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Abstract— In this study, analysis of a bi-directional half-
bridge inverter for wireless power transfer applications is 
realized. The presented converter topology is explored to 
reveal the maximum efficiency points with a variable 
phase shift function between the dual active bridge (DAB) 
switches. The examination of the converter is provided in 
terms of variable load and coupling co-efficient factor at a 
constant switching frequency. A 1 kW contactless system is 
designed with an output of 100 V by testing the different 
load conditions at an 8 inch gap between coils. 
Experimental results indicate that the demonstrated 
system, which has an average efficiency improvement of 
2% with an optimized phase shift between switches, offers 
higher efficiency in comparison to conventional topologies. 

Keywords—asymmetrical inverter, bi-directional, dual active 
bridge, phase-shift, resonant converter, wireless energy 

I. INTRODUCTION 
Due to an increase of battery powered applications, 

inductive power transfer (IPT) is a growing technology to 
supply power to a variety of implementation from smartphone 
charging platforms, medical implant devices to electric vehicle 
charging [1]-[4]. The IPT increases the system flexibility and 
equipment safety with the elimination of a physical electrical 
contact [5]-[7]. Bi-directional IPT system is very suitable for 
active loads, regenerative energy capability, and efficiency 
improvement [8]-[9] as discussed in the paper. A conventional 
bi-directional IPT system is demonstrated in Fig. 1. As seen in 
the figure, the system has a symmetrical structure and consists 
of two main stages: the primary and secondary platforms. The 
secondary side load is represented as a voltage source that can 
be a battery pack used for retrieving or storing energy. 

The bi-directional IPT system must be well designed and 
organized in order to achieve high efficiency [10]. Several bi-
directional circuit topologies, control algorithms, and 
compensation strategies are carried out in the literature [11]-
[20]. A series, parallel, series-parallel, and LCL compensation 
networks have been analyzed with different control methods 
for bi-directional wireless applications in [11]-[14]. A steady 
state model of bi-directional IPT has been presented to show 

the system performances in [15]-[16]. A power flow 
management with proportional integral (PI) and proportional 
integral derivative (PID) modulations has been implemented 
between load and grid in [17]. Researchers in [18] have 
explored bi-directional IPT system for multiple pickups to 
integrate low power modules into the high power demands. A 
current sourced IPT bi-directional system has been 
investigated between the grid and several individual connected 
loads in [19]-[20]. However, all mentioned papers above 
consider a full-bridge inverter topology on both side primary 
and secondary platforms. Furthermore, efficiency analysis has 
not been revealed deeply attentive for bi-directional systems. 

 

Fig. 1. An illustration of a bi-directional inductive coupling transfer (IPT) 
system. 

In this paper, a half-bridge inverter is studied for bi-
directional IPT systems. A phase shifted modulation technique 
is used between primary and secondary inverter ports in order 
to obtain maximum efficiency points. The topology is 
explored with different load conditions at the constant 
frequency and constant output voltage. The converter model 
controllability is analyzed and the transfer function of the 
converter is derived. The system performance is confirmed 
with experimental results at 8 inch air gaps in coreless 
transformer, 150 kHz operating frequency, and a 1 kW load 
with a maximum efficiency of 91% in laboratory conditions. 

II. CIRCUIT ANALYSIS OF THE WIRELESS POWER LINK 
The investigated phase shift principle of a bi-directional 

IPT circuit topology for the wireless power transfer is shown 
in Fig. 2. It comprises two half bridge resonant inverters in the 
primary and secondary side, an air gap coreless transformer, 
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and resonant capacitors in each platform. The constant output 
voltage of the system is managed by an asymmetrical duty 
cycle control and the phase-shift angle of the transistors 
between inverter ports manages the efficiency optimization in 
order to reduce switching losses in the system. 

 

Fig. 2. The analyzed bi-directional IPT system. 

In order to perform the circuit analysis, the wireless power 
link can be represented as two coupled inductors and two 
resonant capacitors connected in series as shown in Fig. 3(a). 
In this model, the voltage sources are Vi1 and Vi2, two coupled 
inductors are LP and LS with equivalent series resistances RS 
and RP. K is a coupling factor between the two coils and CP and 
CS are resonant capacitors. The two coupled inductors can be 
equivalently modeled as a transformer with proper leakage and 
magnetizing inductances. 

To simplify analysis, both coils LP and LS are assumed to be 
identical and equal to L. Then, the model can be equivalently 
represented by the circuit in Fig. 3(b). In this model VP,1 and 
VP,2 are fundamental component of voltage sources VP and VS, 
respectively. ZP,eq and ZS,eq are equivalent values where 
ZP,eq={1/j CP+j LL+RP}, ZS,eq={1/j CS+j LL+RS}. ZM is the 
magnetizing impedance related to the coupled inductors by 
ZM=j LM. 

 

(a) (b) 

Fig. 3. Schematics of wireless power link (a) equivalent circuit model, (b) 
simplified model. 

The model of Fig. 3(b) is related to the model of Fig. 3(a) by 
the following equations. 

  (1) 

The primary resonant tank square wave voltage P and the 
secondary resonant tank square wave voltage S are positive or 

negative during the different cycles. Thus, P(t) and S(t) can be 
stated considering the duty cycle DP, DS, and phase shift angle 

 between the inverter ports as 
 

 (2)

  
and 

  (3) 

The fundamental components of the voltages vP1(t) and 
vP2(t) can be stated with the duty cycle phase angles P, S in 
the phasor domain as 

  (4) 

  (5) 

The amplitude of the real voltage of the fundamental 
component of VP,1 and VS,1 can be derived with the duty cycle 
ratio D using Fundamental Harmonic Approximation (FHA) as 

  (6) 

  (7) 

where DP and DS are duty cycle values in each inverter port, 
respectively. P and S are given by the following equations 

  (8) 

  (9) 

Using the Kirchhoff’s voltage law, primary and secondary 
resonant tank in a matrix form is 

  (10) 

If the system is operated at the resonant frequency R as 

  (11) 

The corresponding fundamental currents of the contactless 
system in the primary and secondary winding can be written 
as 

  (12) 
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  (13) 

Normalized parameters help to find the transfer function of 
the system using design parameter values. These equations are 
defined and explained as follows. 

