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Abstract—In this paper, a bi-directional battery 

charger is proposed for grid-to-vehicle, vehicle-to-grid, 

and vehicle-to-home operations of electric vehicles. The 

proposed charger adopts sinusoidal charging to elimi-

nate the use of electrolytic capacitors. A non-regulating 

series resonant converter is employed for isolation, 

thereby minimizing the ratings of the components and 

achieving zero-current switching turn ON and OFF of 

switches. Meanwhile, an ac–dc converter is employed to 

control each mode and their mode changes, making the 

whole control scheme simple and the mode changes 

seamless. A 3.3-kW prototype was built in the laboratory 

to validate the proposed concept. Our experimental re-

sults demonstrate that the proposed charger has high ef-

ficiency and can seamlessly switch between the three op-

eration modes. 

 

Index Terms – bi-directional EV charger, on-board 

charger, vehicle-to-grid, vehicle-to-home, electrolytic ca-

pacitor-less, seamless 

 

I. INTRODUCTION 

ECENTLY, electric vehicles (EVs) and plug-in hybrid 

electric vehicles (PHEVs) have been recognized as a 

promising transportation option to reduce fossil fuel usage 

and greenhouse emissions. The core devices in EVs consist 

of power conditioning units such as electric motors, inverters, 

dc–dc converters, and on-board battery chargers (OBCs). 

Among them, the OBC allows the traction battery in an EV 

to be charged using a standard outlet available at homes and 

offices. The basic functions of the OBC include battery 

charging, power factor correction (PFC), and galvanic isola-

tion. The challenges for the OBC are power density, effi-

ciency, reliability, and lifetime. Hence, power electronic 

technologies play an important role in improving the perfor-

mance of EVs [1]–[4]. 

The basic operation of the OBC, called grid-to-vehicle 

(G2V), is to charge the traction battery. The battery can be 

utilized as an energy storage system with the help of vehicle-

to-grid (V2G) technology [5]–[10] that allows stored energy 

to return to the grid according to a predefined schedule. 

Moreover, it can act as backup power for residential loads 

during a grid power outage by using vehicle-to-home (V2H) 

technology [9], [11]–[15]. Interest in the V2H function has 

greatly increased after the Fukushima disaster in Japan [13]. 

Obviously, the OBC should be bi-directional to implement 

not only the G2V but also the V2G and V2H technologies. 

Fig. 1 shows the three operating modes of the bi-directional 

EV charger, which are addressed in this paper. 

Typically, two-stage topologies, including an ac–dc con-

verter and an isolated dc–dc converter, are considered for bi-

directional EV chargers in [16]–[25]. A dual active bridge 

(DAB) converter is usually considered as an isolated dc–dc 

converter owing to its simple circuit structure and continu-

ous power flow reversal capability [19]–[23]. However, it 

suffers from some drawbacks, such as limited zero-voltage 

switching range and high circulating current, under a wide 

voltage variation. Frequency-controlled resonant dc–dc con-

verters were introduced for bi-directional operation in [26]–

[28]. They can be expected to provide high efficiency and 

low electromagnetic interference emission owing to their 

soft-switching characteristics. However, they cannot contin-

uously change the power flow because the switching patterns 

differ according to the direction of the power. A bidirectional 

LLC resonant converter was proposed in [29]. This topology 

can continuously switch between the forward and the back-

ward modes, while maintaining the merits of conventional 

unidirectional LLC converter. However, most of resonant 

converters are quite sensitive to the tolerance of resonant 

components. It could be an impediment to mass production 

of the converter. 

In general, the aforementioned two-stage topologies con-

tain large dc-link electrolytic capacitors when they are used 

for constant-current/constant-voltage (CC/CV) charging to 

absorb two times the line frequency ripple (2LFR), which is 

a natural byproduct of single-phase ac–dc power conversion 

[30]. Electrolytic capacitors become an obstacle in achieving 
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Fig. 1.  Operating modes of the bi-directional EV charger. (a) G2V mode. 

(b) V2G mode. (c) V2H mode. 



0885-8993 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2016.2630711, IEEE
Transactions on Power Electronics

high power density and long lifetime. In order to remove 

bulky electrolytic capacitors, an active power filter tech-

nique [31]-[34] can be considered. However, power loss, 

cost, and control complexity are increased, owing to the ex-

tra circuit. 

