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Abstract— Electric Vehicles (EVs) are gaining more and 
more user acceptances due to their clean, efficient and 
environmentally friendly nature. Currently, most 
commercial EVs use conductive charging for their 
batteries.  Inductive charging, which is an alternative 
charging technology, has recently received a great deal of 
attention because of its increased user convenience and 
safety. It is forecast that the two charging technologies will 
be implemented in future charging infrastructures globally. 
Consequently, future EVs need to be capable of dealing 
with both charging methods. So far, there has been only a 
very few charging topologies reported in the literature that 
describe both charging methods in the same vehicle. 
However, solutions that have been proposed do not show 
significant component reduction. This paper proposes a 
hybrid charger system where the high frequency 
transformer of an on-board DC-DC converter becomes the 
coupling point between conductive and inductive charging.  
Using this coupling point, the circuit utilizes the same 
components for conductive and for inductive charging. 
This results in the reduction of component count and 
therefore improved integration. The proposed system is 
verified by both simulation and experiment. For the 
experiment, a 3-kW prototype has been built and tested. A 
maximum efficiency of 97.4% and 93.6% was achieved in 
conductive and inductive mode, respectively. 

 
 Index Terms—Conductive charging, inductive charging, 
hybrid charger, electric vehicle, battery charger, coupler 
coils. 

I. INTRODUCTION 

onductive charging is the most common method to charge 

Electric Vehicle (EV) batteries. A charger unit physically 

connects the EV battery to the power grid via a cable [1]. 

According to the international standard IEC 61851-1:2017 [2] 

conductive charging can be classified into four different modes: 

Mode 1 and 2 with Alternating Current (AC) and domestic 

sockets for low power, Mode 3 with AC and specific socket for 

high power and Mode 4 with Direct Current (DC for fast 

charging. While Modes 1,2 and 3 require an on-board charger 

in EVs, Mode 4 relies on an external charger. In North America, 

the standard SAE J1772 [3] is typically used to classify 

conductive chargers, with Level 1 and 2 for on-board AC 

charging and Level 3 for off-board DC charging. Many vehicle 

manufacturers include both AC and DC chargers in one vehicle 

enabling users to have more options to charge their vehicles at  

home or in public [4]. While off-board fast chargers provide  
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direct DC currents into the battery, on-board chargers require 

the installation of all of the AC to DC power electronics inside  

the vehicle. On-board conductive chargers typically consist of 

a two-stage power converter, including a front-end AC–DC 

converter and an isolated DC–DC converter with a high 

frequency transformer [5-8]. There are two common topologies 

for the DC-DC converter: full-bridge resonant (FBR) 

converters [6,9,10] and phase-shift full bridge (PSFB) 

converters [11,12]. The FBR achieves high efficiency at full-

load operation due to zero-voltage-switching (ZVS). Major 

drawbacks are that ZVS cannot always be achieved across the 

wide range of load and there are challenge in the design of high 

frequency transformers. The PSFB converter shows several 

desirable features such as simple control strategy, reduced 

component count and high-power density. However, PSFBs 

suffer from high-circulating current and hard-switching 

switches under light-load conditions. 

 Although conductive chargers are predominant in the current 

EV market, they have several disadvantages, such as the need 

for the user’s intervention and safety issues. Inductive chargers 

are presented as a reliable alternative to solve part of these 

drawbacks [13-15]. However, inductive charging comes with 

its own challenges. The biggest challenge is to align the coils to 

gain high charging efficiency, although, recent advances in 

automation will enable parking aid systems to be integrated into 

the wireless charging process so that this shortcoming will be 

overcome [15, 34]. In the inductive charger, energy is 

transferred wirelessly from the grid side to the battery side by 

using time-varying magnetic fields. Due to the lower coupling 

coefficient between the transmitter and receiver coils, extra 

compensation circuits are indispensable parts in inductive 

charging systems. This contributes to an improvement in power 

transfer capability and overall efficiency [13]. The operating 

frequency is fixed at 85 kHz in the standard SAE J2954 [17-18] 

for the inductive chargers. The most common structure includes 

an off-board front-end rectifier with power factor correction 

(PFC) and a full-bridge inverter powering the primary coil. The 

on-board secondary coil is connected to a passive or an active 

rectifier [19]. Power flow is controlled by the off-board full-

bridge inverter. It is possible to control charging power within 

the vehicle by adding an on-board dc/dc converter between the 

on-board rectifier and the battery. 

  Conductive charging and inductive charging both have 

benefits over each other in certain contexts (i.e. efficiency or 

convenience). Thus, it is expected that both types of chargers 

will coexist simultaneously in the future EV market. This 

prevision leads to the need of hybrid EV chargers, which will 

be compatible with both charging methods [20]. By now, there 
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are only very few solutions reported both commercially and 

academically. Commercially, Toyota and Tesla registered 

patents [21 and 22] of a hybrid charger. The basic charging 

structure is the same for both concepts by sharing the on-board 

DC/DC converter for both charging modes. Momentum 

Dynamics and Jaguar Land Rover [23], installed a 50-kW 

inductive charger system in the Jaguar I-PACE model for 

Cabonline, the largest taxi network in Norway. Jaguar vehicles 

already include an 11-kW three-phase on-board conductive 

charger. However, the conductive charger electronics 

components are not shared with the inductive charger due to the 

different power levels in both charger systems. The work in [24] 

discusses aftermarket conversion of inductive chargers in 

commercial EVs. There is no mentioning on how to share 

common power electronics between the conductive and the 

inductive chargers. 

  Academically, authors in [25] defined a hybrid solution that 

utilizes the integrated boost converter of the traction drive 

system to rectify the AC voltage of both, conductive and 

inductive chargers. The sharing of components between the two 

chargers however, is off-board and includes the grid rectifier, 

the high frequency (HF) full-bridge inverter and the 

transformer. The HF transformer can be connected to an on-

board rectifier to allow conductive charging or to a pair of 

coupled coils for inductive charging. A 7.7-kW prototype was 

tested with 85.05% and 84,06% efficiencies for the inductive 

and the conductive charger, respectively. Similarly, [26] 

proposes a hybrid charger system in which the inductive and the 

conductive chargers share off-board components but not on-

board components. 

  Regrettably, none of the commercial and academic published 

work describes in detail the hybrid charging methods from the 

original concept to analysis, design, implementation and 

experimental verification.  

