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Abstract – This paper proposes a new design for quick battery charger systems for electric vehicles 

that consists of a three-phase inverter and a full-bridge converter which use the phase-shift method. 

The 3-phase inverter controls the input and DC-link voltage by use of a current controller and a voltage 

controller. The full-bridge converter transfers the DC-link voltage to a fixed output voltage. Designs 

for the output-side converter and controller for improved performance are proposed in this paper. 

Design schemes for the filter and controller of an input-side inverter are also presented. Furthermore, 

the paper proposes a compensation method for the offset current that is caused by switch failure and 

circuit problems. Simulations and experiments have been performed on a 50kW-battery charger system 

that is suitable for vehicles. The presented results verify the validity of the proposed method and the 

superiority of the system over conventional methods. 
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1. Introduction 
 
 

Developments in electronic vehicles have been achieved 

through studies on batteries and battery chargers [1-3]. The 

battery charger of an electronic vehicle is classified as 

either an on-board battery charger or quick battery charger. 

The on-board charger is installed on the vehicle and the 

battery is charged from a home power supply. Studies on 

on-board chargers have been performed for miniaturization, 

weight reducing, and increasing their efficiency with 

powers in the range of several kilo watts used [4, 5]. On 

the other hand, a quick battery charger is rapidly charged 

from a high voltage grid at an energy station with several 

dozen kilo-watts. of importance for this latter type of 

charger is to find improvement in the charging efficiency 

[6]. 

To charge the battery, the quick battery charger consists 

of an AC-DC inverter and DC-DC. The AC-DC inverter is 

grid and it controls the DC-link voltage and power-factor 

[7]. On the output side, the converter charges the battery 

using DC-link voltage with various DC-DC converter 

structures used. The performance difference between 

using a switching device in the inverter and the interior 

problem in a circuit generates a current offset in the power 

conversion process. The current offset problem causes a 

ripple of 60Hz in the DC-link voltage. The ripple 

component existing in the DC-link voltage does not 

disappear throughout the power conversion process [8]. A 

ripple component existing in the output voltage and the 

current of the DC-DC converter has a detrimental influence 

on the battery. For example, the ripple component of an 

output voltage generates over-current and overheating, with 

a drop observed in the component’s charging efficiency. This 

problem directly reduces the life of a battery. As a result, 

economic loss arises from the decreasing replacement 

cycle of the high-capacity battery.  

This paper proposes the design of a quick battery charger. 

Using the phase-shift method, a DC-DC converter is 

designed to charge a battery and a type-2 controller is 

presented to control the voltage. For the grid connection, 

three parts needed include an LCL-filter, an active-

damping method for supplementing the LCL-filter, and a 

current controller for the inverter [9]. A compensation 

method for the current offset caused by switch failure and 

the circuit problem is proposed in this paper. This method 

does not require additional sensor or passive elements; 

instead it merely uses digital control to eliminate the offset 

of the input-side inverter. In this paper, simulation and 

experiments have been performed on a battery charger with 

50kW that is suitable for vehicles. The results of the 

simulation and experiment are presented to verify the 

proposed method and its superiority over conventional 

systems. 
 
 

2. The System Design 
 
Fig. 1 shows the system configuration of the battery 

charger used in this paper. The input side inverter 

constitutes a two-level inverter with a grid-connected filter 

converting the AC grid voltage into DC voltage. 

Furthermore, the full-bridge type converter on the output 
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side converter contains a high-frequency transformer the 

charges the battery using the DC-link voltage. 

 

2.1 Output-side converter 

 

The output side converter for battery charging is 

comprised as shown in Fig. 2. The phase-shifting full-

bridge DC-DC converter performs the zero voltage 

switching and the output voltage regulation. By means of 

the high frequency transformer, the reliability of the system 

is excellent [10, 11]. 

The equivalent circuit of the output side converter for 

battery charger’s controller design is shown in fig. 3. In fig. 

3, Vin = nDVdc (D is a duty ratio of output side converter 

and n is a turn ratio of high frequency transformer) and 

Resr is a equivalent series resistance of filter capacitor (Cf). 

In the actual system, battery impedance is very small. If 

the output voltage is dependents upon the filter capacitor, 

the transfer function of the system is determined as:  

 

 2
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where d(s) is a variation of the duty ratio. 

According to (1), the system acts as an LC resonance 

circuit. The magnitude of the response decreases by 

40dB/decade at the resonance frequency. Thereafter, the 

magnitude response decreases by 20dB/decade at a 

frequency of zero (1/RcCf). A typical PI-controller does not 

possess a wide bandwidth because such a controller can be 

unstable when the crossover frequency is greater than the 

resonance frequency. A type-2 controller can solve this 

problem. It has two poles and one zero. The system and 

controller’s Bode diagram are shown in Fig. 4. 