In order to use small-value of film capacitors replace 

bulky electrolytic capacitors at dc-link, bi-directional EV 

chargers with sinusoidal charging were proposed in [22]–[23] 

and [25], where the chargers pass on 2LFR current to the 

battery. Previous reports state that 2LFR current to the bat-

tery causes a minor effect on the battery capacity and tem-

perature rise [35]-[38]. 

A DAB-based electrolytic capacitors-less charger was 

proposed in [22]–[23], where the ac–dc converter is con-

trolled to realize PFC and dc-link voltage regulation, and a 

DAB converter is used as an isolated dc–dc converter to con-

trol battery current. A control scheme that makes 2LFR cur-

rent pass through the dc–dc converter as it flows to the bat-

tery is proposed to realize sinusoidal charging. In [25], a non-

regulating LLC resonant converter-based charger was pro-

posed for sinusoidal charging. This charger adopts an LLC 

resonant converter as an isolated ac-dc converter. Because 

this charger also employs small-value film capacitors at dc-

link, the ac-dc converter generates the dc-link voltage of the 

rectified ac waveform which is converted to dc voltage with 

sinusoidal shaped battery current by the dc-dc converter. Use 

of a low bandwidth PI controller is required to regulate the 

average current of the battery, leading to slow dynamic per-

formance. And this charger is not suitable for V2H operation 

because it cannot regulate the ac voltage for residential loads.  

In the present paper, a bi-directional EV charger is pro-

posed for the G2V, V2G, and V2H operations. The proposed 

charger adopts sinusoidal charging to eliminate the use of 

electrolytic capacitors. A non-regulating series resonant con-

verter (SRC) is chosen as an isolated dc–dc converter of the 

proposed charger; thus, the SRC achieves zero-current 

switching (ZCS) turn ON and OFF under an entire load 

range in the sinusoidal charging method, where the charging 

current pulsates at 2LFR, resulting in high efficiency. 

Whereas the SRC operates like a dc transformer, the ac–dc 

converter is controlled to perform not only PFC but also 

G2V, V2G, or V2H operation, which simplifies the control 

scheme for each mode and mode change. In this paper, issues 

associated with mode change are discussed, and seamless 

mode change between the three operations is realized. 

 

II. PROPOSED BI-DIRECTIONAL CHARGER 

A. Circuit Configuration  

Fig. 2 shows the circuit diagram of the proposed bi-direc-

tional EV charger. The proposed charger consists of two 

power conversion stages: a single-phase full-bridge inverter 

with an LCL filter and a non-regulating half-bridge SRC with 

an LC filter. Capacitors Cd1 and Cd2 are designed to absorb 

only high-frequency (HF) switching ripples generated from 

both the inverter and SRC. Thus, low-frequency components 

are delivered through the SRC to the battery side. The LC 

filter on the battery side is designed to prevent HF ripples 

generated by the SRC from flowing into the battery, whereas 

the low-frequency components are allowed to flow through 

the battery for sinusoidal charging. We note that all capaci-

tors of the proposed charger are used for filtering the HF 

components, thereby allowing the use of film capacitors.  

 

B. Operation Analysis 

Resonant capacitors Cr1 and Cr2 generate resonance with 

transformer leakage inductance Lk, as shown Fig. 2. The res-

onant frequency of the SRC is determined as follows: 

 
1 2

1

( )
r

k r rL C C
 


. (1) 

On the basis of the fundamental harmonic approximation 

[39], the voltage gain of the SRC can be expressed as follows: 
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where n is the turn ratio of the transformer. ωs and Q are the 

 

Fig. 3.  Voltage-gain curve of SRC according to load variation. 

 

Fig. 2.  Circuit diagram of the proposed bi-directional EV charger. 
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switching frequency and quality factor of the SRC, respec-

tively. Fig. 3 shows the voltage-gain curves according to the 

load variation. When ωs is equal to ωr, the voltage gain of 

the SRC is constant even though the load condition changes. 

This point is called the load-independent point. Moreover, 

the operation at this point makes all switches of the SRC 

achieve both ZCS turn ON and OFF irrespective of the load 

variation. The SRC operates with half duty cycle and fixed 

switching frequency at the load-independent point. The volt-

age-gain curves are designed to be flat by using a small value 

for Lk, which leads to little effect on the tolerance of the res-

onant components [40], [41]. Therefore, from (2), the volt-

age gain of the SRC can be simplified as follows:  

 SRCG n . (3) 

Resonant current ir depends on input current idc as follows 

[39]: 

 ( ) ( )sin( )r dc ri t i t t  . (4) 

To avoid resonance with Lk, Cd1 and Cd2 and filter capaci-

tor Cf should be sufficiently larger than Cr1 and Cr2. In this 

work, Cf is selected to be 50 times the resonant capacitance 

as follows: 

 1 250( )f r rC C C  . (5) 

In the same manner, Cd1 and Cd2 are chosen to be 
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Then, filter inductor Lf can be determined as follows: 
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where ωc is the cutoff frequency at the battery-side LC filter. 