  This paper proposes a hybrid charging structure to integrate a 

conductive charger (Mode 1 or 2) with an inductive charger 

based on magnetic coupling. The principal concept is shown in 

Fig. 1(a). It must be noted that inductive and conductive modes 

do not operate at one time. The key component of the proposed 

hybrid charger is composed of three different coils: one off-

board coil and two on-board coils. In the conductive mode 

(CM), on-board coil 1 and 2 act as the primary and secondary 

coil, respectively as shown in Fig. 1(b). Both coils are 

electromagnetically coupled, working as a high-frequency 

isolation transformer for the conductive charger mode. The off-

board coil is not activated in the conductive mode. On the other 

hand, in the inductive mode (IM) shown in Fig. 1(c), both on-

board coil 1 and 2 acts as two separate receivers which 

simultaneously harvest power from the off-board coil. The 

advantage of the proposed systems is to maximize the sharing 

of the power electronics and the magnetic components between 

the two charging methods on the vehicle side. Therefore, all on-

board charging systems are fully utilized in each mode reducing 

component counts and offering less space and complexity. 

The paper is organized as follows. The circuit configuration 

and the coupler coils design of the proposed hybrid charger are 

presented in Section II. The design consideration and the 

implementation of the constant current/constant voltage battery 

charging are discussed in Section III. In Section IV, a 3-kW 

hybrid charger prototype is experimentally implemented to 

demonstrate the proposed system. Experimental results are 

provided to evaluate the performances of the proposed hybrid 

charger such as efficiency, output power and electromagnetic 

interference. Conclusion and future works are given in Section 

V to conclude the paper. 

 
(a) 

 
(b) 

 
(c) 

Fig. 1.  (a) Proposed concept of inductive and conductive EV hybrid 

charger: (b) conductive mode, (c) inductive mode. 

II. ANALYSIS OF THE PROPOSED HYBRID CHARGER 

A. The circuit configuration 

 Fig. 2a presents the proposed EV hybrid charger system 

showing the DC/DC stage only. which is compatible with both 

conductive and inductive charging methods. In the context of 

this paper, the conductive charging term refers to the complete 

on-board vehicle charger system, which is directly connected to 

the AC mains by means of the charging cables. When charging 

conductively all on-board vehicle components shown in Fig. 2a 

are fully utilized. When charging inductively the coil from the 

off-board inductive charger powers all on-board components. 

The on-board part includes the on-board inverter (𝑆11,  𝑆21, 𝑆31 

and 𝑆41), on-board coils 𝐿1 and 𝐿2, resonant capacitors 𝐶1 and 

𝐶2, rectifier (𝐷1,  𝐷2 , 𝐷3 and 𝐷4) and filter capacitors 𝐶𝑖𝑛1 and 

𝐶𝑜. The off-board vehicle part consists of the off-board inverter 

( 𝑆12,  𝑆22, 𝑆32 and 𝑆42), off-board coil 𝐿3, LCC resonant tank ( 

𝐿𝑎, 𝐶𝑎, and 𝐶𝑏) and the filter capacitor 𝐶𝑖𝑛2. Although the 

proposed system includes a passive secondary rectifier, it is 

compatible with solutions which include active rectifiers [19]. 

𝑉𝑖𝑛 is the DC input voltage in both modes while 𝑉𝑜 and 𝐼𝑜 are 

the charging voltage and current of the vehicle’s battery. To 

facilitate the model and control, 𝑉𝑜 and 𝐼𝑜 are subscribed by “c” 
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and “i” to represent conductive and inductive modes, 

respectively. Values of 𝐶1 and 𝐶2 can be adjusted depending on 

the charging mode thanks to the Double-Pole Double-Throw 

(DPDT) switches 𝑆1 and 𝑆2. 

 For simplicity, a resistive load is used to represent the output 

battery in both scenarios. There is no on-board DC-DC 

converter on the battery’s side as all the control actions are 

implemented on the primary side. The system uses the contactor 

𝑆3 to select the charging mode: 𝑆3 is OFF during the conductive 

mode and ON during the inductive mode. In the conductive 

charging mode (presented in Fig. 2b) the output power is 

targeted for Level 1 or 2 charging so that the conductive charger 

is installed on-board the vehicle. It is also noted that the 

conductive charger system is developed based on the FRS 

converters [6,9,10]. To guarantee high efficiency with high-

power transfer capability, the air-gap between the on-board  

 
(a) 

 
(b) 

 
(c) 

Fig. 2.  (a) The proposed hybrid charger configuration with both inductive 

and conductive modes. (b) Conductive mode configuration. (c) Inductive 

mode configuration 

  

coils 𝐿1 and 𝐿2 is small. This results in a strong coupling 

between 𝐿1 and 𝐿2, which is modelled by the mutual inductance  

𝑀12. The values of 𝐶1 and 𝐶2 in the conductive mode are 𝐶1𝑐 

and 𝐶2𝑐, respectively. 

  Fig. 2c presents the inductive charging mode, where the off- 

board part acts as the primary side with the off-board transmitter 

coil 𝐿3. The proposed system utilizes both 𝐿1 and 𝐿2 as two 

receivers simultaneously harvest power from 𝐿3. To enable the 

utilization of 𝐿1, 𝐶1 and the on-board inverter, 𝑆3 is switched 

ON so that another path for the power transfer is created. As a 

result, there will be two power transfer paths thanks to mutual 

inductances 𝑀31 and 𝑀32. In these paths, the values of 𝐶1 and 

𝐶2 in the inductive mode are 𝐶1𝑖 and 𝐶2𝑖, respectively. While 

the first path goes through 𝐿1, 𝐶1𝑖 and the on-board full-bridge 

inverter (performing as a rectifier), the second one utilizes 𝐿2, 

𝐶2𝑖 and the on-board full-bridge rectifier. The outputs of the two 

paths are connected in parallel to charge the on-board battery. 

By utilizing two different power transfer paths, the inductive 

charging mode can deliver higher power to the battery with the 

same VA ratings of the on-board components. However, it is 

necessary to take into account that 𝐿1 and 𝐿2 are physically 

placed closed to each other and cross coupling  𝑀12 is relevant 

in the inductive mode [27]. This could cause higher current 

stresses through the resonant components in the on-board side 

as well as a reduction of the output power. In order to alleviate 

this effect, 𝐶1𝑖 and 𝐶2𝑖 are suitably designed to effectively 

cancel the induced voltages caused by 𝑀12, as shown in Section 

II. D. 
 

B. The proposed coupler coils system 

This section presents the proposed magnetic coupler to realize 

the hybrid charger, as shown in Fig. 3. The dimension of each 

coil and the air-gap between different coils are selected to be 

suitable for the EVs application. Both on-board coils 𝐿1 and 𝐿2 

have an identical dimensions of 600 mm x 600 mm and they are 

placed in parallel planes where coil 𝐿2 is placed on top of 𝐿1. 

The off-board coil 𝐿3 is implemented with a larger dimension 

of 800 mm x 800 mm for a better tolerance with coil 

misalignment (a common requirement in inductive chargers). 

