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Abstract 
 

In this paper, analysis and design of a current controlled 
active rectifier on the secondary side of an inductive power 
transfer (IPT) system is presented. The secondary side 
controlled rectifier is designed to adjust the battery dc 
charge current by varying the effective load resistance seen 
at the secondary coil terminals. Steady-state performance of 
the IPT system is evaluated based on fundamental harmonic 
analysis. The current control and gate signal generation 
schemes of the whole system are built in a simulation model. 
Theoretical and simulation results of investigated control 
scheme are shown. Finally, the theoretical results are 
validated by experimental results obtained from the 
implemented laboratory prototype.  

 
1. Introduction 

 
Wireless power transfer (WPT) systems have widespread 

application opportunities at various power levels ranging from a 
few watts to a few hundreds of kilowatts [1]. In high power 
applications such as battery charging of electric vehicles, the 
system efficiency should be high while transmitting power to the 
vehicle’s battery pack. Because of this reason, inductive power 
transfer (IPT) method is adopted in such systems with two 
resonated coils operating at a frequency usually lower than 100 
kHz [2]. These IPT systems need proper control so as to attain a 
stabilized charging condition at high efficiency, since the 
parameter and load variations cause the system to deviate from 
its designed optimal efficiency point [3-5].  

The control of the system can be performed on the primary or 
secondary side individually or on both [2]. Methods proposed 
for IPT secondary side current control are used for impedance 
matching by adjusting the effective resistance at the secondary 
terminals to maximize efficiency. In order to accomplish this, 
authors in [5] proposed a buck converter cascaded to the diode 
rectifier and varied the secondary side load resistance with 
respect to duty ratio. Authors in [6] proposed a buck and boost 
converter cascaded to the diode rectifier to keep load resistance 
constant. 

Another approach for secondary side impedance control is 
the phase-shift method using semi-bridgeless or full-bridge 
active rectifier topologies proposed in [7-8-9]. In this method, 
the resistive and reactive parts of the secondary side impedance 
are varied together depending on the phase-shift angle of the 
secondary terminal voltage with respect to primary voltage. In 
order to overcome the limitations of this method, authors in [10-
11] proposed a combined control on the duty-cycle and phase-
shift angle, which is between the secondary current and 

fundamental terminal voltage, for separately adjusting the 
secondary load resistance and reactance by means of a full-
bridge active rectifier topology. Recently, the full-bridge active 
rectifier topology using an additional measurement coil was 
proposed in [12] for a decoupled control of load impedance to 
achieve maximum efficiency point tracking. 

In this paper, a secondary side current controller is presented 
for an IPT system. For this purpose, the semi-bridgeless active 
rectifier topology described in [7-8] is used on the secondary 
side. While regulating the dc bus current, synchronous 
rectification proposed in [10-11] is aimed. The performance of 
this method is compared to pure phase-shift control. The system 
is analyzed under steady-state conditions using fundamental 
harmonic approach and by means of simulation models. The 
theoretical results are verified by the experimental results. This 
paper is organized as follows: Section-2 describes the steady-
state analysis of the IPT system. Section-3 describes operating 
modes of secondary side controlled rectifier. Section-4 describes 
the control and pulse generation methods. Section-5 includes 
simulation and experimental results. Finally, conclusion is 
drawn in Section-6. 

 
2. Steady-State Analysis 

 
The circuit scheme of the series-series compensated IPT 

system with a full-bridge inverter on the primary side and a 
controlled rectifier on the secondary side is shown in Fig.1. In 
order to analyze the system under steady-state conditions, 
fundamental harmonic analysis method is used. The equivalent 
circuit model shown in Fig.2 consists of an air cored transformer 
circuit with two series resonating capacitors on both sides and 
load [3]. The battery on the secondary side is considered as an 
equivalent dc load resistance. It is assumed that V1 is 
fundamental sinusoidal voltage source that has an angular 
frequency of  = 2  , where fo is the switching frequency of 
the primary side inverter. L1, and L2, are the primary and 
secondary side self inductances and M is the mutual inductance 
between the primary and secondary side coils. R1, R2, and RL are 
parasitic resistor of primary and secondary coil and effective 
load resistor seen at the secondary terminals, respectively. C1 
and C2 are the series resonance capacitors on their respective 
sides. The voltage equations for both sides are written as 

 
 = −    (1) 

 
 =    (2) 

 
where = + + 1/  is the primary side series 
impedance and = + + 1/ +  is the 



secondary side total impedance. From (1) and (2), the primary 
and secondary side current expressions can be obtained as 
follows [3]: 

 
 =  (3) 

 
 =  (4) 

