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Abstract – In this paper, a battery charging system for Plug-in Hybrid Electric Vehicle (PHEV) and 

Electric Vehicle (EV), and operation algorithm of charging system are introduced. Also, the proposed 

charging system uses commercial electricity in order to charge the battery of parked PHEV and 48V 

battery charging system with power factor controllable single phase converter for PHEV is 

investigated in this paper. This research verifies the power factor control of input and the converter 

output controlled by the charge control algorithm through simulation and experiment.   
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1. Introduction 
 
There has been active research to develop environ- 

mentally friendly products due to the recent increase in the 

oil prices and the reinforcement of strict environmental 

regulations worldwide. In particular, in order to develop 

environmentally friendly vehicles, there is active research 

in the automotive industry, which utilizes an immense 

amount of oil resources, on the drive system using electric 

motors and power-conversion systems that may potentially 

replace the conventional internal combustion engine [1, 2]. 

PHEV(Plug-in Hybrid Electric Vehicle), NEV(Neighbor- 

hood Electric Vehicle) and the general EV(Electric Vehicle) 

are examples of the new ecological vehicles. Such vehicles 

use electricity as its auxiliary and main power source, and 

battery is used as the energy source to drive their electric 

motors. 

The batteries installed in electric vehicle systems can 

becharged through an external power distribution network 

through a plug [1, 2]. However, the battery is not charged 

by a simple connection through the plug; the incoming AC 

power from the external power distribution network must 

be converted into DC power in order to charge the battery. 

Also, the power supply must be controlled in accordance 

with the proper specifications in order to charge the battery 

safely. Therefore, a power electronic battery charging 

system and its control system are needed to charge electric 

vehicle batteries. 

The battery is used to the main energy source of electric 

vehicle. This paper is researched about the power 

conversion equipment for battery charging and control 

algorithm. The battery charging system was designed as a 

48[V]/100[Ah] (Charging current=20[A]/1[Hour], charging 

voltage=50.7[V]) system by providing serial connection of 

4lead-acid batteries (12[V]/100[Ah]).  

The designed charging system was controlled to charge 

the batteries a low-voltage(Vbattery=50.7[V])of the batteries 

from a high-voltage input(Vrms=220[V]/60[Hz]) by using 

the single-phase AC/DC PWM Buck Converter Topology 

[3-7], serial constantcurrent/constantvoltage charging 

control [8] and PFC algorithms [9, 10]. 

In this research, battery charging system is composed of 

converter, controller, gate driver and SMPS. The 

controlleris comprised of TI’s TMS320F28335, a 32Bit 
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Fig. 1. Overall system and control block diagram of battery 

charger 
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DSP that is capable of fixed decimal position calculations, 

and EPM7128SQL100-10, ALTERA’s EPLD, for fault 

signals and I/O expansion. The converter in this research is 

designed using the single-phase AC/DC PWM Buck 

Converter topologythat is similar to structure of the full-

bridge converter. 

The performance of the system in the researchis verified 

through simulation by using PSIM 6.0 and experiment by 

the 1.2[kW] battery charging system. 

 

 

Fig. 2. Operational mode of battery charger using AC/DC 

PWM buck converter 

 

 

2. Descriptions of proposed charging system 

 

Fig. 1 shows the overall system block diagram.These the 

battery charging system was designed by applying a single-

phase AC/DC PWM Buck converter [3, 5]. The topology 

applied in this research consists of IGBT, a power 

semiconductor switching device, and a switch block with 

diodes connected in series, which is similar to a full-bridge 

converter. However, as for the applied converter, the 

collector and the emitter of the IGBT are in the reverse 

direction unlike the general full-bridge converter, and the 

emitter of the switch is serially connected with the diodes.  

Such structure induces operation in the Buck mode [3-5], 

which is equivalent to that of the operation seen in Fig. 2. 

The battery charging algorithm applied in this research 

consists of two parts as shown in Fig. 1. 