The air-gap between 𝐿1 and 𝐿2 (i.e. 𝑑1) is selected as 20 mm 

while the air-gap 𝑑2 between 𝐿3 and 𝐿1 is set at 150 mm. To 

improve the coupling coefficients in the inductive charging 

mode between 𝐿3 and 𝐿1 as well as between 𝐿3 and 𝐿2, the 

ferrite cores are installed at the bottom and the top of the coupler 

system. The coupling coefficients are defined as 𝑘12 

(between 𝐿1 and 𝐿2), 𝑘31 (between 𝐿1 and 𝐿3) and 𝑘32 

(between 𝐿3 and 𝐿2). The parameters describing the magnetic 

coupler are listed in Table I.  

 The Finite-Element Analysis (FEA) of the magnetic coupler is 

conducted in ANSYS Maxwell 3D software and the obtained 

results are presented in Fig. 4. The coupling coefficient 𝑘12 

constantly appears as 0.83 because the position between 𝐿1 and 

𝐿2 does not change. Fig. 4 illustrates the values of the coupling 

coefficients 𝑘31 and 𝑘32 against the varying misalignments. 

Under conditions of 15-cm air-gap and a severe 30-cm 
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misalignment, 𝑘31 and 𝑘32 still achieve 56% and 55.4% of the 

maximum coupling coefficients. 

  The electromagnetic irradiation (EMI) surrounding the 

magnetic coupler is shown in Fig. 5 in both conductive and 

inductive mode with the output power of 3 kW. It is noted that 

the shielding material is not included in the simulation model. 

It is demonstrated that the coupler complies with the ICNIRP 

exposure limits [28] as the simulated flux density is below 27 

μT at the positions of 25 cm and 30 cm  away from the edge of 

the coupler in the conductive and inductive mode, respectively. 

In the real scenarios, the vehicle chassis can be considered as a 

shielding plate to cover the entire on-board coils. This helps to 

reduce the field level on the area above the coil 𝐿2 (e.g. inside 

the vehicle) to be within acceptable limits [29]. 

 

 

 

 
Fig. 3.  Structure and dimensions of the magnetic coupler for the 

proposed hybrid charger system. 

 
Fig. 4. FEA simulation results of the variations of 𝑀31 and 𝑀32 against 

misalignment. 

 
(a) 

 
(b) 

Fig. 5.  FEA simulation results of the EMI level surrounding the magnetic 

coupler in (a) conductive mode and (b) inductive mode. 

 

C. Modelling and Analysis in the Conductive Mode 

  Fig. 6 shows the AC equivalent circuit in the conductive 

charging mode using the transformer model and fundamental 

approximation. The variables  𝑣𝑖𝑛𝑐_𝑎𝑐 , 𝑣𝑜𝑐_𝑎𝑐 and 𝑖𝑜𝑐_𝑎𝑐 in (1) 

are the first harmonic components of the input voltage, output 

voltage and current of the resonant circuit, respectively. In the 

following analysis, Vinc, Voc and Ioc are used to express the 

phasor form of 𝑣𝑖𝑛𝑐_𝑎𝑐(𝑡), 𝑣𝑜𝑐_𝑎𝑐(𝑡) and 𝑖𝑜𝑐_𝑎𝑐(𝑡). 𝑅𝑎𝑐 in (1) is the 

equivalent battery impedance and 𝑓𝑐 is the inverter’s switching 

frequency at conductive mode. To simplify the analysis, the 

turn ratio between 𝐿1 and 𝐿2 is selected as 1 and 𝐿1 = 𝐿2. 𝜃𝑐 is 

the phase-shift between Vinc and Voc. The voltage gain transfer 

function Gv (2) and the input impedance 𝑍𝑖𝑛 (3) are obtained by 

(2) and (3) respectively based on the AC equivalent circuit [6]. 

The voltage gain curves and phase of 𝑍𝑖𝑛 for the converter 

under different load conditions are shown in Fig. 7. 

𝑣𝑖𝑛𝑐_𝑎𝑐(𝑡) =
4

𝜋
𝑉𝑖𝑛 sin(2𝜋𝑓𝑐𝑡) (1a) 

𝑣𝑜𝑐_𝑎𝑐(𝑡) =
4

𝜋
𝑉𝑜𝑐 sin(2𝜋𝑓𝑐𝑡 + 𝜃𝑐) (1b) 

𝑖𝑜𝑐_𝑎𝑐(𝑡) =
𝜋

2
𝐼𝑜𝑐 sin(2𝜋𝑓𝑐𝑡 + 𝜃𝑐) (1c) 

𝑅𝑎𝑐 =
8

𝜋2

𝑉𝑜𝑐

𝐼𝑜𝑐
=

8

𝜋2 𝑅𝑜; 𝜔𝑐 = 2𝜋𝑓𝑐 (1d) 
 

𝐺𝑣 =
Voc

Vinc
=                                                                                            (2) 

𝑠3𝑅𝑎𝑐𝐶1𝑐𝐶2𝑐𝑀12

𝑠𝑅𝑎𝑐𝐶2𝑐(1 + 𝑠2𝐶1𝑐𝐿1) + 𝑠4𝐶1𝑐𝐶2𝑐(𝐿1
2 − 𝑀12

2 ) + 𝑠2[𝐶1𝑐𝐿1 + 𝐶2𝑐(𝐿2 + 1)]
 

𝑍𝑖𝑛 = 𝑍1 +
𝑍2𝑍3

𝑍2+𝑍3
                                                                                  (3)  

TABLE I 
PARAMETERS DESCRIBING THE HYBRID CHARGER COUPLER 

 

Parameter Definition Value 

l1, l2 Length and width of the off-board coil L3 800 mm 

l3, l4 
Length and width of the on-board coils L1 

and L2 
600 mm 

lw1 Width of the copper wire of L3 80 mm 

lw2 Width of the copper wire of L1 and L2 60 mm 

w1 Width of ferrite cores on the top 60 mm 
w2 Width of ferrite cores on the bottom 40 mm 

h1, h2 
Thickness of the ferrite cores (both top and 

bottom) 
4 mm 

h3, h4, h5 Thickness of the copper windings 5 mm 

d1 Airgap between L1 and L2 20 mm 

d2 Airgap between L3 and L1 150 mm 
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where     𝑍1 = 𝑗𝜔𝑐(𝐿1 − 𝑀12) + 1
𝑗𝜔𝑐𝐶1𝑐

⁄ , 𝑍2 = 𝑗𝜔𝑐𝑀12 and 𝑍3 =

𝑗𝜔𝑐(𝐿2 − 𝑀12) + 1
𝑗𝜔𝑐𝐶2𝑐

⁄ + 𝑅𝑎𝑐. 

