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Abstract—In this paper an integrated control strategy for 
bridge type inductive power transfer (IPT) systems is proposed to 
improve light load efficiency. The proposed control method is 
composed of three modes: full-bridge mode, phase-shift mode, and 
half-bridge mode. Processes to classify the operation modes are 
analyzed in accordance with a wide range of coupling coefficient 
and output power. Laboratory experiments are performed with 
the proposed control, and it is verified that the efficiency at 400W 
is improved by up to 18.6%. 

Keywords—half-bridge control; inductive power transfer; light 
load efficiency improvement; wireless power transfer; 

I. INTRODUCTION 

In an inductive power transfer (IPT) system for electric 
vehicles (EVs), coupling coefficient k is a significant design 
consideration because the k varies with parking positions and 
types of EVs [1]–[5]. Therefore, previous researches deal with 
design procedures of the IPT systems considering a wide 
variation of the k [4]–[7]. In accordance with the design process 
of [6], LCCL-S resonant network is adopted and a required 
secondary voltage, which is induced by primary coil current Ip, 
is designed at the minimum coupling coefficient kmin. On 
account of characteristics of the LCCL-S network, the Ip is 
constant irrespective of the k and the load at resonant frequency. 
If the load-independent Ip is decreased through a control or 
design strategy, it is possible to improve the light load efficiency 
because load-independent losses generally have a larger 
proportion of total losses at the light load condition. Since the Ip 
is designed at the kmin, the Ip can be an excessive value at the high 
k condition. In other words, the Ip can be decreased at the high k 
condition because the smaller Ip is sufficient to induce the 
required secondary voltage. For that reason, in the conventional 
IPT system, phase-shift (PS) control is applied at the high k 
condition in order to limit the induced secondary voltage. The 
previous researches deal with only the limitation of the 
secondary voltage, but the effect of the load-independent current 
Ip and the light load efficiency are not considered [6], [7]. 
Besides, since the PS control does not decrease the Ip remarkably, 
50% duty half-bridge (HB) control can be a solution to decrease 
the Ip, because input voltage of the resonant network is 

decreased in half compared to 50%  duty full-bridge (FB) 
control [8], [9]. 

In this paper, an additional HB control to decrease the Ip at 
the high k condition is proposed in order to improve the light 
load efficiency without changing the hardware of the system. 
Under the proposed control, the system operates in three modes 
according to the k and the output power. As described in [6] and 
[7], the basic operation modes are 50% duty FB or the PS mode. 
The HB mode is additionally applied when the k and the load 
conditions are both satisfied. First, in order to determine the k 
boundary conditions of the three modes, the available operation 
modes are analyzed by evaluating output voltage of the resonant 
network according to the k. Second, loss analysis of the three 
modes is implemented in order to determine the load boundary 
conditions. Based on the derived k and the load boundary 
conditions, a control algorithm is proposed. The proposed 
control is applied to 3.3kW laboratory prototype of the IPT 
system for EVs and the validity is experimentally verified. 

II. THE PROPOSED CONTROL STRATEGY FOR BRIDGE TYPE 

IPT SYSTEM 

A. Configuration and Specifications of the IPT System 

Fig. 1 represents the 3.3kW IPT system with LCCL-S 
resonant network and Table I shows specifications of the system. 
As shown in Fig. 1, the IPT converter consists of primary side 
full-bridge inverter, resonant network, power pads, and second-
ary side diode rectifier. Based on the previous researches, the 
wide range of the coupling coefficient, output power, and 
voltage of the battery for EVs are considered. Characteristics 

 
Fig. 1. Schematic of the IPT system. 
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and design procedures of the system are described in [6], [7], 
and [10] in detail. 