In Fig. 1, the first control block is the control algorithm 

for the input power factor control. In this control block, 

APF generates a virtual two-phase d-axis and q-axis 

stationary reference frame signal from a single-phase 

power supply. The generated stationary reference frame 

signal is then converted into a synchronous reference frame, 

and the phase angle of the single-phase input voltage is 

estimated through the PLL control. 

The second control block is the control algorithm for 

constant-current and constant-voltage control. The battery 

is charged through the algorithm as safe. Also, the output 

of current controller can be the peak reference of the input 

current and it is applied for PFC by multiplying estimated 

phase angle. Fig. 2 shows the circuit diagram, which is an 

equivalent circuit of the single-phase AC/DC PWM Buck 

Converter shown in Fig. 1, in order to facilitate the analysis 

of the operating mode [6, 7]. 

 

Mode 1 (Fig. 2(a)) –For half a positivecycle of input 

voltage, Mode 1 is operated.When switch block-1(S1and 

D1) and switch block-4(S4and D4) are turned on, the 

battery of output terminal is charged. 

 

Mode 2 (Fig. 2(b)) –For half a negative cycle of input 

voltage, mode 2 is operated. When switch block-2(S2and 

D2) andswitch block-3(S3and D3) are turned on, the 

battery of output terminal is charged. 

 

Mode 3 (Fig. 2(c)) –When all of switch block are turned 

off, mode 3 is operated in freewheeling.The stored energy 

of main inductor (Lm) is transferred to load through diode 

(Df), and capacitor (Co). 

 

 

3. Design Procedure 

 

In Fig. 1, input L-C filter of battery charging systemto 

input terminal is designed with following specifications. 

 

3.1 Inductor design of input L-C filter 

 

The input impedance was decided by rms of the input 

voltage(Vac,rms) and the rated capacity of the battery 

charging system. The impedance can be calculated by (1). 

 

 

2 2 2

_
( ) 220 [ ]

40.334[ ]
1200[ ]
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V V
Z

P W
= = Ω≃  (1) 

 

Designed impedance of filter inductor is smaller than 

whole impedance. In this research, the impedance of 

inductor (ZLf) is designed to 5% of whole impedance by (2). 

Therefore, inductance(Lf) of filter inductor is given by (3). 

 

 40.334 0.05 2.0167[ ]
L f

Z = × = Ω  (2) 
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3.2 Capacitor design of input L-C filter 

 

The capacitor (Cf) of input L-C filter was calculated by 

inductance of input inductorand resonant frequency (fr) of 

L-C filter. In this case the maximum resonant frequency 

(fr,max) is equal to half a switching frequency by (4). The 

resonant frequency (fr) is given by (2). 
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Fig. 3. Detection control block diagram of phase angle of 

input grid voltage 
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Therefore, (6) must be satisfied. The capacitor(Cf) of 

input L-C filter is given by (7). 
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3.3 Design of output filter inductor 

 

Inductor (Lm) of output filter is expressed by (8). 

Therefore,inductor (Lm) in output filter is given by (9). 
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4. System control algorithms 

 

Fig. 3 shows the control block diagram of PFC algo- 

rithm in input terminal [11]. 

The input voltage obtained by ADC flows through LPF 

and θ̂ cal can be calculate by synchronous transformation 

frame and single phase PLL. PFC is achieved through 

input current controller using detected θ̂ comp.The control 

algorithm for constant current and constant voltage is 

shown in Fig. 6. Peak reference value of input current i*ac-

peak is equal to value of the charging controller. Input 

current reference i*ac is generated by multiplying peak 

reference value of input current and unit sine wave. 

