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As an emerging research field, inductively coupled wireless power transfer (ICWPT) technology has attracted wide spread at-
tention recently. In this paper, the maximum power transfer performances of four basic topologies labeled as SS, SP, PS and 
PP are investigated. By modeling the equivalent circuits of these topologies in high frequency (HF), the primary resonance 
compensation capacitances for maximum power transfer capability are deduced. It is found that these capacitances fluctuate 
with load resistance change, which is disadvantageous to SP, PS and PP topologies and an obstacle to their practical applica-
tions as well. To solve this problem, a phase controlled inductor circuit is proposed. By adjusting the triggering angle, the   
real-time dynamic tuning control can be achieved to guarantee maximum power transfer. Finally, simulations and experiments 
show that the proposed method is of great effectiveness and reliability to solve the issue of resonance compensation capaci-
tance fluctuation with load change and to guarantee the flexible applications of all topologies. 
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1  Introduction 

The traditional V-MODE is mainly based on the wired 
power supply, and there must be direct physical link be-
tween power and loads. Since Tesla had opened up the field 
of wireless power transfer (WPT) [1], WPT has been a 
dream for people. Over the years, various research activities 
have been carried out persistently by many scholars in this 
field [2–8], but with little progress achieved. It is not until 
2007 that MIT made a new theoretical breakthrough on it, 
they used non-radiative electromagnetic energy resonant 
effect to successfully light up a 60W bulb 2 m away with 
about 40% transfer efficiency [9]. 

Inductive coupling and resonant coupling are two major 

means of the WPT technology. In either inductive or magnetic 
coupled systems, power is transferred from a primary trans-
mitter coil to a secondary receiver coil with the aid of an al-
ternating magnetic field. 

The WPT technology quickly became a hot pursuing topic 
for research institutions in recent years [10–15], and some 
further breakthroughs have been made in electric vehicles, 
body implantable medical devices, small robots and portable 
mobile device chargers [16, 17]. To improve power transfer 
efficiency further, some scholars focused on changing the 
parameters of the resonator coils [18, 19] by increasing the 
radius of the conductor, or using multi-turn wire coils and so 
forth; other scholars attempted to study and design different 
resonance compensation topologies to achieve maximum 
transfer efficiency. In ref. [20], based on inductive coupling 
mode, Wang et al. analyzed the equivalent circuits and power 
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transfer capacity of various topologies, but their models are 
not precise enough due to the ignorance of parasitic parame-
ters of coils in HF. In ref. [21], Zhou et al. studied the voltage 
and current gains of various topologies, but without the analy-
sis of the condition of achieving maximum power transfer. 
Moreover, in ref. [22], Qiang et al. investigated and defined a 
condition criterion for the design of the appropriate topology 
to guarantee optimal transfer efficiency. It is shown that the 
design of the topology is correlated with some parameters like 
load, operating frequency and coil size. Different topologies 
should be designed to achieve the maximum transfer efficien-
cy in different situations. 

In this paper, in consideration of parasitic resistance and 
capacitance in HF, more precise equivalent circuit models of 
various topologies are set up. With the analysis of their max-
imum transfer capacity, the primary compensation capaci-
tances of different topologies are deduced and these capaci-
tances except that of SS topology are the functions of load 
resistance, i.e. these capacitances are not constant but fluctuate 
with load. In fact, as one power system, its load is of great 
randomness that the maximum transfer power and the system 
stability could not be guaranteed, which can be an obstacle to 
practical applications for other three topologies. To solve this 
problem, a phase controlled inductor circuit is further designed, 
with the aim of realizing real-time and dynamic tuning control 
to guarantee maximum power transfer and frequency stability 
by selecting the reasonable inductor circuit parameters and 
adjusting the triggering angle. 

Through theoretical analysis and simulation experiments, 
the maximum energy transfer performances of different to-
pologies of the inductively coupled wireless power transfer 
(ICWPT) system are studied, and a valid phase controlled 
inductor circuit is designed to tune the system real-timely and 
dynamically to guarantee the flexible application of the vari-
ous topologies and lay the foundation for the next design of 
the WPT device. In Section 2, the models of the ICWPT sys-
tem are set up in HF through equivalent circuit. In Section 3, 
the power transfer performances of four basic topologies are 
analyzed and the expressions of the primary resonance com-
pensation capacitance deduced. A phase controlled inductor 
circuit is designed in Section 4 and the dynamic tuning con-
trols are carried out for SP, PS and PP topologies respectively 
in Section 5. Finally in Section 6, the simulation and experi-
mental results have verified the theoretical analysis and show 
that the proposed method is effective and reliable. 