B. Strategies of the Proposed Control 

In this paper, based on [6] and [7], basic operation modes are 
adopted as the FB and PS control, and an additional HB control 
is proposed in order to improve the light load efficiency. In other 
words, the HB mode is added at the specific k and load 
conditions. Fig. 2 shows a schematic of the FB inverter, 
switching signals, and input voltages of the resonant network 
depending on the three operation modes. Figs. 2(b) and (c) 
describe the 50 % duty FB and PS modes. Under the PS mode, 
small degrees of the input voltage of the resonant network Vin is 
cancelled by shifting phase of the gate signals in order to limit 
the output voltage [11]. The switching signals for the 50% duty 
HB control mode are described in Fig. 2(d). Under the HB mode, 
Q2 keeps on and Q4 keeps off while Q1 and Q3 are switching 
alternatively, and Vin is decreased in half compared to the FB 
mode [8], [9]. As shown in (1), AC equivalent output voltage of 
the LCCL-S topology can be decreased in half by applying the 
HB control [10], [12]. 
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Besides, it should be noted that the Ip of the LCCL-S topology 
is a constant value at the resonant frequency regardless of the k 
and the load but it is proportional to the Vin as shown in (2). 
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Because of those characteristics, the Ip and Vo are decreased in 
half in the HB mode. 

The load-independent current Ip causes load-independent 
losses, and these losses have a larger proportion of the total 
efficiency at the light load condition compared to the heavy load 
condition. Therefore, the light load efficiency can be improved 
in the HB mode compared to the FB or PS mode as shown in 
Table II.  

III. SELECTION OF OPERATION MODES AND ALGORITHM OF 

THE PROPOSED CONTROL 

A. Analysis of Operation Mode Selection according to the 
Coupling Coefficient and Load Conditions 

In order to operate with high efficiency all over the range of 
the k and the output power, it is essential to consider not only the 
k, but also the load to determine the operation modes. In this 
section, therefore, candidates of the operation modes are firstly 
analyzed by considering the output voltages in accordance with 
the k. After that, the final operation modes considering the 
output power are selected through numerical loss analysis. 

Fig. 3 represents the output voltages of the IPT converter in 
each operation mode according to the k. It should be noted that 
the load condition is not considered yet in Fig. 3. From kmin = 
0.062 to kHB = 0.124, the system has to operate in the FB mode 

TABLE I.          SPECIFICATIONS OF IPT SYSTEM 

Parameter Value [unit] 

DC link voltage, Vdc 380 [V] 

Output voltage, Vo 165-450 [V] 

Output power, Po 400-3300 [W] 

Battery voltage, Vbatt 240-410 [V] 

Coupling coefficient, k 0.062-0.214 

 

TABLE II.          COMPARISONS OF VOLTAGES AND CURRENTS 
BETWEEN FB MODE AND HB MODE 

50% duty 
FB mode 

50% duty 
HB mode 

Load 
dependency 

௜ܸ௡ ௜ܸ௡/2 Independent 

௢ܸ ௢ܸ/2 Independent ܫ௣ ܫ௣/2 Independent ܫ௜௡ 2ܫ௜௡ Dependent ܫ௢ 2ܫ௢ Dependent 

 

 

   
(a) Schematic (b) 50% duty FB mode (c) PS mode (d) 50% duty HB mode 

Fig. 2. Operation modes of the FB inverter. 
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only irrespective of the output power, because if the system 
operates in the HB mode at this k condition, the Vo could be 
smaller than the minimum output voltage  Vo,min. From kHB to kPS 

= 0.169, the FB or HB mode can be selectively applied 
according to the load condition. Similarly, from kPS to kmax = 
0.214, the PS or HB mode can be selectively applied according 
to the load condition. 

In order to determine the final operation modes, the 
numerical loss analysis is implemented from kHB to kmax at 0.03 
interval of the k, for determination of the load boundary 
condition at each k condition PHB,k, except ferrite core and 

aluminum shield losses [13]–[19]. Derived efficiencies of the 
IPT converter from kHB to kmax are represented in Fig. 4. As 

shown in Fig. 4, efficiencies of the HB mode are higher than the 
FB or PS modes at the light load condition because of the 