 
The voltage gain ( ) and current gain ( ) of the IPT 

system are determined as follow [4, 13]: 
 

 = =    (5) 

 
 = =    (6) 

 
It must be noted that =   and = +  when the 

system is operating at resonant frequency. Hence, the efficiency 
of the system under resonance conditions can be obtained as [3, 
5]: 

 
 =    (7) 

 
As shown in equations (5)-(7), the voltage and current gains 

and efficiency depends on the load resistance. When RL 
increases, Mi decreases and Mv increases. Maximum efficiency 
occurs when =  as illustrated in Fig.3. This condition can 
be obtained by matching the load resistance value closely to the 
mutual reactance value, i.e. ≈  assuming identical coils, 
as mentioned in [4, 13].  

Fig.4 illustrates voltage and current gains and efficiency of 
the system as a function of operating frequency. It can be seen 
that maximum efficiency point is slightly above the resonance 
frequency. System analyses are performed by the coil 
parameters given in [14] and other system parameters are 
summarized in TABLE I. 

 
3. Analysis of the Secondary-Side Controlled Active 

Rectifier 
 

The topology of secondary side controlled active rectifier 
circuit shown in Fig.1 consists of two upper side diodes D1, D2 
and two lower side switches S3, S4 with anti-parallel diodes D3, 
D4. The conduction angle (β) of the upper side diodes is 
controlled by the gate pulses of the lower side switches. Hence, 
the circuit has four operating modes, which are illustrated in 
Fig.5, depending on the switching states [7-8].  

In mode 1 and mode 3, energy transfer to the battery is 
interrupted via shorting the secondary terminals by turning on 
the lower side switches (S3-D4 in positive half-cycle and S4-D3 in 
negative half-cycle). In mode 2 and mode 4, the secondary side 
current is commutated to the dc bus through the diode pairs (D1-
D4 in positive half-cycle and D2-D3 in negative half-cycle) by 
turning off the lower side switches. The power flow to the dc 
bus can be controlled by properly adjusting the switching 
durations of S3-S4, hence controlling the conduction angle β of 
upper side diodes, D1-D2. 

 
 
 

 
Fig. 1: The IPT system configuration 

 

 
Fig. 2: Equivalent circuit model of the IPT system 

 

 
Fig. 3: Variation of (a) input and output power, (b) efficiency, 
and (c) current and voltage gain with respect to load resistance 

(Vin=50V, fo=20kHz) 
 

 
Fig. 4: Variation of (a) input and output power, (b) efficiency, 

and (c) current and voltage gain with respect to operating 
frequency (Vin=50V, RL=3.89Ω) 
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Fig. 5: Current paths for different operating modes of 

secondary-side rectifier the circuit 
 

The circuit can be controlled in purely resistive (synchronous 
rectification) or phase-shift (capacitive/inductive) modes to 
adjust the effective impedance across the circuit input terminals. 
Fig. 6 illustrates the secondary side voltage and current 
waveforms for these modes. Purely resistive mode is obtained if 
conduction angle β is placed symmetrically between two zero 
crossings of the secondary side current. At this mode, 
fundamental component of voltage and current is in same phase. 
This mode is illustrated in Fig. 6(a). Capacitive mode is 
obtained if conduction angle is aligned to end of the half-cycle 
where the secondary side current changes polarity from positive 
to negative. At this mode, fundamental component of secondary 
terminal voltage lags the current as shown in Fig. 6(b). Inductive 
mode is obtained if conduction angle is aligned to the beginning 
of the half-cycle where the zero crossing of the secondary 
current is from negative to positive. At this mode, current lags 
the fundamental component of the secondary terminal voltage as 
shown in Fig. 6(c). 

In order to formulate the load characteristic of the controlled 
rectifier, voltage and current parameters are expressed in terms 
of dc bus voltage, current, and conduction angle. I2 is chosen as 
reference in the calculations. For purely resistive load condition, 
the secondary voltage and current are in phase. Therefore, the 
ratio of fundamental peak value of V2 to I2 illustrates the load 
characteristic as shown below: 

 
 =    (8) 

 
 = / /    (9) 

 
 = =     (10) 

 
For reactive load conditions, the load expression is given as 
follows [7-8]; 

 

 = 1 −    (11) 

 
where 0 β π  for inductive load and −π β 0  for 
capacitive load. 

Fig. 7 shows the effect of purely resistive and pure phase-
shift controls on the efficiency and output power of the IPT 
system operated under resonance conditions. As shown in Fig.7, 
the system efficiency remains high for a wide range of 
conduction angle. However, maximum efficiency of purely 
resistive control is higher when it is compared to pure phase 
shift control. 