The pole at the origin provides the integral gain to the 

system. The smoothing interval from zero to the second 

pole of the controller determines the crossover frequency 

with the system gain. The transfer function of the controller 

is represented: 
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The zero in located at -z1, poles in located at origin and-

p1 and gain K of the controller act competitively on the 

crossover frequency of system and the phase margin. These 

three factors are designed by considering the bandwidth 

and stability of the system. The phase margin at the 

resonance frequency should also be considered for system 

stability. 

The zero of controller (-z1) is designed to be located near 

the resonance pole. It can be improve the phase margin 

of the system. The controller gain (k) determines the 

crossover frequency of the total system when z1 is already 

chosen. The second pole (p1) is selected considering 

attenuation of the magnitude response at the high frequency. 

It can be designed to be located between the crossover 

frequency and switching frequency. 

 

Fig. 1. System configuration of the battery charger. 

 

Fig. 2. The DC-DC converter of typical battery charger. 

 

Fig. 3. Equivalent circuit of an output converter. 
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Fig. 4. The Bode plot of the system and controller. 
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2.2 LCL filter design 

 

The input side inverter converts the AC grid voltage to 

DC voltage. This circuit includes the LCL filter and PWM 

inverter, as shown in Fig. 5 [12, 13]. 

The designed LCL-filter can be expressed as a single 

phase equivalent circuit, as shown in Fig.6, with the 

transfer function presented in (1). L is the converter-side 

inductor, Lg is the sum of the grid-side and transformer 

inductance, Cf is a parallel capacitor of the LCL-filter, and 

Rd is a resistor for passive damping. 

 

 

2 2 2
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where
2 2 21/ , / ,LC T f res T LC T gz L C L z L L L Lω= = = + . 

The second denominator and numerator in (3) are related 

to the additional LC component. If the damping resistor for 

the resonance compensation is not connected, (3) can be 

represented as (4) [14]. 
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The pole and zero introduced by the additional LC 

component causes resonance in the system since the roots 

are on the imaginary axis (see (4)) and this can result in a 

problem with stability. If damping resistors are connected, 

the pole and zero are moved into the left half plane (LHP) 

so that the stability is guaranteed (see (3)). Fig. 7 shows the 

conjugate poles caused by the LC part when the damping 

resistor is used and not used. 

However, this leads to losses caused by the additional 

inserted resistor. The methodology described in this paper 

uses a notch filter to solve this problem. The transfer 

function of a notch filter for active damping is determined 

as: 
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where ωn is the resonance frequency of the system and ξ is 

the damping coefficient. 

When zeros of the notch filter does not correctly same as 

the resonant poles. Eq. (6) presents the normalized third-

order system. The system has three poles at the origin and 

imaginary axis. 
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Zeros of notch filter are designed to compensate the 

conjugate resonant poles. However, some design error of 

zeros can be occurred due to wrong parameters or errors in 

the design process. The transfer function of the notch filter 

with the design error of the zeros location can be 

determined as (7). 
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The close loop transfer function of the total system can 

be presented by 
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(8) can be approximated as 

 

Fig. 5. Grid connected inverter. 

 

 

Fig. 6. Equivalent single-phase LCL-filter. 

 

 

Fig. 7. The effect of a damping resistor. 
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The partial fraction expansion of (9) is expressed as 
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If the compensation zeros are not located too far from 

resonant poles, the system can be stable because the 

transient response is small enough to be ignored. 

 

 

3. Compensation Method of Offset Current 

 

Generally, a voltage source inverter has a disturbance of 

the output voltage and current caused by the dead time, 

voltage drop of the switching devices and non-linear 

characteristics of the switching devices such as on/off time 

delay. These disturbances generate the harmonics or DC-

offset in the output current when the inverter is used as a 

grid connected system. 

A generalized system structure applied to the proposed 

current offset compensation method is shown in Fig. 10. 

Three phase voltages at the grid are converted into a DC-

link voltage of 650 V through a PWM converter. Then, the 

DC-DC converter with a high-frequency transformer 

converts the DC-link voltage of 650 V into an output-side 

voltage of 450 V. During this conversion, the offset current 

from the inverter input affects the output current of the 

converter. This problematic case is considered below. 

Fig. 8 shows three phase output current waveforms with 

the current offset at an inverter input. The three phase 

currents in Fig. 8 are expressed as (11) and these currents 

on the stationary reference frame are transformed into the 

d-q axis current on the stationary reference frame.  
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where ‘–’ means the DC-component and ‘~’ means the 

AC-component of currents. And ia,b,c_fund is the 

fundamental components and ia,b,c_off is dc-offset 

components of each phase current. 

