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Abstract—In this paper, a current injection method is proposed 
which enables wireless power transfer in a doubly-fed machine. In 
the proposed method, currents of the same frequency are injected 
to both stator current and mover current. The magnitude of the 
stator side injected current is kept constant during the operation. 
The mover side injection current is controlled to be in phase with 
the induced voltage, and the magnitude of the current is used for 
controlling the voltage of the floating capacitor on the mover. 
Injection frequency is set higher than the original operation of the 
machine so that there would be minimal effect on the operation. 
The proposed method was verified with a simulation, and a 
position control experiment was performed with an implemented 
dual-active magnetic bearing system. 

Keywords—Actuation method; self-actuation; wireless power 
transfer; magnetic actuation 

I.  INTRODUCTION 

An electric machine which has windings on both stator and 
mover sides has wider operation range and more degree of 
freedom. A representative system with such structure is doubly-
fed induction machine (DFIM). There have been many 
researches about control and status estimation methods about 
DFIM [1]–[5]. To utilize the full capability of doubly-fed 
machines, two independent sources are required for stator and 
mover. However, it is not easy to supply power to the mover side 
since an electric wire is needed between the stationary part and 
moving part. There was a study to operate DFIM using a floating 
capacitor, but there is a limitation that power cannot be 
transferred to the rotor under zero torque output [6]. Power 
transfer around zero torque output might be performed by 
applying additional control methods such as utilizing negative 
frequency current, but such solutions still cannot transfer large 
power over the whole operating range and also accompany huge 
calculation burden. 

To overcome the shortage of doubly-fed machines, a control 
method which always can deliver power to the mover side 
should be studied. In this paper, a wireless power transfer based 
on current injection method is proposed. The currents are 
injected to both stator and rotor coils, which are used for original 
operation, so no additional circuit or device is required for power 
transfer. Injection frequency is set higher than the original 
operation of the machine so that there would be minimal effect 
on the operation. 

The proposed current injection power transfer method can be 
considered as a kind of inductive wireless power transfer. Most 
of inductive wireless power transfer system works using 
resonance generated by parallel or series capacitors. However, 
resonant power transfer method is not applicable for the 
actuation part of a doubly-fed machine since low frequency 
force (torque) commands comes to require a large input voltage. 
Hence, wireless power transfer method only using inductors can 
be applied. 

This paper together proposes a control concept which 
enables the mover can control the receiving power and actuation 
force (torque) while stator generates the steady magnetic field. 
The mover side injection current is controlled to be in phase with 
the induced voltage, and the magnitude of the current is used for 
controlling the voltage of the floating capacitor on the mover. 
With the control method, control burden can be put on the mover 
side. Also, additional circuits such as communication, power 
transfer or etc. can be removed from the system. This concept 
may help designing the control system of a doubly-fed machine. 

II. HIGH FREQUENCY INJECTION METHOD FOR                 

WIRELESS POWER TRANSFER IN DOUBLY-FED MACHINE 

Since all doubly-fed machines, including rotating machines, 
can be controlled with DC equivalent circuits in rotating flux 
reference frame, the proposed method is enough to be verified 
with the ‘dual-active’ magnetic bearing system whose 
references are DC currents in steady state. 

‘Active’ magnetic bearing is composed of a mover at the 
center and two stators at both sides as shown in Fig. 1(a). The 
gray areas and yellow areas in Fig. 1 depicts the magnetic 
material (steel) and coil, respectively. The simplest control of 
the active magnetic bearing uses bias current and actuation 
current, which are constant and differential respectively. In such 
control, current reference can be written as follow. 

 actbias2sactbias1s iii,iii   (1) 

Due to the differential current, two air gaps at both ends of the 
mover comes to have different magnetic field intensity. This 
leads to the difference of magnetic energy density of two gaps 
which means that the reluctance forces between the gaps are 
different from each other. By changing the magnitude and sign 
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of the actuation current, the system can apply a desired force to 
the mover. 

As shown in Fig. 1(b), unlike conventional systems, the 
mover of the ‘dual-active’ magnetic bearing has coil on it so that 
the mover can actuate itself by controlling the current flowing 
on it. Current references, which actuates the dual-active 
magnetic bearing system in a similar way to the active magnetic 
bearing, can be written as follow. 

 s,injbias2ss,injbias1s iIi,iIi   (2) 

 m,injactm iii   (3) 

Here, stator side bias current, 𝐼௕௜௔௦ , has constant value, and 
mover side actuation current, 𝑖௔௖௧, has low frequency value. The 
injection currents, 𝑖௜௡௝,௦ and 𝑖௜௡௝,௠ are sinusoidal currents. Since 
the injection currents are high frequency sinusoidal currents, the 
force (torque) generated by these currents does not affect the 
operation of the machine. The actuation current flowing on the 
mover side makes the magnetic flux in both ends be different 
from each other, hence the force applied to the mover is 
controlled by the mover itself. The actuation property at each 
position can be pre-investigated with FEM simulation. 