2  ICWPT system model 

Through setting up the system physical model and building 
the internal equivalent parameters, the theoretical analysis is 
carried out in this paper. Figure 1 is a typical schematic di-
agram of the ICWPT system, which consists of two inde-
pendent parts. The part connected to the power supply is 
called primary loop and the other part connected to load is 

called secondary loop respectively. 
In addition to two coils for transferring power, the transmit-

ting power source and receiving power device are indispensi-
ble for a complete ICWPT system. High frequency oscillation 
circuit and high frequency power amplifier are used to pro-
duce high frequency power source; LP, LS are two air core 
resonant coils (the subscripts “P” and “S” stand for the prima-
ry and secondary coils respectively); M and D are the mutual 
inductance and distance between the two coils. When the two 
coils are in self-resonant state and the resonance frequencies 
are consistent, the inductive power in LS is transferred from LP 
with maximum efficiency and powers the load RL. Then the 
entire wireless transfer of power is completed. 

To simplify the analysis, in this research only two trans-
ceiver coils, LP and LS, are equivalently studied. Using the 
standard mutual inductance coupling transformer model and 
assuming sinusoidal input voltage with the angular frequency 
ω, the induced voltage in the secondary coil due to the prima-
ry current (IP) is equal to jωMIP, while the reflected voltage in 
the primary coil due to the secondary current (IS) is equal to 
jMIS. The equivalent coupling circuit is shown in Figure 2. 

3  Performance analysis of various resonance 
compensation topologies 

Usually, in order to enhance the transfer efficiency, series or 
parallel compensation is applied in the primary or the sec-
ondary circuit. Four basic resonance compensation topolo-
gies labeled as SS, SP, PS and PP are shown in Figure 3, 
where the first S or P stands for series or parallel compensa-
tion of the primary circuit and the secondary S or P for se-
ries or parallel compensation of the secondary circuit. 

Considering the fact that the system works in HF, the gen- 

 

Figure 1  Schematic diagram of ICWPT system. 

 

Figure 2  Equivalent circuit of WPT system. 
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Figure 3  Four basic topologies. 

erated parasitic parameters should not be ignored. In Figure 3, 
Uin stands for the induced potential source; RP and RS stand 
for the parasitic resistances of LP and LS respectively and the 
parasitic capacitances of two resonant coils are included in CP 
and CS; RL stands for load resistance. 
 

From Figure 2, it is easy to deduce the voltage KVL 
equations of the two circuits with the operating angular fre-
quency . 
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where ZP and ZS stand for the impedances of primary and 
secondary loops respectively. According to eq. (1), the 
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From eq. (2), the primary current (IP) is correlated with ZP 
and (M)2/ZS. (M)2/ZS is referred to as the secondary-to- 
primary reflected impedance, describing the loading effect 
of the secondary circuit on the primary circuit, labeled as 
ZPS. Similarly (M)2/ZP is the primary-to-secondary re-
flected impedance, labeled as ZSP. 

Then the power transferred from the primary coil to the 
secondary coil can be expressed as 

 2
PS P(Re ) ,P Z I  (4) 

where Re represents the real component of the correspond-
ing variable, while Im represents the imaginary component. 

Theoretically, the receiving power of the secondary coil 
and the power transfer capability of the WPT system will be 
maximized if the system operates at the secondary reso-

nance frequency as given by 

 0

S S

1
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L C
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Substituting eq. (5) into ZPS, it is found that at angular 
frequency 0, ZPS is pure resistance for series resonance 
secondary loop, whereas ZPS is capacitive load for parallel 
resonance secondary loop. 

After taking the reflected impedance ZPS into account, the 
equivalent primary circuit is shown in Figure 4. 

From Figure 4, the equivalent load impedance ZPeq of the 
entire WPT system can be obtained and shown in Table 1. 