The d-q axis current on a stationary reference frame is 

distinguished as AC and DC which is the offset. 
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(12) can be transformed into the rotating reference frame 

by: 
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Finally, the offset currents (see Fig. 9) are presented as 

ripples at d-q axis currents on the rotating reference frame. 

The ripple frequency is the same as a fundamental 

frequency. 

The AC values caused by the offset are obtained from 

subtraction of values of real d-q axis currents and reference 

values. By inverse transforming to the stationary reference 

frame, only DC offset values are obtained as: 
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A block diagram of the offset current compensation 

method is shown in Fig. 10. The offset current values  

Fig. 8. Three-phase output current waveforms contained in 

the offset. 

 

 

Fig. 9. The d-q axis current waveform contains the offset 

on the rotating reference frame. 

 

Fig. 10. Block diagram of the offset current compensation 

method. 
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resulting from (12), (13), and (14) are controlled to zero by 

a PI-controller. 

 

 

4. The Simulations 

 

Simulations, using PSIM tools, were performed to verify 

the proposed quick battery charger system and the 

compensation method for the off-set current. The simulation 

parameters are presented in Tables 1 and 2. 

In this simulation, the equivalent circuit is used to the 

battery model. Fig. 11 shows the equivalent circuit of the 

battery model. Ri is uncompensated resistance, Rct is 

polarization resistance, and Cdl is double layer capacitance. 

The terminal voltage Vt is determined as: 

 

 
/( ) ( (1 ))t

t oc i ctV V SOC i R R e τ−= − + −  (15) 

 

where τ is time constant of battery. (τ=Rct ×Cdl). 

Fig. 12 shows the dynamic response of the converter for 

a load change of 80%. The converter corrects the voltage 

error in 3ms, and the maximum voltage fluctuation is 8 V. 

Fig. 13 shows the output of the converter when a light 

load (20%) is included. Two triangular waves, which are 

carriers of each leg, show a difference of 147° that is 

caused by the output duty ratio of the controller. The duty 

ratio for the output voltage is 0.81.  

Fig. 14(a) shows the input three-phase current of the 

inverter. Fig. 14(b) shows the frequency response to the a-

phase current. The resonance is generated in the three-

phase current and the resonance frequency is identified 

through Fig. 14(b) to be 2555 Hz. The cause of the 

Table 1. Quick Battery Charger Parameter 

Power rating 50 [kW] 

Grid line-to-line voltage 380 [V] 

DC-link voltage 650 [V] 

Output voltage 450 [V] 

High-frequency transformer  

turns ratio 
12:10 

Switching frequency 15 [kHz] 

 

Table 2. Filter Parameters 

LCL filter of input side LC filter of output side 

L 0.4 [mH] Lf 0.15 [mH] 

Lg 0.2 [mH] Cf 2250 [uF] 

C 10 [uF] Rd 73 [mΩ] 

 

 

Fig. 11. Equivalent circuit of the battery. 

 

Fig. 12. Converter output with light load (20%): (a) two 

carriers for the converter and the output duty ratio 

of the controller; (b) duty; (c) output current 

 

Fig. 13. Dynamic response characteristic according to load 

fluctuation: (a) output D of controller; (b) output 

voltage; (c) voltage error 

 

 

Fig. 14. The input current of the inverter without notch 

filter: (a) input three-phase currents; (b) frequency 

response of the a-phase current 
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resonance is the addition of the LC component, as 

discussed in Section 2. 

Fig. 15(a) shows the input three-phase current of the 

inverter. The notch filter for active damping is applied after 

1 s. The resonance frequency of the notch filter is 2555 Hz. 

The resonance disappears after 1 s and this fact is 

confirmed through the frequency response of the a-phase 

current in Fig. 15(b). 

Figs. 16(a) and (b) show the current with current offset. 

In the simulations, the current offset is generated by 

switching failure with late operation of only the a-phase 

PWM switch. The DC offset of the three-phase current is 

presented as an AC offset on the rotating frame, as in Fig. 

16(b). The AC offset current for compensation is shown in 

Fig. 16(c). Only the AC component is separated from the 

d-q axis current on the rotating reference frame and this 

component is transformed into the stationary reference 

frame. 

The offset current in the d-q axis current on the 

stationary frame is used to compensate the offset current. 

Fig. 17 shows the performance of the proposed method. 

After 1 s, the proposed method is applied and the offset 

current in three-phase current disappears, see Fig. 17(a). 

Likewise, the offset current in the d-q axis current on the 

synchronously rotating reference frame disappears in Fig. 

17(b). In accordance with the offset decrease, the AC offset 

current for compensation is also decreased. 