 

4.1 All pass filter 

 

APF(AllPass Filter) has not magnitudeattenuation 

characteristics, which affects the design for PLL.In this 

paper, PFC controller need a signal which is the stationary 

reference frame with virtual 2 phase type for detection 

phase angle of single grid voltage. vq
s is obtained through 

APF with input voltage vac and it is delayed 90° than input 
voltage. The transfer function of analog type APF is given 

by (10). 
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Digital filter which is based on DSP is expressed as 

follows (11)-(13). 
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4.2 Synchronous transformation frame and PLL 

 

The output of the virtual two-phase stationary reference 

frame is used as the synchronous reference frame, and then 

outputs the q-axis component, which indicates the 

magnitude of the input voltage, and the d-axis component, 

which indicates the error of the phase angle are produced 

[12]. 

 

 ˆ ˆcos sine s s

d d q
v v vθ θ= +              (14) 

 ˆ ˆsin cose s s

q d q
v v vθ θ=− +  (15) 

 

The d-axis component, which indicates phase angle 

error,is used as the input for the PLL of the PI-controller 

after being compared with the d-axis voltage reference. 

The output from the PI-controller is added to the reference 

value of the phase angle frequency of grid, which is a feed-

forward component, to be used to estimate the phase angle 

frequency. The estimated phase angle frequency is then 

converted into a phase angle of the input voltage through 

an integrator. 
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(a) The waveforms of input voltage and output voltage 

through the 1
st
 LPF. 
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(b) The bode diagram of output voltagethrough the 1
st
 LPF. 

Fig. 4. Output characteristic and bode diagram of the 1
st
 

LPF 

4.3 Compensation of detected theta 

 

The digital Low-Pass-Filter(LPF) removes the noise of 

the grid voltage sensed through the Analog-to-Digital 

Converter(ADC). However, the signal through the low-

pass filter can occur original signal magnitude attenuation 

and phase delay according to the cut-off frequency range.  

Therefore, in order to accurately estimate the phase 

angle of the grid voltage that is used to control the input 

power factor, the phase delay must be compensated as 

much as it is delayed. The following Fig. 4 shows the 

bodeplot that shows the magnitude attenuation due to the 

LPF, the characteristics of the filter and the voltage 

waveform that indicates a phase delay. 

Cut-offfrequency of LPF is 120 [Hz] which is 2 times 

the frequency of input voltage. Magnitude attenuation and 

delay phase of filter are calculated as follows. 
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Fig. 5. The characteristic curve of battery voltage and cur-

rent at CC/CV mode 
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Fig. 6. Control block diagram of series type CC/CV mode 

 

In Fig. 4, PFC is achieved as well through compensator 

by (16) and (17). Also, magnitude attenuation and phase 

delay are compensated. 
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4.4 Battery CC-CV charging control algorithm 

 

Fig. 5 shows the characteristic curve of the battery 

charging method that uses constant current/constant 

voltage algorithms. In the initial period, the battery 

charging system is operated in a constant current mode, 

and the voltage of the battery gradually increases as the 

constant current set by the charging current value is applied 

to the battery. 

Then, when the voltage of the battery rises to the 

designed charging value, it will change to the constant 

voltage mode. At this point, the current applied to the 

battery will be gradually reduced. 

When the current is slowly reduced at the constant 

voltage mode and the current of the battery reaches the 

point of the cut-off current, the battery is determined to be 

fully charged. At this point, all the PWM of the switching 

device are disabled, and after amount of the time (when the 

energy stored in the output inductor is fully discharged), 

the M.C is blocked and the connection between the 

charging unit and the battery isseparated . 

 

4.5 PFC algorithm 

 

Fig. 7 shows the control block diagram of PFC 

algorithm in input terminal. Unit sine wave is obtained by 

compensated theta and sine function. Input current 

reference i*ac is generated by multiplying peak reference 

value of input current and unit sine wave. 
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Fig. 7. Control block diagram of power factor correction 

 

 

5. Simulation Results 

 

Fig. 8 is the program flowchart that shows the power 

factor control and battery charging algorithm applied in 

this research. At every interrupted interval (100[us]), the 

input voltage and current, and the voltage and current of 

the battery are sensed by triggering the ADC. The 

controller is composed of a power factor controller that is 

executed every 100[us] and the constant current/constant 

voltage controller that is operated every 1[ms].  