In order to minimize the VA ratings of the power supply, 
it is desirable to operate at the zero phase angular frequency 
of the load impedance, which could be accomplished by 
adjusting CP, and at the frequency the load reactance seen 
by the power supply is equal to zero, eliminating reactive 
power flow and increasing transfer power. Moreover, this 
zero phase angular frequency should be set at the secondary 
resonance frequency to maximize power transfer. To 
achieve this objective, the primary capacitance is selected to 
compensate both the primary self-inductance and the re-
flected impedance. 

Solving ImZPeq(=0)=0, the primary compensation ca-
pacitances for the four basic topologies are calculated and 
shown in Table 2. 

In Table 2, ReZPS and ImZPS represent the real and imag-
inary components of the reflected impedance for the parallel 
resonance secondary loop respectively, given as 
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As shown in Table 2, in SS topology, the designed pri-
mary resonance capacitance has nothing to do with load RL, 
while in the other three topologies it is a function of the 

 

Figure 4  Equivalent primary circuit with reflected impedance. (a) Series 
compensated primary; (b) parallel compensated primary. 

Table 1  Equivalent load impedance of WPT system 

Series compensated primary Parallel compensated primary 

P P PS P1 / ( j ) jC R Z L     P P PS P1 / ( j ) / /( j )C R Z L    
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Table 2  Primary compensation capacitance CP with 0 
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load. Meanwhile as a power supply system, its load is of 
great randomness and it is impractical to allow the primary 
compensation capacitance CP to vary with the load change. 
Then in this paper, a phase controlled inductor circuit is 
further presented to solve the issue of the primary compen-
sation capacitance fluctuation with load change and to 
guarantee the flexible applications of all topologies. 

4  Phase controlled inductor circuit design 

In order to ensure the practical applications of various to-
pologies, namely to solve the problem of CP fluctuation 
with load change, a phase controlled inductor circuit is 
proposed to tune the system real-timely and dynamically as 
shown in Figure 5. 

By controlling the switch of fully controlled electric 
components, the phase shift control of inductive current is 
realized to enable the parallel branch to fluctuate from ca-
pacitive to inductive successively. VT1 and VT2 are two 
fully controlled components in series with diode, an-
ti-parallelly coupled. The VT1 has a triggering angle of 
180°>  >90°, and by lagging VT1 180°, the VT2 is trig-
gered. Suppose u=Usin( t), the output voltage waveform 
uT of LT is shown in Figure 6. 

Usually the resistance R of inductive branch can be ne-
glected because TL R  . In one period, the electric an-

gles of the current and voltage of LT are equal to 2-2 and 
the voltage waveform is plus-minus half-wave symmetry. 
The inductor voltage can be expanded into a Fourier series, 
given as 

 

 

Figure 5  Phase controlled inductor circuit. 

 

Figure 6  Voltage waveform of inductance LT. 
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And the fundamental component is deduced as 

 T1 (2π 2 sin 2 )cos( ).
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Then the equivalent inductance of the inductive branch is 
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The equivalent susceptance in parallel with CT is 
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When = and Y=jCT, the parallel branch is capacitive, 

while when =/2 and if T
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 it is inductive. As a result, by selecting 

appropriate capacitance and inductance, the phase con-
trolled circuit can be used to make the parallel branch fluc-
tuate between capacitive and inductive, and the equivalent 
susceptance is correlated with the triggering angle. 

5  Dynamic tuning control 

With the designed phase controlled inductor circuit, the 
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real-time tuning control to SP, PS and PP topologies can be 
achieved to guarantee their flexible practical applications, 
but with some differences in the specific control method. 

5.1  Dynamic tuning control of SP topology 

Paralleling the phase controlled inductor circuit with the 
secondary circuit of SP topology and merging CS and CT to 
CST for simplifying circuit, the dynamic tuning secondary 
circuit is shown in Figure 7. 

In order to ensure the maximum transfer power, the sys-
tem operating frequency is set at the resonance frequency 
ω0. From Figure 7, the equivalent impedance (ZS0) of the 
secondary circuit is deduced and given as 
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In eq. (11), it is evident that ImZS0 is correlated with Leq and 
CST. By selecting the reasonable LT and CST of the dynamic 
tuning circuit and adjusting the triggering angle α, it is 
passable to make ImZS0 equal to zero. Then based on the 
analysis in Section 4, the primary compensation capacitance 

CP is consistent with SS topology, equal to 2
0 P1/ ( ),L  and 

independent of the load resistance RL. Therefore, the system 
operating frequency could be controlled at the resonance 
frequency of the secondary circuit by the phase controlled 
inductor circuit and the primary compensation capacitance 
is independent of load resistance. 