If a sinusoidal current with constant magnitude and 
frequency, 𝑖௜௡௝,௦ cos(𝜔𝑡) is injected to the stator, the magnetic 
field passing through the mover fluctuates. Then, the voltage 

induced across the mover coil would have the same frequency 
as 𝑉௜௡௝ sin(𝜔𝑡). Then, the equivalent mover side circuit can be 
drawn as the inverter circuit with an inductor and sinusoidal 
voltage source which is shown in Fig. 2. Note that the mover 
side inverter should control 𝑖௔௖௧  and 𝑖௜௡௝,௠  at the same time 
where both currents flow on the same coil. To receive power 
efficiently, the mover synthesizes sinusoidal voltage or current 
with the same frequency. Following three power receiving 
methods can be considered to be applied; they are named as A, 
B and C methods in this paper. A and B power receiving methods 
are voltage injection methods whereas C is a current injection 
method. 

A. Maximizing receiving power 

By synthesizing the voltage lagging 90°  to the voltage 
induced on the mover coil, 𝑉௜௡௝ , the mover can maximize the 
receiving power according to the following equation. 

 sin
m

injm

X

VV
P   (4) 

Here, 𝑉௠  is the magnitude of the voltage synthesized by the 
mover side inverter, 𝑋௠ is the reactance of the mover coil at the 
injection frequency, and θ is the phase difference between 𝑉௠ 
and 𝑉௜௡௝. If the switching is done in the injection frequency, the 
theoretical maximum receiving power is 

 
m

injdc
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By the way, since the inverter is controlling the actuation 
current at the same time, magnitude of the synthesized voltage, 
𝑉௠ , comes to be smaller than 4𝑉ௗ௖/𝜋 . So, DC-link voltage 
should have enough value for both function; receiving power 
and keeping the force (torque) output. If voltage is not enough, 
the inverter should concentrate on receiving power rather than 
force (torque) output, so that the mover can continue the 
operation. The actuation current controller in this control method 
does not have to be a PR controller since the injection signal is 
voltage and can be directly added to the output of the PI current 
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Fig. 1.  Structure of (a) stator-only-driven active magnetic bearing and (b) dual-active magnetic bearing. 
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Fig. 2.  Mover side equivalent inverter circuit. 
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controller. The actuation force (torque) command cannot have 
high frequency value under this control method because the 
injected voltage would be compensated with high performance 
PI controller. 

For all control methods, voltage controller can be 
implemented with PI controller. For the control method A, the 
output of the PI voltage controller becomes the magnitude of the 
injection voltage. Then, it is injected into the output of the PI 
current controller, as a sinusoidal voltage having the same 
frequency with 90° phase delay.  

To inject current or voltage to the mover side coil in phase 
with the induced voltage across it, the controller should know 

the phase (and magnitude) of the induced voltage. The phase can 
be known by watching the applied voltage by the current 
controller against the estimated required voltage for 
synthesizing total mover current, 𝑖௠. Or, it can be simply found 
by using a pilot-coil, which is separately wound on the mover, 
the phase of the induced voltage can be inferred. The control 
block diagram of control method A is shown in Fig. 3(a). 

B. Minimizing ripple of receiving power 

Once the DC-link voltage gets enough value, there is no need 
to concentrate on maximizing the receiving power. So, the goal 
of the injection control may be changed. It means that the mover 
side inverter does not have to synthesize voltage with 90° phase 
delay from the induced voltage across the mover coil. 

 To minimize the power ripple, reactive power supplied by 
the ‘mover’ should be zero; 𝑄௠ = 0. The magnitude and phase 
of the mover side injection voltage which makes the mover side 
reactive power is solved with (4) and (6), and the solution is 
given as (7) and (8).  
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Similar to the control method A, a PI current controller should 
not have high control performance, hence, the actuation force 
(torque) cannot have high frequency value. Under this method, 
the output of the PI voltage controller is receiving power, P. 
Then, injection voltage is decided from (7) and (8) based on the 
phase and magnitude information (given by PLL) about the 
induced voltage across the mover side coil. The control block 
diagram of this power receiving method is shown in Fig. 3(b). 

C. Minimizing copper loss 

The other control method which minimizes the copper loss 
actually has a similar approach. The copper loss of the mover 
side current can be minimized by injecting the current whose 
magnitude is the smallest value for receiving the required power. 
Knowing the phase of the induced voltage and given a receiving 
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Fig. 3.  Control block diagrams of mover side circuit using different control 
methods, A, B and C, respectively. 
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Fig. 4.  Stator and mover currents for actuation and power transfer under power 
receiving method C. 
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power reference from the voltage controller, the mover inverter 
can minimize the magnitude of the current by making the current 
be in phase with the induced voltage. This condition nullify the 
reactive power supplied by the ‘induced voltage’; 𝑄௜௡ௗ = 0. 