To damp the resonant frequency component, as a rule of 

thumb, the cutoff frequency is selected to be smaller than 

1/10 of ωr.  

Fig. 4 shows the key waveforms of the inverter with uni-

polar voltage switching. Assuming that the switching fre-

quency of the inverter approaches infinity and therefore the 

energy stored in the LCL filter is negligible, the instantane-

ous power input must equal the instantaneous power output 

of the LCL filter. Then, the dc-side current of the inverter can 

be expressed as follows:  
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We let grid voltage vg and grid-side inductor current iLg be 

pure sine waves at fundamental angular frequency ωg as fol-

lows: 

 ,1( ) ( ) 2 sino g g gv t v t V t   (9) 

 ( ) 2 sin( )Lg Lg gi t I t    (10) 

where vo,1 is the fundamental component of vo and ϕ is the 

angle by which iLg lags vg. Then, the dc-side current of the 

inverter can be rewritten as follows: 

 ( ) cos cos(2 )
g Lg g Lg

dc g

dc dc

V I V I
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V V
      .(11) 

When the power factor is unity, the dc and second-harmonic 

components of idc can be respectively obtained as follows: 
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 ,2 ( ) cos2dc dc gi t I t  . (13) 

Because the HF term generated on the dc side of the inverter 

is absorbed by Cd1 and Cd2, only the dc and second-harmonic 

components are transferred to the SRC. 

Fig. 5 shows the key waveforms of the SRC. From (4), 

(12), and (13), the resonant current containing second-har-

monic can be obtained by 

 ( ) (1 cos2 )sinr dc g ri t I t t    . (14) 

 

Fig. 4.  Key waveforms of the inverter with unipolar voltage switching. 

 

Fig. 5.  Key current waveforms of the SRC containing second harmonic. 

 

Fig. 6.  Waveforms of conduction loss in one switch. 
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Assuming ωr >> ωg, the RMS value of ir can be obtained 

using (14) by 
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From (14), the peak value of ir becomes 

 , 2r peak dcI I  (16) 

which is the same as the peak current of dc-side switches Q5 

and Q6. Using (15), the RMS current of switches Q5 and Q6 

can be obtained by 
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The current ratings of battery-side switches Q7 and Q8 are 

the same as n times those of switches Q5 and Q6. 

The LC filter is designed to filter the resonant frequency 

component from the output current of the SRC such that the 

battery current has dc and second-harmonic components as 

follows: 

 ( ) (1 cos2 )b b gi t I t   (18) 

where Ib = VgILg /Vb. 

 

C. Conduction Loss Analysis 

Power dissipation in a switch during conduction can be 

expressed as follows: 

 ( ) ( ) ( )con on swp t v t i t  (19) 

where von and isw are the on-state voltage and current, respec-

tively. The on-state voltage of an IGBT can be obtained as 

follows: 

 0( ) ( )on CE on swv t V R i t   (20) 

where VCE0 is the collector-emitter saturation voltage and Ron 

is the on-state resistance. During conduction, the on-state 

current of a dc-link side switch of the SRC is equal to ir(t). 

Thus, the instantaneous power dissipation in the switch can 

be rewritten using equation (14) and (19)-(20) as follows: 
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Because ωr >> ωg, pcon(t) can be expressed as a function of 

θr(=ωrt) as follows: 
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where θg (=ωgt) is considered to be constant during the 

switching period. Then, instantaneous average conduction 

loss in one switching period can be calculated as follows:  
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where Ts = 2π/ωr. Consequently, the average conduction loss 

of the switch is determined as follows: 
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Fig. 6 shows waveforms of the instantaneous power dis-

sipation, the instantaneous average conduction loss and the 

average conduction loss in a switch of the SRC. Switching 

losses of the SRC are negligible owing to ZCS operation. 

Major sources of power dissipation in the proposed charger 

include the SRC conduction loss, HF transformer loss, ac-dc 

stage conduction, and switching losses. 

