and Buck Module, to validate the results ex-perimentally. 
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