The power factor controller is performed every 100[us] 

to detect the phase angle of the input grid voltage, and the 

constant current/constant voltage controller is implemented 

every 1[ms] to generate the reference (maximum value) of 

the input current. The value generated by multiplying these 

two control values is used as the reference of the current 

controller. 

Table 1 is specifications of the battery charging systemto 

simulation and experiment. Table 2 is specifications of the 

battery and the battery bank. 

Fig. 9 shows the simulation waveform that indicates the 

input voltage and current, the phase angle of the input 

voltage and the input voltage frequency. Through this 

waveform that resulted from a simulation, we can confirm 

that the phase angle of the input voltage can be estimated 

properly by using the virtual two-phase method, 

synchronous transformation frame and PLL. Also, we can 

con-firm that the input current is well-controlled as much 

as the input voltage through the PFC. Fig. 10 is the 

waveform that represents the result of the simulation, 

which shows the input voltage and current, and the 

charging current and voltage of the battery. 

 

 

 

Fig. 8. Program flow chart of developed battery charger 
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Table 1. Parameters of battery charger 

Input Voltage Vac 220Vrms 

Charging Voltage VBattery 50.7V 

ChargingCurrent IBattery 20A 

Switching Frequency fs 10kHz 

Input Filter Inductor Lf 5.5mH 

Input Filter Capacitor Cf 0.32µF 

OutputFilter Inductor Lm 7mH 

Output Capacitor Co 7100µF 

 

 

This waveform representing the results of the simulation 

confirms that when the battery is charged during the initial 

period, soft-start is performed for a designated period of 

time and the voltage of the battery is gradually charged as 

the constant current mode is in operation. Also, when the 

voltage of the battery reaches the set charging voltage, the 

current that flows into the battery begins to decrease as it 

switches to the constant voltage mode. When the current 

inflow to the battery starts to decrease and reaches the 

cutoff current point, the battery is determined to be fully 

charged. Then, at this point, all the PWM signals are 

disabled, and the M.C is blocked to prevent the battery 

from becoming overcharged. 

 

 

Table 2. Specifications of battery, battery bank and char- 

ging conditions 

Battery Model. DELKOR Hi-Ca 100 (Lead-Acid) 

Nominal Voltage. 12V 

Typical Capacity. 100Ah 

Max. Current. 20A 
Charge Condition. 

Max. Voltage. 14.5 ~ 14.8V 

Continuous Current. 80A 

Max. Current. 200A Discharge Condition. 

Cut-Off Voltage. 11.4V 

Life Cycle. > 2500 Cycle @ 80% DoD 

Charging Voltage. 50.7V 

Charging Current. 20A 

Cut-Off Current. 2A 

Battery Bank 
Construction 

(12[V]×4EA=48[V]). 

Max.Allowable Voltage. 53.3V 

 

 

 

Fig. 9. Simulation results of the input voltage, input current, 

frequency and phase angle of input voltage 

Cut-off
CC-Mode

CV-Mode

Input Current

 

Fig. 10. Simulation results of the input current, battery 

current and battery voltage 

 

6. Experiment Result 

 

 

Fig. 11. System setup of battery charger 

 

Fig. 11 shows the experiment setup of the 1.2[kW] 

battery charging system that was designed in this research. 

The experiment setup is composed of a controller, power 

conversion system, input and output filters, sensors, circuit 

breakers, and the 4-channel gate drive with the design of 

the Flyback SMPS. 

In a battery charging system that is composed of such 

parts, the single-phase grid power is supplied to the power 

conversion system from the input terminal through the 

input filter, and the converted energy charges the battery 

through the output filter as well as the M.C for interruption 

purposes (M.C turn-on state). 