  The voltage gain 𝐺𝑣  is unity at the series resonant frequency 

𝑓𝑜, which is expressed as: 

𝑓𝑜 =
1

2𝜋√(𝐿1 − 𝑀12)𝐶1𝑐

=
1

2𝜋√(𝐿2 − 𝑀12)𝐶2𝑐

 (4) 

   According to Fig. 7, voltage gain curves can be divided into 

two different regions depending on 𝑓𝑐, namely regions 1 and 2: 

(1) Region 1 (𝑓𝑐  < 𝑓𝑜), where the gain curves have either 

negative or positive slope with high sensitivity (i.e. high slope 

value). A small variation of 𝑓𝑐 cause a large output voltage 

variation. The gain is always greater than unity regardless of the 

load conditions while the phase of 𝑍𝑖𝑛 is either negative or 

positive depending on 𝑓𝑐. 

 

(2) Region 2 (𝑓𝑐  ≥ 𝑓𝑜): in this region, the gain curves have 

negative slope with low sensitivity (e.g. low slope value). The 

gain of the circuit is always less than unity under any output 

load condition. Therefore, linear control is possible over the 

entire operating frequency range [6]. The phase of 𝑍𝑖𝑛 is always 

positive in this region, which enables Zero Voltage Switching 

(ZVS) operation for the inverter’s switches. Note, that the 

efficiency of the CM converter deteriorates during non-

resonance conditions as the operating frequency is regulated to 

implement the constant current-constant voltage charging 

profile in Fig. 7. 

  
Fig. 6.  AC equivalent circuit in the conductive charging mode.  

 
Fig. 7.  Voltage gain and phase of input impedance of the proposed 

hybrid system in the conductive mode versus operating frequencies with 

𝐿1 = 𝐿2 = 115 µH, 𝑀12 = 95.4 µH, 𝐶1 = 𝐶2 = 127 nF. 

D. Modelling and Analysis in the Inductive Mode 

 
 

Fig. 8.  AC equivalent circuit in the inductive mode. 

 This section focuses on modeling and analyzing the operation 

with at inductive mode. The circuit configuration in Fig. 2(c) is 

modeled by the AC equivalent circuit in Fig 8. The M model is 

adopted in Fig. 8 since this enables independent analysis at both 

sides of the circuit [13]. Similar to Section II. C, Vini, Voi and 

Ioi are used to express the complex form of the corresponding 

fundamental variables 𝑣𝑖𝑛𝑖_𝑎𝑐, 𝑣𝑜𝑖_𝑎𝑐 and 𝑖𝑜𝑖_𝑎𝑐. While 𝑣𝑜𝑖_𝑎𝑐 

and 𝑖𝑜𝑖_𝑎𝑐 are defined exactly the same as 𝑣𝑜𝑐_𝑎𝑐  and 𝑖𝑜𝑐_𝑎𝑐  in 

(1) respectively (i.e. 5b  and 5c), 𝑣𝑖𝑛𝑖_𝑎𝑐 is given as shown in 

(5a). According to that, the DC input voltage 𝑉𝑖𝑛 can be 

modulated by S12, S22, S32, S42 with D being the effective duty 

cycle of the inverter’s output voltage. To effectively control D, 

the phase shift angle α between the two inverter’s legs is 

utilized. Eq. (6) expresses the relationship between α and D 

[30]. 

𝑣𝑖𝑛𝑖_𝑎𝑐(𝑡) =
4

𝜋
𝑉𝑖𝑛 sin

𝜋𝐷

2
sin(2𝜋𝑓𝑡) (5a) 

𝑣𝑜𝑖_𝑎𝑐(𝑡) =
4

𝜋
𝑉𝑜𝑖 sin(2𝜋𝑓𝑡 + 𝜃𝑖 ) (5b) 

𝑖𝑜𝑖_𝑎𝑐(𝑡) =
𝜋

2
𝐼𝑜𝑖 sin(2𝜋𝑓𝑡 + 𝜃𝑖) (5c) 

𝛼 = (1 − 𝐷)π (6) 

  Differentiating from the conductive mode, the switching 

frequency (fi) in the inductive mode is fixed to be 85 kHz, in 

accordance with SAE J2954 standard [17]. Therefore, the phase 

shift angle α is utilized to control the battery voltage and current 

in the inductive mode. The voltage equation of the primary side 

can be obtained as (7) by applying Kirchhoff’s Law to the 

model in Fig. 8. 

𝑉𝑖𝑛𝑖 = (𝑗𝜔𝐿𝑎 − 𝑗
1

𝜔𝐶𝑎
) Iini −

1

𝑗𝜔𝐶𝑎
I𝑝 (7) 

 The transmitter’s current 𝐼𝑝 can be controlled through the input 

voltage 𝑉𝑖𝑛𝑖 as (8) if 𝐿𝑎 and 𝐶𝑎 are selected to resonate at the 

switching frequency 𝑓𝑖 (𝜔𝑖 = 2𝜋𝑓𝑖). Section III explains how 

the value of 𝐼𝑝 is calculated based on the output voltage. The 

value of 𝐶𝑏 is then determined by (10) according to [13-14]. 
I𝑝 = −𝑗𝜔𝑖𝐶𝑎Vini (8) 

𝜔𝑖𝐿𝑎 −
1

𝜔𝑖𝐶𝑎
= 0 (9) 

𝐶𝑏 =
1

𝜔𝑖
2(𝐿1 − 𝐿𝑎)

 (10) 

 Similarly, the voltage equations of secondary resonant tanks 

can be obtained from (11) and (12), in which 𝑗𝜔𝑖𝑀12𝐼2 and 

𝑗𝜔𝑖𝑀12𝐼1 are the induced voltages caused by the cross mutual 

inductance 𝑀12 from the other receiver. 𝑀12 induces voltages 

on both receivers and therefore reduces the output voltage and 
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power, as well as causes higher current stresses on the primary 

inverter [28].  

𝑗𝜔𝑖𝑀12I2 + 𝑗𝜔𝑖𝐿1I1 +
1

𝑗𝜔𝑖𝐶1𝑖
I1 + Voi = 𝑗𝜔𝑖𝑀31Ip (11) 

𝑗𝜔𝑖𝑀12I1 + 𝑗𝜔𝑖𝐿2I2 +
1

𝑗𝜔𝑖𝐶2𝑖
I2 + Voi = 𝑗𝜔𝑖𝑀32Ip (12) 

 To eliminate the above crossing voltages, the series capacitors 

𝐶1𝑖  and 𝐶2𝑖 are used. To simplify the design of these capacitors, 

the receiver’s currents are assumed to be identical (i.e. I1 ≈ I2). 

Finally, 𝐶1𝑖 and 𝐶2𝑖 can be calculated as (13) and (14), 

respectively.  