  (14) 

Characteristic impedance ZO affects the operating frequency 
range of the system. The normalized frequency N depends on 
the switching sw and resonant frequency R. The voltage and 
current transfer functions of the system is deduced as 

  (15) 

  (16) 

III. THE POWER FLOW ANALYSIS 
Active and reactive power flow of a bi-directional 

contactless system can be simplified with the amplitude of the 
primary voltage with a function of the primary current, and the 
secondary voltage with a function of the secondary current as 
shown in Fig. 4. 

 

Fig. 4. A simplified power flow chart between inverter parts. 

As seen in the figure, if the equivalent impedance, voltage 
amplitude and phases can be regulated, the effective power 
flow management would be implemented. The active PP, PS 
and reactive powers QP, QS can be obtained with the 
mathematical calculation for the primary and secondary side as 

  (17) 

  (18) 

  (19) 

  (20) 

  (21) 

  (22) 

  (23) 

  (24) 

By changing the phase difference between ports and duty 
ratio in each inverter, the power flow between sources can be 
controlled. For the two unbalanced input voltage 
combinations, the power flow is analyzed in Fig. 5. The phase 
shift from -180o to 180o obtains the phase difference in each 
port sequentially. The function of phase sliding shows that the 
input power at various angles is controlled by the duty cycle in 
every single port. 

 

Fig. 5. The input power range with two unbalanced sources with phase shift 
angle and duty cycle ratio.  

IV. EFFICIENCY ANALYSIS OF THE SYSTEM 
The system efficiency can be described as two different 

conditions; when the primary side supplies the power to the 
secondary side, and the power from the secondary side is 
supplied to the primary side. If S- P+ =90o, the power is 
delivered from the primary side to the secondary side. The 
efficiency of the system can be written from the primary side 
as 

  (25) 

If S- P+ =-90o, the power is provided from the secondary 
side to the primary side. From the secondary side, the system 
efficiency can be defined as 

  (26) 

The efficiency functions can be also written as 

  (27) 
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  (28) 

In order to find the maximum efficiency points, efficiency 
functions can be differentiated with respect to . 

  (29) 

(29) can be solved as 

.  (30) 

Assuming that LM>>RP and LM>>RS, maximum 
efficiency point can be found as 

 (31) 

Using (8) and (9), the duty ratio phases in each port as 

  (32) 

  (33) 

The optimal phase shift function between primary and 
secondary side inverter ports are given by using the maximum 
efficiency points in forward direction, 

  (34) 

and in reverse direction as 

  (35) 

The highest efficiency is achieved when the sinus function 
is 90o. In order to eliminate reflected reactive power from both 
sides, the phase shift function should be in the boundary 

condition considering the different load and duty cycle 
conditions with described functions above. 

V. EXPERIMENTAL RESULTS 
The proposed bi-directional wireless system is designed for 

1 kW, 120 V input voltage, and 100 V output voltage rating as 
a laboratory prototype. The coreless transformer is tested with 
8 inch distances between coils which results in 0.25 coupling 
factor. The topology parameters of the converter are given in 
Table I. 

TABLE I 

Symbol Parameter Value 

Vi dc input voltage 120 V 
VO dc output voltage range 100 V 
IO dc output current 10 A 
PO maximum output power 1 kW 

CP, CS resonant capacitors 40 nF 
LP, LS coil self-inductances 25 uH 

d square coil dimension 2.5 x 2.5 feet 
n coil turn number 4 

fSW operating frequency 150 kHz 

 
The characteristic waveforms of the proposed converter 

described in section III and IV are given to verify circuit 
operation. With the optimized phase shift angle between 
primary and secondary side, the selected current and voltage 
waveforms at different power range are given in Fig. 6. Here, 
the output voltage is set at 100 V and managed by 
asymmetrical duty-cycle control. 

The efficiency comparison of the proposed topology with 
the normal half bridge rectifier system is given in Fig. 7. The 
efficiency of the converter is always greater than normal half 
bridge rectifier in all different output power conditions with 
the optimized phase shift function. The proposed analysis 
improves the system efficiency 2% overall. The system 
reaches the maximum efficiency 91% around 700 W with the 
phase shift angle at 160 degrees. 

   

(a) (b) (c) 
Fig. 6. The converter primary resonant tank voltage VP, current IP and secondary resonant tank voltage VS, current IS waveforms for VP (100 V/div), IP (10 

A/div), VS (100 V/div), IS (20 A/div), a) DP=0.5, DS=0.5, =142o, 900 W, b) DP=0.41, DS=0.5, =152o, 600 W, c) DP=0.2, DS=0.5, =164o, 300 W. 
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Fig. 7. The efficiency results of the bi-directiona

VI. CONCLUSIONS 
In this study, a phase shift optimization o

half bridge converter is presented for wireles
applications. The system analysis reveals
efficiency points with the optimal phase shift 
ports. The system model analysis with the ci
is given considering primary and secondary 
in a both direction. The transfer function of 
derived analytically. The output of the system
the asymmetrical duty cycle control. The syst
is confirmed with theoretical and experim
various loads at a constant coupling factor
proposed optimized phase shifted bi-directio
kW prototype is designed at 120 V input.
prototype achieved a 91% maximum efficienc
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