 

 

Fig. 12. Experimental results of input voltage and delayed 

and compensated phase angle.(Input voltage; Y-

axis=200[V/div.], Delayed and compensated phase 

angle; Y-axis=2[V/div.], X-axis=10[ms/div.]) 
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Fig. 12 is the experimental waveform that shows the 

input grid voltage, the estimated phase angle of the delayed 

grid voltage due to a low-pass filter, and the phase angle 

that was compensated for a phase delay. This waveform 

confirms that the phase of the delayed estimated phase 

angle was delayed compared to the input grid voltage 

waveform. Also, we can confirm that the phase angle that 

was compensated for the phase delay was controlled in 

precise synchronization with the input grid voltage control. 

 

 

Fig. 13. Experimental results of input voltage, input current 

and battery voltage. (Input voltage; Y-

axis=200[V/div.], Input current; Y-axis=4[A/div.], 

Battery voltage; Y-axis=20[V/div.], Battery 

current; Y-axis=20[A/div.], X-axis=10[ms/div.]) 

 

Fig. 13 shows the waveform from the results of the 

experiment that measured the input grid voltage and 

current, and the voltage and current of the battery. This 

experimental waveform confirms that the input power 

factor control operates well. Also, we confirmed that the 

battery was being charged gradually with a constant 

charging current in the constant current mode. 

 

 

Fig. 14. Experimental results of input voltage, Input 

current, battery voltage and current in initial 

constant current mode. (Input voltage; Y-axis = 

200[V/div.], Input current; Y-axis = 4[A/div], 

Battery voltage; Y-axis = 20[V/div.], Battery 

current; Y-axis = 20[A/div.], X-axis = 2[s/div.], 

Battery initial voltage = 44[V]) 

 

Fig. 14 shows the experimental waveform that indicates 

the constant current mode. This is a waveform that 

measures the mode, in which the voltage of the battery is 

slowly charged in a stable manner in the constant current 

mode during the initial stage when the battery is 

completely discharged at the initial voltage of 44[V]. As it 

is seen in this experimental waveform, the voltage of the 

battery gradually increases as a specific magnitude of the 

charging voltage is applied to the battery. At this time, the 

magnitude of the input current will also be specific because 

it is in the constant current mode. 

 

 

Fig. 15. Experimental results of input voltage, input current, 

battery voltage and current in constant voltage 

mode. (Input voltage; Y-axis = 200[V/div.], Input 

current; Y-axis = 4[A/div], Battery voltage; Y-axis 

= 20[V/div.], Battery current; Y-axis = 10[A/div.], 

X-axis = 2[s/div.], Battery chargingvoltage = 

50.7[V]) 

 

Fig. 15 shows the experimental waveform that indicates 

constant voltage and the interrupted mode. This 

experimental waveform confirms that it switches from the 

constant current mode to the constant voltage mode when 

the voltage of the battery reaches 50.7[V], the set charging 

voltage. When it starts to operate in the constant voltage 

mode, the current that is applied to the battery is reduced, 

and it will flow with the magnitude of the cutoff current. 

However, the voltage of the battery is maintained at a 

constant charging voltage. When it is determined that the 

battery is fully charged after the cutoff current flows into 

the battery for a designated period of time, the connection 

between the charging device and the battery is blocked and 

the inflow of the current into the battery is stopped to 

prevent overvoltage. 

 

 

7. Conclusion 

 

This research paper proposed a charging system for 

electric vehicle batteries, which utilizes the input from an 

external single-phase grid power, and the algorithms to 

control the system. The designed battery charging system 

applies the single-phase AC/DC PWM Buck Converter 

Topology, which charges batteries with a low voltage 

(50.7[V]) from an input of a high voltage(220[Vrms]), with 

a power factor control.  

Furthermore, by applying the power factor control 

algorithms using serially connected constant current/ 

constant voltage charging algorithm, APF, STF, and PLL, 

the performance and feasibility of the 1.2[kW] battery 

charging system designed in the research were verified 

with the simulation and experimental results. 
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