𝐶1𝑖 =
1

𝜔𝑖
2(𝐿1 + 𝑀12)

 (13) 

𝐶2𝑖 =
1

𝜔𝑖
2(𝐿2 + 𝑀12)

 (14) 

 It can be noticed from (13) and (14) that the series capacitors 

𝐶1𝑖  (𝐶2𝑖) are used here for two purposes: (1) to be resonant with 

𝐿1 (𝐿2) and (2) to suppress the crossing induced voltages 

caused by 𝑀21. 

 Therefore, the output voltage 𝑉𝑜𝑖 at the angular resonant 

frequency 𝜔𝑖 is expressed by (15) when considering the 

conditions described by (13) and (14). It is noted that 𝑉𝑜𝑖 is 

irrelevant to the load’s impedance and is in phase with 𝑉𝑖𝑛𝑖. 

From (5) and (15), the DC output voltage 𝑉𝑜𝑖 can be written as 

(16). To demonstrate the relationship between 𝑉𝑜𝑖 and α, Fig. 9 

is presented by combining (6) and (16). 

Voi  = 𝑗𝜔𝑖𝑀31Ip = 𝜔𝑖
2𝑀31𝐶𝑎Vini (15) 

𝑉𝑜𝑖  = 𝜔𝑖
2𝑀31𝐶𝑎𝑉𝑖𝑛sin

𝜋𝐷

2
 (16) 

 The total output current 𝐼𝑜𝑖  is summed up from the output 

currents of both secondary side circuits (i. e.  𝐼𝑜𝑖 = 𝐼1 + 𝐼2), 

which varies depending on different load conditions. Therefore, 

the proposed charger enables providing higher current charging 

capability in the inductive mode with the same VA rating of the 

on-board components. The output power in the inductive mode 

is written as follows: 

𝑃𝑜𝑖 = 𝑉𝑜𝑖𝐼𝑜𝑖  =
(𝜔𝑖

2𝑀31𝐶𝑎𝑉𝑖𝑛 sin
𝜋𝐷
2

)
2

𝑅𝑜
 

(17) 

 

Fig. 9.  DC output voltage 𝑉𝑜𝑖 versus the phase shift α in the inductive 

mode. 

  In the inductive mode, the mutual inductance difference 

between 𝑀31 and 𝑀32 (i.e. ∆𝑀 = |𝑀31 − 𝑀32|) is inevitable. 

The reason is that the receiver coil 𝐿1 is positioned slightly 

closer to the transmitter coil 𝐿3 than the receiver coil 𝐿2. This 

causes a circulating current in the secondary circuits and 

consequently higher conduction losses are generated [31-32]. 

To effectively demonstrate this issue, several simulation results 

are shown in Fig. 10 with different values of ∆𝑀. It can be 

easily noticed that the higher ∆𝑀, the higher the circulating 

current will be. This current is defined as 𝐼12 in (18). 

𝐼12 = 𝐼1 − 𝐼2 (18) 

  It is essential to minimize the circulating current by reducing  

∆𝑀 in the magnetic coupler design. In this work, the values of 

𝑀31 and 𝑀32 are designed as 30.29 µH and 27.52 µH, 

respectively, with 𝑑1 = 20 mm and 𝑑2 = 150 mm. This results 

in a small circulating current of 0.9 A, which can be neglected 

to simplify the analysis.  
 

 
(a)  

 
(b)  

Fig. 10.  Circulating current simulation results with different ∆𝑀 at the 
rated load. (a) 𝑀31 = 30.29 µ𝐻, 𝑀32 = 27.52 µ𝐻 with 𝑑2 = 150 𝑚𝑚, 𝑑1 =
20 𝑚𝑚. (b) 𝑀31 = 33.31 µ𝐻, 𝑀32 = 27.52 µ𝐻 with 𝑑2 = 130 𝑚𝑚, 𝑑1 =
40 𝑚𝑚.  

III. DESIGN CONSIDERATIONS 

  This section comprehensively presents the design 

considerations of the proposed hybrid converter. There are 

several points that need to be clarified: 

1) The design of the coupler coils including 𝐿1, 𝐿2 and 𝐿3 must 

be selected to fit within the available space in the vehicle 

chassis. The coupler is designed to achieve high coupling 

coefficients, good tolerance with misalignment and low EMI in 

both charging modes. 

2) The operating frequency in the conductive mode 𝑓𝑐 is 

different from that of the inductive mode 𝑓𝑖. 𝑓𝑐 should be high 

enough to reduce the size of the resonant components and the 

output filter capacitor as well as the voltage stress across the 

resonant capacitors. However, 𝑓𝑐 should not be much higher 

compared to 𝑓𝑖 to facilitate the component’s design. In this 

work, while 𝑓𝑖 is fixed at 85 kHz, 𝑓𝑐 is variable from 100 kHz 

to 135 kHz. 

3) The proposed converter should be designed to achieve soft-

switching condition of ZVS for MOSFET switches to minimize 

switching losses and improve efficiency in both modes. 

4)  Both charging modes work with a CC-CV profile as depicted 

in Fig. 11. 
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Fig. 11. The Constant Current/Constant Voltage (CC/CV) battery 
charging profile and their equivalent impedance.  

  The flowchart in Fig. 12 presents the practical design 

procedure for the proposed hybrid charger in both modes. The 

first step is to calculate the range of the equivalent resistance 𝑅𝑜  

and the voltage gain 𝐺𝑣  from the CC/CV charging profile in Fig. 

11. 𝑉𝑜 varies from 340 V to 400 V [33] while 𝐼𝑜 varies from 1.57 

A to 7.5 A with the maximum power of 3 kW. The battery 

equivalent impedance 𝑅𝑜  is defined in (19) according to [13].  

𝑅𝑜 =
𝑉𝑜

𝐼𝑜

 (19) 

 Therefore, 𝑅𝑜 accordingly varies from 45.3 Ω to 254 Ω for the 

entire charging process. In the experiment, an electronic load is 

used to represent the battery with different battery states. The 

voltage gain requirement of the converter is 0.85~1 in both 

charging modes, with a normal voltage gain of 1 when 𝑉𝑜 = 400 

V. Therefore, the coil turns ratio between n1 and n2 is to be 

nearly 1. 

  In the conductive mode, the resonant frequency 𝑓𝑜 is selected 

as 100 kHz. In order to achieve ZVS operation for primary 

MOSFET switches, the value of 𝑀12 is calculated as (20) based 

on [6,8] with 𝑓𝑜 of 100 kHz, a dead-time 𝑡𝑑𝑒 of 200 ns and a  

output capacitance 𝐶𝑜𝑠𝑠 of 220 pF. 