 

D. Control Strategy 

Fig. 7 shows the control block diagram for the G2V, V2G, 

and V2H operations of the proposed bi-directional EV 

charger. It consists of three control loops: an outer CP/CV 

control loop, a middle ILg control loop, and an inner Vc con-

trol loop. When the grid voltage is normal, the charger is 

connected to the grid and can be operated in either G2V or 

V2G mode. Battery voltage reference Vb
* is usually set as the 

full-charge voltage of the battery. When the battery is not 

fully charged, the output of the proportional–integral (PI) 

compensator in the CP/CV control loop is saturated by the 

limiter, and grid-side current reference ILg
d* is determined by 

the upper limit value of the limiter as follows: 

 
* *2d

Lg gd

g

I P
V
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Fig. 7.  Proposed control block diagram for G2V, V2G, and V2H operations. 
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where Pg
* is the desired amount of power for either charging 

(G2V) or discharging (V2G). An anti-windup mechanism 

must be implemented in the PI compensator to limit the in-

tegrator. When Vb reaches the full-charge voltage, the PI 

compensator in the CP/CV control loop is activated to regu-

late the battery voltage. The outputs of the ILg control loop 

become the references of the Vc control loop. We note that 

iLg is indirectly controlled by the magnitude and phase of vc 

with respect to vg [42]. When the grid voltage fails, the 

charger is disconnected from the grid, and the references of 

the Vc control loop are changed into the V2H mode by the 

Mode selector; thus, the ac-side voltage for residential loads 

can be regulated by the Vc control loop.  

 

III. COMPARATIVE STUDIES  

The control targets of the proposed and conventional 

methods [14], [15] that deal with V2G and V2H are listed in 

Table Ι. The control targets are altered along with the oper-

ating modes, which may cause transient issues during the 

mode change. Fig. 8 shows the mode-transition performance 

of the conventional methods and the proposed method. In the 

conventional methods, both the inverter and the dc–dc con-

verter take part in the control and mode change, whereas in 

the proposed method, the dc–dc converter is not regulated, 

and the inverter only plays a role in the control and mode 

change. Therefore, the proposed method can achieve smooth 

transition, which is mainly due to the common inner Vc con-

trol loop [42]. Thus far, a bidirectional charger that can man-

age V2H operation with seamless mode changes has not 

been presented. 

Table II shows the characteristics of the proposed charger 

in comparison with conventional chargers [19]-[20], [22]-

[23] and [25]. The non-regulating isolation stage, which op-

erate at the load-independent point, contributes to the opti-

mal designs of the transformer, resonant components, and 

switching devices. When a resonant converter is operated at 

the load-independent point, a switch can achieve ZVS turn 

ON using magnetizing current as in [25]. However, this may 

increase circulating current and turn off current. The pro-

posed SRC is operated at load-independent point with mini-

mized magnetizing current, thereby achieving ZCS turn ON, 

which leads to negligible circulating current and ZCS turn 

OFF. A turn on loss associated with the discharge energy of 

the output capacitor of a switch can be minimized by select-

ing a switch with small output capacitance and adjusting the 

dead-time between switches in the same leg [41]. 

 

IV. EXPERIMENTAL RESULTS  

Experimental results from a 3.3-kW prototype, which is 

shown in Fig. 9, are provided to validate the performance of 

the proposed bi-directional EV charger. The prototype was 

TABLE I 
CONTROL TARGET COMPARISON OF THE CONVENTIONAL AND THE PROPOSED METHODS 

Operating mode 
Conventional method I [14] Conventional method II [15] Proposed method 

inverter dc–dc converter inverter dc–dc converter inverter dc–dc converter 

G2V dc-link voltage CC/CV dc-link voltage CC/CV CP/CV no regulation 

V2G CP dc-link voltage CP CP CP no regulation 

V2H ac voltage dc-link voltage ac voltage dc-link voltage ac voltage no regulation 

 

 

TABLE II 
COMPARISON OF BIDIRECTIONAL CHARGERS 

Topology 

[19], [20] [22], [23] [25] Proposed charger 

DAB based DAB based 
Non-regulating 

LLC based 

Non-regulating 

SRC based 

Optimized design of  
isolation stage No No Yes Yes 

DC-link capacitor Electrolytic Film Film Film 

Charging method DC Sinusoidal  Sinusoidal Sinusoidal 

Operating modes G2V, V2G G2V, V2G G2V, V2G G2V, V2G, V2H 

Control bandwidth Wide Wide Narrow Wide 

Switching characteristic 
of isolation stage 

Conditional ZVS turn ON  
& hard switching turn OFF 

Conditional ZVS turn ON  
& hard switching turn OFF 

ZVS turn ON  
& small turn OFF current ZCS turn ON & OFF 

 