Figs. 18 and 19 show simulation results of quick 

charger under full operation. At 0.2 s, the system starts 

the constant current control. In this region, an output 

current is regulated to 110A. When the battery voltage 

reached the set value (490 V), the operation mode of the 

system is switched to the constant voltage control. The 

input current is regulated to maintain the DC-link voltage 

 

Fig. 15. The input current of the inverter with notch filter:

(a) input three-phase currents; (b) frequency 

response of the a-phase current after 1.1 s 

 

 

Fig. 16. Simulated waveform including the offset current 

without proposed compensation method: (a) input 

currents; (b) the d-q axis current on the rotating 

reference frame; (c) the offset element on the 

rotating reference frame 

 

Fig. 17. Simulated waveform including the offset current 

with proposed compensation method after 1 s: (a) 

input currents; (b) the d-q axis current on the 

rotating reference frame, and (c) the offset element 

on the rotating reference frame 
 

 

Fig. 18. Simulated waveform with full operation: (a) output

voltage; (b) output current and its reference; (c) 

SOC of the battery. 
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as shown in Fig. 19. 

 

 

4. The Experiments 

 

Experiments were performed on the 50 kW quick battery 

charger systems that are shown in Fig. 20. This system 

consists of an inverter and converter. SKM300GB12T4 

(SEMIKRON) is used as a switch device for the inverter. 

DSP28335 is used to control the quick battery charger. The 

proposed system is applied and the compensation method 

for the off-set current is used. The experimental parameters 

are presented in Tables 3 and 4. 

Fig. 21 shows the operation of the output-side converter 

relative to the duty. Fig. 21(a) shows the waveform taken 

when the load on the output side converter is light (25%). 

At this waveform, the output current is 28 A and the output 

power is 13 kW. Furthermore, the duty is small because the 

load is light (25%). Fig. 21(b) presents the output side 

converter’s operation when a full load is employed. When 

the full load is connected, the output current is 110 A and 

the output power is 50 kW. The duty is large because the 

full load is connected. 

The proposed offset compensation method was applied 

to the experiment with the results shown in Fig. 22. Fig. 

22(a) shows the waveforms recorded before applying this 

method. The a-phase current of the input side inverter 

includes the offset current and therefore the ripple is 

 

Fig. 19. Simulated waveform with full operation: (a) DC-

link voltage; (b) input current; (c) grid voltage. 

 

 

Fig. 20. Experimental setup for a 50 kW quick battery 

charger. 

Table 3. Quick Battery Charger Parameters 

Power rating 50 [kW] 

Grid line-to-line voltage 380 [V] 

DC-link voltage 650 [V] 

Output voltage 450 [V] 

High-frequency transformer  

turns ratio 
12:10 

Switching frequency 15 [kHz] 

 

Table 4. Filter Parameters 

LCL filter of input side LC filter of output side 

L 0.4 [mH] Lf 0.15 [mH] 

Lg 0.25 [mH] Cf 6000 [uF] 

C 10 [uF] Rd 73 [mΩ] 

 

 

 

Fig. 21. Experiment waveform with output-side converter:  

(a) light load (20%); (b) full load 
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generated by the output voltage and current of the 

converter. Fig. 22(b) shows the waveform taken after the 

compensation method is applied. The offset of the a-phase 

current disappears and therefore the ripple of the output 

voltage and current also disappears. 

Fig. 23 shows the experimental result for the quick 

battery charger system. After 1.5s, the load is varied from 

light (20%) to full. The output current and the input current 

are increased with this change in load. At this time, the 

DC-link voltage is maintained. 

Fig. 24 shows measured powers and efficiency of the 

battery charger in the rated condition. The AC-DC inverter 

supplies the active power of 50 kW. However, the active 

power to charge the battery is only 47.5 kW. In this 

condition, an efficiency of the system is almost 95.5%. 

 

 

6. Conclusion  

 

This paper proposed a design for a quick battery charger 

system and compensation method for the offset current. In 

the input-side inverter, the resonance problem that is 

generated by adding the LC component at the L filter is 

solved by using a notch filter for the active damping. A 

solution is suggested for the offset current problem that 

results from switch failure and circuit problems. In the 

output-side converter, the instability that arises from the 

LC resonant circuit is alleviated through design of a type-2 

controller. Ultimately, the designed system and proposed 

offset compensation method were verified by simulation 

and experiment. 
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Fig. 22. Experiment waveform including offset current:

(a) before applying the offset compensation; (b) 

after applying the offset compensation 

 

 

Fig. 23. Experimental result for the quick battery charger 

system. 

 

 

Fig. 24. Measured powers and efficiency of the system 

using power analyzer in the rated condition. 
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