 
Fig. 3. Output voltages of the IPT converter in each operation mode 
according to the k. 
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Fig. 4. Numerical efficiency graphs according to the control methods. 
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Fig. 5. Flow chart of the proposed control algorithm. 
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decreased Ip. On the other hand, at the heavy load condition, 
efficiencies of the HB mode are lower than others. That is 
because the load-dependent input current Iin and the output 
current Io are increased twice in the HB mode because of the 
decreased Vin and Vo, as shown in TABLE II. For those reasons, 
the system operates with a higher efficiency in the FB or PS 
mode at the heavy load condition, because dominant terms of 
the total losses are the load-dependent losses. Therefore, the 
PHB,k  is determined as the intersecting points by comparing the 
efficiency graphs of the FB or PS and HB operation modes.  

B. Implementation of the Proposed Control Algorithm 

Fig. 5 shows a flow chart of the proposed control algorithm 
using the derived kHB, kPS, and PHB,k. It should be noted that there 
are three assumptions. First, once the EVs are parked and the 
system starts to charge, the EVs are kept still and the k remains 
a constant value. Second, the system estimates the k during the 
initial operation. Third, the initial operation modes should be the 
FB or PS mode according to the estimated coupling coefficient 
kest because the controller cannot know the initial load condition. 
If the HB mode is initially applied under the heavy load 
condition, large input and output currents can flow because of 
the decreased input and output voltages, and the system can get 
damaged. After the initial operation, the proposed control starts 
and the controller determines the appropriate operation mode by 
considering the kest and the present output power Po. If the kest is 
less than kHB, the system has to operate in the FB mode 
irrespective of the Po, as described in Fig. 3. If the kest is greater 
than or equal to kHB and less than or equal to kmax when the Po is 
less than or equal to the PHB,k (kHB ≤ kest ≤ kmax and Po	≤ PHB,k), 
the system operates in the HB mode. If the Po is greater than the 

PHB,k  (Po	> PHB,k), the system operates in the FB or PS mode. 
When the k is less than kPS (k < kPS), the system operates under 
the FB mode. On the other hand, when the k is greater than or 
equal to kPS  (k ≥ kPS), the operation mode is set to the PS mode. 

(a) k=0.124, Conventional FB control (Po = 400W) (b) k=0.124, Proposed HB control (Po = 400W) 

(c) k=0.214, Conventional PS control (Po = 400W) (d) k=0.214, Proposed HB control (Po = 400W) 

Fig. 7. Experimental waveforms in accordance with the operation modes at 400W. 
 

 

 Fig. 6. 3.3kW laboratory prototype of the IPT system. 
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IV. EXPERIMENTAL RESULTS 

As shown in Fig. 6, in order to verify the proposed control 
strategy and the numerical analysis, a 3.3kW laboratory 
prototype of the IPT system for EVs is manufactured, and Fig. 
7 shows the experimental waveforms of the conventional FB or 
PS control and the proposed HB control at light load condition 
(Po = 400W) under two k conditions (k = 0.124 and k = 0.214). 
As shown in Fig. 7, the proposed HB control can decrease the 
input and output voltage of the resonant network in half. In order 
to compare efficiencies of the conventional control and the 
proposed control, efficiencies of the IPT converter  are measured 
in accordance with the load from kHB = 0.124 to kmax = 0.214 at 
0.03 interval of the k. As shown in Fig. 8, it is verified that the 
proposed control can improve the efficiency of the IPT converter 
up to 18.6% at k = 0.154 and Po = 400W. 

V. CONCLUSION 

In this paper, an integrated control strategy for the bridge 
type IPT system utilizing full-bridge, phase-shift, and half-
bridge controls is proposed to improve light load efficiency. In 
order to apply the proposed control, boundary conditions of 
coupling coefficient and output power for each operation mode 
are classified by analyzing output voltage and numerical loss 
analysis considering a wide range of the coupling coefficient and 
the output power. Using the derived boundary conditions, 
algorithm of the proposed control is established. A 3.3kW IPT 
converter prototype is manufactured and it is experimentally 

verified that the light load efficiency can be improved with the 
proposed control by up to 18.6% at 400W. 
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