 
(a)                        (b)                             (c) 

Fig. 6: Secondary voltage and current waveforms for (a) 
resistive, (b) capacitive, and (c) inductive loading conditions 

 
Fig. 7: Comparison of the effects of purely resistive control 

and pure phase shift control on the output power and efficiency 
of the IPT system  

 
4. Control Strategy 

 
The current controller block diagram is shown in Fig. 8. To 

simplify the analysis, the battery is modeled by an equivalent 
resistor. Hence, as mentioned in the previous section, the 
secondary side rectifier is controlled to adjust the effective 
resistance value across the secondary terminals.  

The current controller senses the battery current and its value 
is compared to a reference value. The error between the 
reference and actual values of the battery current is evaluated by 
a PI controller. The PI controller calculates the β value. In order 
to obtain resistive mode operation, the gate pulses must be 
applied to the switches from the zero crossings of the secondary 
current symmetrically. By means of a counter, a sawtooth 
waveform is generated on each half-cycle by resetting the 
counter at each zero-crossing of the secondary current. The gate 
pulses are generated by comparing the sawtooth waveform by 
two comparison values obtained from the PI controller output. 
Fig. 8 and Fig. 9 show the detailed block diagram of gate pulse 
generation and waveforms. 

 

 
Fig. 8: Current control block diagram 

 



 
Fig. 9: The gate pulse generation of secondary-side rectifier 

 
5. Simulation and Experimental Results 

 
The secondary side active rectifier is designed to be 

controlled in resistive mode. The measured system parameters 
are given in TABLE I. The system is fed from an adjustable 
buck converter controlled dc voltage source. The power is 
delivered to a resistor load connected to the secondary side 
rectifier output. Although the designed coil distance is 150 mm 
in [14], it is reduced to 75mm in order to increase the coupling 
coefficient, since it greatly reduces the primary current 
magnitude. Control software was developed on TMS320F28027 
LaunchPadTM microcontroller board. Discrete power IGBTs are 
used in the controlled rectifier. Both IGBTs are triggered by the 
same PWM gate signal, which is generated by the controller. 

Fig. 10 shows the simulation results, while Fig.11 shows 
experimental results for comparison purpose and they are 
observed to be in agreement. The experiments are performed at 
an operating frequency 5 percent higher than resonant frequency 
so as to achieve higher coil efficiency. At transmitter side, 1 µs 
dead time is applied between primary side inverter switches of 
the same leg. In Fig.12, the variation of the dc load current is 
shown when the secondary-side dc current reference (Iref) is 
changed between 2A and 4A. The current PI controller 
successfully controls the required dc load current. The input and 
output dc quantities and corresponding efficiency values of the 
IPT system measured on experimental setup are given in 
TABLE II. 

 

TABLE I.  SYSTEM PARAMETERS 

Parameter Description Value 
k Coupling coefficient 0.45 
fo Operating frequency 20.6 kHz 

L1, L2 Self inductance of IPT coils 140 µH 
C1, C2 Resonant capacitor 470nF 
R1, R2 Coil resistors 0.2 Ω 
Rdc DC Load resistor 16 Ω 
Cdc Secondary side dc bus capacitor 470 µF 

 

TABLE II.  MEASURED RESULTS 

    %  
60 2 33.6 2 56 
60 5.8 66.5 4 76.4 
70 10.9 98.5 6 77.5 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 10: Simulation results of the secondary voltage and current 
when (a) Vin=60V and Iref=2A, (b) Vin =60V and Iref =4A, and 

(c) Vin =70V and Iref =6A 
 

6. Conclusion 
 

In this study, a secondary side controlled rectifier in an IPT 
system for battery charging of EVs is designed and examined in 
details. The steady-state analyses of the designed IPT system 
were presented. Also, the operating modes of the secondary side 
rectifier are discussed. Impedance equations for resistive, 
capacitive and inductive mode are formulated and waveforms of 
different working modes are illustrated. The designed controller 
to adjust the battery charge current was implemented and tested 
in the laboratory. The experimental results obtained from the 
laboratory are in agreement with theoretical results. The overall 
system efficiency values depend on output power level and 
determined by the coil and converter losses, which will be 
analyzed in detail as a future work. 
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(a) 

 
(b) 

 
(c) 

Fig. 11: Experimental results of secondary voltage and current 
when (a) Vin =60V and Iref =2A, (b) Vin =60V and Iref =4A, and 

(c) Vin =70V and Iref =6A 
 

 
(a) 

 
(b) 

Fig. 12: Experimental results showing the variation of the 
secondary load current when the reference current is set (a) from 

2A to 4A (b) from 4A to 2A 
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