𝑀12 ≤
𝑡𝑑𝑒  

16𝑓𝑜𝐶𝑜𝑠𝑠  
= 568 µH (20) 

A maximum value of 568 µH or less will ensure ZVS for the 

primary-side switches. However, 𝑀12 cannot be too small as it 

will decrease the power transfer capability and increase the 

conduction losses of the primary side. Moreover, it is observed 

from the simulation results of the voltage gain that the gain in 

the CM is limited, and there is bifurcation issue if 𝑀12 >
250 µH. Considering that the available dimensions of 𝐿1 and 𝐿2 

are 600 mm x 600 mm, the value of 𝑀12 is designed as 95 µH 

with an associated air-gap of 20 mm between two on-board 

coils (𝑑1) in this work. 

 Next, the number of turns and ferrite’s volume is initialized 

using FEA software to estimate values for 𝐿1 and 𝐿2 with the 

dimensions of 600 mm x 600 mm. It is worth noting that the 

ferrite core on the top is placed closer to 𝐿2 winding than to 𝐿1 

winding. Therefore the number of turns of 𝐿2 (i.e. 𝑛2) needs to 

be slightly lower than  of 𝐿1 (i.e. 𝑛1) so that 𝐿1 and 𝐿2 have the 

same inductance. After several trial and errors in both 

simulations and experiments, final parameters of n1 and n2 are 

selected as 8.5 and 8 while both 𝐿1 and 𝐿2 inductances are equal 

to 115 µH to meet with the system requirements. Finally, 𝐶1𝑐 

and 𝐶2𝑐 can be calculated as (21) by using (4). 

𝐶𝑖𝑐 =
1

(2𝜋𝑓𝑜)2(𝐿1 − 𝑀12)
= 127 nF (𝑖 = 1,2) (21) 

 In the inductive mode, the design of the off-board coil 𝐿3 needs 

to be performed to achieve high coupling coefficients ( 𝑘31 and 

𝑘32) and good tolerance with misalignment according to the 

system’s specification. A way to achieve the above goal is to 

utilize  𝐿3 with a dimension larger than the one of the two on-

board coils. In details, 𝐿3 is implemented with a size of 800 mm 

x 800 mm. Similar to the CM, the inductance of 𝐿3 and its 

number of turns 𝑛3 are determined as 120 µH and 8 turns, 

respectively, by using the FEA simulation. 

 On the other hand, the mutual inductances difference ∆𝑀 needs 

to be as small as possible to minimize the circulating current. 

The RMS value of the current 𝐼𝑝 through 𝐿3 is determined as 

(22) based on (15) when 𝑉𝑜𝑖 = 400 V, 𝑓𝑖 = 85 kHz and 𝑀31 =
29.6 µH. 

𝐼𝑝_𝑟𝑚𝑠 =

4
𝜋

𝑉𝑜𝑖

√2 ∗ (2𝜋𝑓
𝑖
) ∗ 𝑀31

= 23 A  (22) 

 Then, 𝐶𝑎 is calculated as (23) based on (8) with 𝐼𝑝_𝑟𝑚𝑠 = 23 A, 

𝑉𝑖𝑛 = 400 V, 𝑓𝑖 = 85 kHz. 

𝐶𝑎 =
√2𝐼𝑝_𝑟𝑚𝑠

(
4
𝜋

𝑉𝑖𝑛) ∗ (2𝜋𝑓𝑖)
= 120 nF  (23) 

 The value of 𝐿𝑎 is calculated as 29 µH by using (9) with 𝐶𝑎 =

120 nF. Next, 𝐶𝑏 is designed as (10) and slightly adjusted to 

achieve ZVS operation at all load conditions. In this work, 𝐶𝑏 

is selected as 35 nF. 

 Finally, 𝐶1𝑖 and 𝐶2𝑖 are designed as (13) and (14), respectively. 

Both values come out as 17.4 nF. All specifications and 

parameters of the proposed hybrid charger are tabulated in 

Table II (CM and IM stand for conductive mode and inductive 

TABLE II 
SPECIFICATION AND PARAMETERS OF THE HYBRID CHARGER SYSTEM 

 

Parameter Definition Value 

Vin Input DC voltage 400 V 
Vo Output DC voltage  340-400 V 

Io Output DC current 1.57-7.5 A 

Po Rated output power 3 kW 
Ro Equivalent output resistance 45.3-255 Ω 

fo Resonant frequency in the CM 100 kHz 

fc Operating frequency in the CM 100-140 kHz 
fi Operating frequency in the IM 85 kHz 

L1, L2 Self-inductance of on-board coils 115 µH 

n1 Number of turns of L1 8.5 
n2 Number of turns of L2 8 

M12 Magnetizing inductance between L1 and L2 95.4 µH 

C1c, C2c Resonant capacitors in the CM 127 nF 
L3 Self-inductance of off-board coil 120 µH 

n3 Number of turns of L3 7 

M31 Magnetizing inductance between L3 and L1 16.8-29.6 µH 
M32 Magnetizing inductance between L3 and L2 16.2-28.1 µH 

La Resonant inductor in the IM 29.2 µH 

Ca Primary parallel capacitor in the IM 120 nF 
Cb Primary series capacitor in the IM 35 nF 

C1i, C2i Secondary capacitors in the CM 17.4 nF 

R1, R2, R3 Parasitic resistance of coil L1, L2 , L3 
0.15 Ω, 0.157 

Ω, 0.2 Ω 

RC1c, RC2c  Parasitic resistance of capacitors C1c, C2c   0.0224 Ω 
RC1i, RC2i Parasitic resistance of capacitors C1i, C2i   0.035 Ω 

RCa Parasitic resistance of capacitor Ca 0.027 Ω  

RCb Parasitic resistance of capacitor Cb 0.07 Ω 
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mode, respectively). Table II also includes the equivalent series 

resistance (ESR) of capacitors based on [37]. Due to the much 

lower parasitic resistances compared to the parasitic resistance 

of the coils, capacitors’ ESR do not affect the operation of the 

converter but they increase conduction losses and therefore 

impact slightly on the efficiency. In the experiment, 

polypropylene film capacitors from Kemet were selected for all 

resonant capacitors due to their low ESR and high current 

carrying capability [37]. 

 
Fig. 12. Flowchart of the proposed hybrid charger design procedure. 

 The output voltage 𝑉𝑜 is controlled in both modes to attain the 

battery charge profile of the CC/CV profile as illustrated in Fig. 

11. The detailed control scheme in each mode of conductive and 

inductive is presented as follows: 

  a) Conductive mode: the switching frequency 𝑓𝑐 is adjusted to 

control 𝑉𝑜 according to the different equivalent load 𝑅𝑜 .Since 

the converter works as an output voltage source at the resonant 

frequency 𝑓𝑜 of 100 kHz (as shown in Fig. 7), the CV mode is 

implemented around 𝑓𝑜 . During the CC mode, 𝑅𝑜 increases 

from 45.3 Ω to 53.3 Ω and this requires 𝑓𝑐 to reduce from 135 

kHz to 105 kHz to maintain the charging current at 7.5 A. 