At system work, we could detect the voltage and current 
of the secondary circuit and calculate the impedance angle θ 
and the corresponding triggering angle α to tune the system. 
However, it also has its limitations, since the reasonable 
parameters of the inductor circuit cannot be chosen ran-
domly. Once the resonance frequency and these parameters 
are determinate, the system could be tuned only within the 
specific load range. By solving ImZS0=0, the range of load 
resistance could be deduced 

 L S2 .R L  (12) 

 

Figure 7  Dynamic tuning secondary circuit of SP topology. 

5.2  Dynamic tuning control of PS or PP topology 

Similarly, paralleling the phase controlled inductor circuit 
with the primary circuit of PS or PP topology and merging 
CP and CT to CPT, the dynamic tuning primary circuit is 
shown in Figure 8. 

From Figure 8, the equivalent impedance (Zin) is deduced 
with the operating frequency ω0, given as 
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In eq. (13), ImZin depends on Leq and CPT. So by selecting 
the reasonable LT and CPT and adjusting the triggering angle 
α, ImZin is liable to equate to zero. Then we need to detect 
the system input voltage Uin and the fundamental compo-
nent of input current ii to calculate the impedance angle θ 
and the corresponding triggering angle α to tune system and 
to maximize power transfer. 

6  Simulation and experiment 

Figure 9 shows the experimental setup for ICWPT system. 
In Figure 9, Colpitts oscillator is used to produce high fre-
quency voltage signal with the angular frequency of 3.45 
Mrad s1. Due to the series resonance adopted in the prima-
ry circuit, in this paper the simulation and experiment of 
dynamic tuning control are mainly carried out for the SP 
topology. The key system parameters are given in Table 3. 

 

Figure 8  Dynamic tuning primary circuit of PS or PP topology. 

 

Figure 9  Prototype of experimental device. 
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Table 3  Parameters of experimental system 

Turns Radius Inductance 
Radiation 
resistance 

Dynamic 
tuning circuit 

NP=NS=5 
rP=rS= 
0.3 m 

LP=LS= 
7.12 H 

RP=RS= 
0.36  

LT=10 H, 
CST=9.73 pF 

 
When load RL is 100 , the theoretical values (TV) and 

experimental values (EV) of SS and SP are shown in Figure 
10. Where SS and SP stand for the transfer efficiencies of SS 
and SP topology respectively. However, it should be noted 
that the efficiency built on the transfer system, which is de-
fined as the ratio of the output active power of the load to the 
input active power generated by the primary coil, does not 
include the high-frequency power supply system which is 
treated as a constant voltage source.  

Clearly in Figure 10, when the transmission distance is less 
than 0.25 m, SS is slightly larger than SP and the SS topolo-
gy should be selected to ensure a larger efficiency. If the dis-
tance is greater than 0.25 m or increases further, SP is much 
greater than SS. Then the SP topology should be adopted. 
Therefore, it is quite necessary to study the transfer capacity of 
various topologies and launch the experiment research of the 
PS and PP topologies. 

When the distance D is 0.45 m and with the parameters 
shown in Table 3, the efficiency of the SP topology is greater. 
To achieve the maximum transfer efficiency, the CP should be 
set appropriately. But for the SP topology, the CP is varied 
with the load change. To solve this problem, a phase con-
trolled inductor circuit is designed to tune the WPT system 
and the simulations and experiments of tuning SP topology are 
illustrated below. 

Figure 11 shows the simulation results after tuning dynam-
ically the SP topology by paralleling the phase controlled in-
ductor circuit with the secondary circuit. 

In Figure 11(b), when the load is 200 , the triggering an-
gle  is equal to 2.561 rad. While in Figure 11(a), when α is 
2.562 rad, the impedance angle is 5.78×106 rad, approxi-
mately equal to zero. It indicates that when the secondary cir-
cuit is connected directly to a load of 200 , we can adjust   

 

Figure 10  Transfer efficiency comparison of SS and SP topologies. 