   
(a)   (b) 

                
(c) 

Fig. 8.  Diagram showing the mode-transition performance. (a) 

Conventional method I [14]. (b) Conventional method II [15]. (c) Proposed 
method. 
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built according to the following specifications: Po = 3.3 kW, 

Vg = 220 V, fg = 60 Hz, and Vb = 250 to 410 V. The parame-

ters of the prototype are listed in Table III. All switches were 

implemented using high-speed switching IGBTs 

(IKW50N65H5 from Infineon). The HF transformer was im-

plemented with a ferrite core (PQ78/39 from TDK). LCL fil-

ter inductors Lg and Li were implemented with powder cores 

(CH610125 from Changsung), and LC filter inductor Lf was 

implemented with a powder core (CH467125 from Chang-

sung). The control algorithm was implemented by a digital 

signal processor (TMS320F28335 from TI).  

Fig. 10 shows that the battery-side switches of the SRC 

are turned ON and OFF under ZCS condition. Note that be-

cause the output capacitance of the implemented switches is 

very small, voltage across the switch is quickly discharged 

at the turn off instant although discharging current is nearly 

zero, where 500ns of dead-time was implemented. In the 

same manner, the inverter-side switches of the SRC are also 

operated under ZCS condition. Fig. 11 shows the grid-con-

nected operation of the proposed charger. Both battery cur-

rent ib and resonant current ir contain 2LFR. The battery is 

charged and discharged with sinusoidal-like current, as 

shown in Figs. 11 (a) and (b), respectively. Fig. 12 shows the 

experimental waveforms of the mode change from G2V to 

V2H and from V2G to V2H. The experimental results show 

little transient in spite of the occurrence of an unexpected 

grid power outage.  

The measured efficiencies in the G2V and V2G modes ac-

cording to the battery voltage are shown in Fig. 13. The ef-

ficiencies were measured using Yokogawa WT3000. The 

peak efficiencies in the charging and discharging modes oc-

cur at 600 W and are 95.7% and 95.4%, respectively.  

Fig. 14 shows the loss distribution of the proposed charger 

in different powers and battery voltages. When the battery 

voltage is high, switching loss in the ac-dc stage is increased 

owing to a higher switching voltage that is proportional to 

the battery voltage; and the core loss of the HF transformer 

is also increased, owing to increased volt-seconds across the 

transformer. However, a large portion of the power dissipa-

tion in the proposed charger appears as conduction loss, ow-

ing to negligible switching loss in the SRC, especially in 

heavy load condition. Hence, as the battery voltage increases, 

the drop in the efficiency curve according to the output 

power tends to be small, as shown in Fig. 13.  
 

V. CONCLUSIONS  

In this paper, an electrolytic capacitor-less bi-directional 

EV charger has been proposed to realize V2G and V2H func-

TABLE  III 
PARAMETERS OF THE PROTOTYPE 

Parameters Symbols Values 

Grid-side filter inductance 
Li 2 × 1.2 [mH] 

Lg 1.7 [mH] 

Grid-side filter capacitance Ci 6.8 [μF] 

Battery-side filter inductance Lf 33 [μH] 

Battery-side filter capacitance Cf 100 [μF] 

Resonant capacitance Cr1, Cr2 1 [μF] 

Leakage (resonant) inductance Lk 4.7 [μF] 

dc-link capacitance Cd1, Cd2 100 [μF] 

Transformer turn ratio  n 1.4 

 

 
(a) 

 
(b) 

Fig. 11.  Experimental waveforms showing the grid-connected operation 

of the proposed charger. (a) G2V mode. (b) V2G mode. 

 

Fig. 10.  Experimental waveforms showing ZCS operation of the battery-

side switches of the proposed SRC. 

 

Fig. 9.  Photograph of a 3.3-kW prototype of the proposed EV charger. 
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tions. By applying the sinusoidal charging method to the pro-

posed EV charger, the proposed charger eliminates the need 

for an electrolytic capacitor. The SRC achieves ZCS turn ON 

and OFF under an entire load condition. The common inner 

loop of the proposed control block is demonstrated to pro-

vide seamless mode change between each mode of operation. 

Experimental results from a 3.3-kW prototype are provided 

to validate the proposed control method. The measured effi-

ciency curves show that both charging and discharging op-

erations are almost identical. The peak measured efficiencies 

of the proposed charger at 600 W are 95.7% in the charging 

mode and 95.4% in the discharging mode.  
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