Moving to the CV mode, 𝑓𝑐 is only adjusted in a narrow range 

from 105 kHz to 100 kHz while 𝑅𝑜 increases from 53.33 Ω to 

254 Ω. The control for CM mode is implemented by the on-

board controller circuit. 

b) Inductive mode: as the switching frequency 𝑓𝑖 is required to 

be fixed as 85 kHz in accordance with SAE J2954 standard, the 

phase shift angle α is used in the IM to control the off-board 

inverter’s voltage Vini. The converter works as an output voltage 

source at 𝑓𝑖 (15) regardless the value of 𝑅𝑜 . Similar to CM, α is 

adjusted from 60 degrees to 5 degrees to control the charging 

current in CC mode and from 5 degrees to 0 degrees to control 

the charging voltage in CV mode. The control process in IM is 

implemented by the off-board controller circuit to reduce 

control complexity. Table III summarizes the control process in 

both modes of the hybrid charger system. 
TABLE III 

CONTROL PROCESS OF THE HYBRID SYSTEM 

Mode 
Charging 

mode 

Frequency 

range [kHz] 

Phase-shift 

range [o] 

Controller 

circuit 

Conductive CC 135 to 105  NA On-board 

 CV 105 to 100  NA On-board 

Inductive CC NA 60 to 5 Off-board 

 CV NA 5 to 0 Off-board 

 

IV. EXPERIMENTAL RESULTS 

  A 3-kW hybrid charger prototype is developed and tested to 

experimentally demonstrate its feasibility and validity as 

portrayed in Fig. 13(a). The parameters of the proposed coupler 

coils are shown in Table I while the coupler’s prototype is 

shown in Fig. 13(b). All coil windings are constructed from the 

Litz wire with 600 strands and 38 AWG to reduce the 

conduction losses. According to the FEA electrostatic 

simulation, the value of the inter-winding capacitance 

𝐶𝑤  between 𝐿1  and 𝐿2  is 30 pF. High value of 𝐶𝑤 may result 

in large primary current spikes and increase the noise level in 

the system [36]. In this work, these above issues are not 

observed thanks to the benefits of the resonant converters. In 

addition, more efforts are made to reduce 𝐶𝑤 in this work such 

as increasing the amount of insulation between winding to 

winding. The double Kapton-tape is lapped around the Litz 

copper wire to further improve the insolation in the experiment. 

The bottom and top ferrite are constructed using core I-N87 

from TDK. As highlighted in Section II.B, the maximum air-

gap between 𝐿3 and 𝐿1 is tested at 15 cm in the inductive mode 

while the air-gap between 𝐿2 and 𝐿1 is fixed at 2 cm. Please 

note that the relative position between 𝐿3 and on-board coils is 

changed during the test while the position between 𝐿2 and 𝐿1 is 

fixed. The on-board and off-board inverters are built using SiC 

MOSFET C2M0025120D from Cree, so ZVS turning-on is 

preferable to achieve than the ZCS turning-off to minimize the 

switching losses [35]. Moreover, SiC-Schottky diode 

HFA50PA60 is selected for the on-board rectifier.  

  It should be noted that the series capacitor 𝐶𝑏 is adjusted 

from 42.4 nF in simulation to 35 nF in the experiment to achieve 

ZVS of all inverter switches. Other specifications and 

parameters of the proposed EV hybrid charger are summarized 

in Table II. To switch between the two charging modes, the 

contactor G7L-2A-X-L from Omron Electronics is 

implemented as 𝑆3. During the inductive mode (IM), 𝑆3 is on, 

otherwise it is off. 𝑆3 is directly controlled from the on-board 

microcontroller µC and its associated circuit is shown in Fig. 

14. The input/output power and efficiency of the charger is 

measured by a YOKOGAWA WT1600 Power Analyzer and a 

Chroma DC Electronic Load 63210 is used to emulate the EV 

battery with the charging profile shown in Fig. 11. Two 

switches 𝑆1 and 𝑆2 were implemented by the relay 4610 DPDT 

from Finder in the experiment. The electrical schematic is 

presented in Fig. 15, in which the switch 𝑆1 utilizes contacts 𝑇1 
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and 𝑇2 while the switch 𝑆2 utilizes contacts 𝑇3 and 𝑇4. Table IV 

details the control scheme for switches 𝑆1 and 𝑆2. The 

maximum power losses on the relay is 5 W at the rated power 

of 3000 W. As such the losses are neglected in the analysis for 

simplicity.  

 
(a) 

 

  
(b) 

Fig. 13. (a) The experimental test-rig of the proposed hybrid EV charger, 

(b) Prototype of the coupler coils. 

 

 
Fig. 14. The implementation for contactor S3 and its associated control 

circuit. 

 

 
Fig. 15. The electrical schematic of switches S1 and S2 utilizing the DPDT 

relay. 

 

 

 

 

 

 

TABLE IV 
THE CONTROL SCHEME FOR SWITCHES S1 AND S2 

Relay terminal 
voltage VA1A2 

T1 T2 T3 T4 Mode 

0 V open closed closed open 
Inductive 

charging 

12 V closed open open closed 
Conductive 

charging 

 

  The experimental waveforms during the conductive mode are 

depicted in Fig. 16 for different load conditions. The resistance 

of the electronic load is varied from 45.3 Ω to 254 Ω during the 

test. To achieve the desired output voltage, fi is regulated 

between 100 kHz and 135 kHz for the four studied cases. As it 

can be seen from Fig. 16, the ZVS operation is achieved for the 

entire load range during the charging process.  

The experimental waveforms of the inductive mode can be 

found in Fig. 17 during the CV mode with the perfect alignment 

conditions and a 400 V DC input.  As shown in Fig. 17(a), the 

phase shift value α is zero as the converter operates at the load-

independent output voltage at 𝑓𝑖. Moreover, the inverter output 

current 𝐼𝑖𝑛𝑖  always leads the voltage 𝑉𝑖𝑛𝑖, resulting in the ZVS 

operation in the CV mode. The current through the transmitter 

𝐼𝑝 is shown in Fig. 17(b) while two receiver currents (e.g. 𝐼1 and 

𝐼2) are presented in Fig. 17(c). As previously mentioned, the 

value difference between these two currents is small, therefore 

the circulating current in the on-board side is neglectable. 

Finally, Fig. 15(d) shows the voltages before the two rectifiers 

(e.g. 𝑉1 and 𝑉2) when 𝑉𝑜𝑖 reaches 400 V. 

  

    (a)                                                       (b) 

     

                                (c)                                                          (d) 

Fig. 16. Experimental waveforms in the conductive mode operation with 

Vin = 400 V. (a) CC mode, Vo = 340 V, Ro = 45 Ω. (b) CC mode, Vo = 400 

V, Ro = 53.3 Ω. (c) CV mode, Io = 5 A, Ro = 80 Ω. (d) CV mode, Io = 1.6 

A, Ro = 250 Ω. 