(2.561 rad) to make system resonance coupling and achieve 
the optimal transfer efficiency. It is consistent with the above 
theoretical analysis. 

In HF, due to the difficulty of continuous resistance change 
regulation, only a few resistances between 100  and 400  
are selected to verify the effectiveness of the proposed method 
in the experiments. The theoretical and experimental values of 
α are shown in Table 4 with the various load. 

We can see from Table 4 that some discrepancies exist 
between the experimental and theoretical values. The main 
reasons lie in the neglect of high frequency radiate loss 
when the theoretical values are calculated, inaccuracy of 
system parameters got from manual coils and the different 
load resistances under different temperatures. Disregarding 
these factors, the experimental results are consistent with 
the theoretical values. 

Figure 12 shows the voltage and current waveforms of 
the secondary coil with or without dynamic tuning phase 
controlled inductor circuit to tune the SP topology when RL 
is 100 . 

In Figure 12(a), when RL is 100  and ω0 is 3.45 Mrad 
s1, in the secondary coil the phase of the current lagging the 
voltage is about 13° and the active power transferred from 

 

Figure 11  Simulation of dynamic tuning for the SP topology. (a) Curve of impedance angle  varied with  when RL=200 ; (b) curve of triggering angle 
α varied with RL. 
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Table 4  Triggering angle  

Load RL () 
 (rad) 

Theory Experiment 

100 2.097 2.181 

150 2.419 2.500 

200 2.561 2.601 

250 2.648 2.796 

300 2.707 2.830 

350 2.751 2.875 

400 2.786 2.850 

 

 

Figure 12  Voltage and current waveforms of the secondary coil when RL 

is 100 . (a) Voltage and current waveforms without dynamic tuning; (b) 
voltage and current waveforms with dynamic tuning. 

the primary coil to the secondary coil is about 58 W, while 
the output active power of RL is about 53 W. Due to the 
small phase, the voltage and the current are normalized for 
more obvious comparison. Then the secondary-to-primary 
reflected impedance is not pure resistance, needing to adjust 
CP to keep system resonant. Paralleling the designed phase 
controlled inductor circuit can automatically tune the sys-
tem and keep system zero phase angle operating by adjust-
ing the triggering angle, as shown in Figure 12(b). Then the 
maximum power transfer is achieved, with about 67 W 
transfer power and 60 W output power, increasing by 15.5% 
and 13.21% respectively. 

7  Conclusions 

In this paper the maximum power transfer capability of four 
basic topologies and system dynamic tuning control by the 
designed phase controlled inductor circuit are investigated. 
By building and studying the equivalent circuits of four 
basic topologies in HF, the way of selecting the primary 

compensation capacitance CP to ensure the maximum power 
transfer capability is proposed. Nevertheless, except SS 
topology, the compensation capacitances of the other three 
topologies fluctuate with load change, which is an obstacle 
to practical applications for the three topologies. To solve 
this problem, a phase controlled inductor circuit is further 
proposed. By paralleling the phase controlled inductor cir-
cuit with the secondary circuit of SP or the primary circuit 
of PS and PP, and adjusting the triggering angle, the WPT 
system could be dynamically tuned at zero phase angle fre-
quency to maximize power transfer. Finally, simulations 
and experiments show that the proposed method is of effec-
tiveness to solve the issue of resonance compensation ca-
pacitance fluctuation with the load change and to guarantee 
the flexible applications of all topologies. 

The load studied in this paper is pure resistance load, but in 
practical application, it is likely to encounter non-pure resis-
tive load, then the expression of CP would become more com-
plex. The proposed method of paralleling a phase controlled 
inductor circuit could also solve this problem, but whether 
there are some constraints similar to eq. (12) is a goal of our 
further work. Moreover, it is easy to find that CP is also corre-
lated with the mutual inductance M between coils, while M is 
inversely proportional to the three powers of transmission 
distance D [9]. Meanwhile once the distance D is changed, the 
CP will change, leading to the bifurcation phenomenon and 
greatly weakening the power transfer capability. By adjusting 
the triggering angle, the presented dynamic tuning control 
method can stabilize the system operational frequency at the 
resonant frequency of the secondary circuit, while whether 
this method can avoid the bifurcation phenomenon is another 
goal of our future work. 
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