 

(a)                                                         (b) 
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(c)                                                           (d) 

Fig. 17. Experimental waveforms in the inductive mode operation in the 

CV mode with Vin = 400 V, Vo = 400 V, Ro = 56.3 Ω, α = 0o. (a) Inverter 

output’s voltage and current, (b) the transmitter current, (c) the receivers’ 

currents and (d) the rectifier input voltages. 

In order to achieve ZVS operation for the entire load range 

in the inductive mode, the phase angle of the input impedance 

is required to be high as illustrated in Fig. 17 (a) (i.e. around 55 

degrees). This increases the reactive power in the primary 

circuit. Several methods to minimize the input impedance’s 

phase angle will be considered as our future works. These 

methods include adding an additional DC/DC converter 

between the rectifier and battery or utilizing the secondary 

controllable rectifier [19] for regulating the battery voltage. The 

idea behind these methods is to shift the output voltage control 

into the secondary side while the primary inverter operates at 

the low phase angle. 

The performance of the proposed system in the inductive 

mode is further investigated under different misalignment 

conditions. The comparison between the experimental and 

simulation results of the DC output voltage 𝑉𝑜𝑖  in the CV mode 

is shown in Fig. 18(a) in which 𝑉𝑜𝑖 is reduced under 

misalignment operation. Under misalignment conditions of 0 

cm, 10 cm, and 20 cm, the simulation value of 𝑉𝑜𝑖 is 400 V, 380 

V and 310 V, respectively. The experimental 𝑉𝑜𝑖 is in a good 

agreement with the simulation value in general. However, the 

measured voltage is slightly different from the simulation 

results under the light load condition, which could be associated 

with the errors in tuning the resonant tank. Fig. 18(b) illustrates 

the system efficiency across a wide range of misalignment with 

the load resistance of 53.3 Ω. It is shown that the efficiency 

remains over 90% when the misalignment varies up to 15 cm. 

Under the testing condition of 15-cm air-gap and 30-cm 

misalignment, the efficiency reaches 80.2%. 

Fig. 19(a) shows the measured efficiency of the hybrid 

charger at different equivalent battery loads over the CC/CV 

charge profile. The converter maintains its efficiency higher 

than 93% in the conductive mode and 87% in the inductive 

mode over the entire load range. The efficiency data in the 

inductive mode is measured when the coils are fully aligned. 

The power loss on the contactor 𝑆3 caused by the contact 

resistance is included in the measured efficiency, but its control 

circuit loss is excluded. The peak efficiencies at the rated power 

are 97.4% and 93.6% for the conductive (η𝑐 in Fig. 19(b)) and 

inductive mode (η𝑖 in Fig. 19(c)), respectively. All the 

efficiency measurements were conducted by the WT1600 

power analyzer. 

 
(a) 

 
(b) 

Fig. 18. (a) Comparison of the experimental and simulation results of 𝑉𝑜𝑖 

under misalignment operation in the inductive mode (CV mode, no 

control applied). (b) Measured efficiency under different lateral 

misalignments at the rated power (Ro = 53.3 Ω). 

 

 
(a) 

   
(b)                                        (c) 

Fig. 19. (a) The measured efficiency in conductive mode and inductive 

modes (no misalignment) versus the equivalent battery load. Capture of 

efficiency from power meter at output power of 3 kW in (b) the 

conductive mode and, (c) the inductive mode. 
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(a) 

 
(b) 

Fig. 20. Magnetic field measurement at different misalignment 

conditions (a) measurement setup, (b) measurement results. 

 Finally, in order to satisfy the ICNIRP exposure limits [28], the 

EMI surrounding the coupler coils are measured in each mode 

where the coils were aligned to charge at the rated power. The 

Gauss Meter SPECTRAN NF-5030 is used to measure EMI at 

the test point P under different distances away from the coil’s 

center x as shown in Fig. 20 (a). The magnetic field strength is 

below 27 μT starting from the positions x of 60 cm and 70 cm 

in the conductive and inductive modes, respectively (30 cm 

from the edge of the coupler). These magnitudes validate the 

simulation results in Section II. B and show its compliance with 

the EMI restrictions.  

  In order to demonstrate the benefits of the proposed system, a 

comparison with other similar hybrid charger systems [21, 22, 

25, 26] is carried out, which can be found in Table V. The first 

feature to consider is the location where power electronics 

components are shared. While [25-26] utilize the same off-

board components in both modes, the on-board components are 

shared in [21-22] and this work. Please note that [21-22] only 

share the on-board DC/DC converter but not the magnetic 

components. This weakness is improved in this work by 

integrating the magnetic coils in the CM mode for the IM mode, 

which is not the case with other reported systems. 

 The next features are related to the design, implementation and 

control of the hybrid system for the battery charger with the 

charging profile. While the design parameter is missing in [21-

22], the system control strategy is not found in [22]. Although 

some of the above works [25-26] mentioned both design 

parameter and system control, none of them implements the 

battery charging profile of CC/CV for the hybrid system, except 

this work. 

 Interestingly, the experimental verifications are only reported 

in [25] and this work. Although the output power is different 

for both, the proposed system achieves higher efficiencies in 

both modes, when tested at a full load condition.  

 

 

TABLE V 
COMPARISON OF VARIOUS HYBRID CHARGER SYSTEMS 

 

 [21] [22] [25] [26] 
This 
work 

Sharing 

components 

 

On-

board 
 

On-

board 

Off-

board 

Off-

board 
On-board 

Magnetic 
integration 

No No No No Yes 

Design 

parameters 
No No Yes Yes Yes 

System 

control  
Yes No Yes Yes Yes 

Implement 

of CC-CV 
charging 

No No No No Yes 

Practical 

evaluation 
No No Yes No Yes 

Efficiency in 

CM* 
NA NA 87.63% NA 93-97.4% 

Efficiency in 
IM* 

NA NA 88.25% NA 87-93.6% 

Note: * DCin-to-DCout efficiency 

 

V. CONCLUSION  

 This paper presents a hybrid charger of inductive and 

conductive methods for electric vehicles. The advantage of the 

proposed systems is to maximize the sharing of the on-board 

power electronics and magnetic components between two 

charging modes. Consequently, the proposed hybrid charger 

reduces component counts and complexity of the system. To 

achieve this goal, a set of three coils is carefully designed to 

maximize the power transfer while complying with the 

restrictions of electromagnetic emissions. The proposed 

coupler coils along with the detailed design procedure are 

presented and discussed in the paper. The feasibility of the 

proposed charger is experimentally validated using a 3-kW 

laboratory prototype, tested under different operating load 

conditions. The material presented in the paper lays a 

foundation for further studies of hybrid charger systems for EV 

applications. 
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