Note that the reactive power supplied by the mover is not zero 
under this condition. The other way to satisfy this condition is to 
make the mover current in phase with the induced voltage. 
Under this control method, the output of the PI becomes the 
magnitude of the injection current, 𝐼௜௡௝,௠ , and the injection 
current in synthesized in phase with the induced voltage. Under 
this control method, a PR current controller can be applied and 
enhance the power receiving performance better than a PI 
current controller. Fig. 3(c) shows the control block diagram of 
power receiving method C. Stator and mover currents using this 
method according to time are shown in Fig. 4. In the 
implemented system, this type of power receiving method was 
applied. 

III. SIMULATIVE VERIFICATION 

To verify whether the mover can control the actuation 
current and maintain its DC-link voltage at the same time, a 
simulation was performed. Since the stator side currents are 

controlled with constant values, steadily, only the mover side 
equivalent circuit simulated using the circuit shown in Fig. 5. 
(Controller parts are hidden.) Main values used in the 
simulation are shown in Table I. 

TABLE I.  VARIABLES USED IN SIMULATION 

Variable Value Variable Value 

𝑅௖௢௜௟  0.2 Ω 𝑃௟௢௔ௗ 3 W 

𝐿௖௢௜௟  900 μH 𝑅௖௞௧ 0.1 Ω 

𝐶ௗ௖  200 μF 𝑅௘௦௥  0.1 Ω 

𝑉௜௡ௗ 15 V 𝑓௦௪ 50 kHz 

𝑉ௗ௖,௥௘௙ 30 V 𝑓௜௡௝ 1 kHz 
 

Fig. 6 shows the result of the simulation. The power 
receiving method C explained in the previous section was 
applied in the simulation. The first graph shows the reference 
current and sensed current, and the second graph shows the 
voltage reference and the sensed voltage of the floating DC-link 
on the mover. The proposed current injection method could 
control the mover side DC-link voltage and the actuation 
current simultaneously. It can be seen in the beginning part of 
the simulation that the magnitude of the injected current is large, 
and the DC-link voltage gets higher. After DC-link voltage gets 
to its reference value, the magnitude gets as small as it could 
handle the power consumed by the load (DSP, switching loss, 
etc.). When the actuation current becomes 2 A, the resistive loss 
on the coil and circuit get larger, and this is shown in the result 
as the increase of the magnitude of the injection current. Since 
the sinusoidal voltage is induced on the mover side coil, there 
exists much larger power ripple when the actuation current is 
not zero.  

IV. EXPERIMENTAL RESULTS 

Fig. 7 shows the implemented dual-active magnetic bearing 
system which has the same structure shown in Fig. 1(b). Two 
stator coils are connected to inverter boards operating with 50 
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Fig. 6.  Simulation result of mover side current and voltage control. 

 
 
Fig. 5.  Simulation circuit of the mover side. 
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V DC power supply. Two stator inverter boards were connected 
with a data cable to synchronize the external magnetic field. 
Note that the mover coil and its inverter board is completely 
isolated from the stator. Air bushing is applied to the system to 
reduce the drag force between the mover and central axis. The 
position of the mover is measured using an optical sensor which 
is attached on the mover and connected to the mover side 
inverter board. Using the FEMM simulation, design parameters 
in Table II were selected. 

TABLE II.  PARAMETERS OF IMPLEMENTED SYSTEM 

Variable Value Variable Value 

𝑁௦ 150 turns 𝐼௕௜௔௦ 10 A 

𝑁௠ 40 turns 𝐼௜௡௝,௦ 2 A 

𝑓௦௪ 50 kHz 𝐼௔௖௧,୫ୟ୶ 5 A 

𝑓௜௡௝ 1 kHz 𝐼௜௡௝,୫ୟ୶ 2 A 

Variable Value Variable Value 

𝑁௦ 150 turns 𝐼௕௜௔௦ 10 A 

𝐿௠ 900 μH 𝐶ௗ௖  200 μF 
 

Fig. 8 shows the problem and results of the axis-symmetric 
FEMM simulation of the case when the mover is at 4 mm away 
from the center. For the result shown in Fig. 8(b), stator currents 
are set as 𝑖௦ଵ = 𝐼௕௜௔௦ + 𝐼௜௡௝,௦ = 12 A and 𝑖௦ଶ = 𝐼௕௜௔௦ − 𝐼௜௡௝,௦ =
8 A. For the result shown in Fig. 8(c), 𝑖௦ଵ = 8 A and 𝑖௦ଶ = 12 A 
were used. From these results, the variation of the stator flux 
passing through the mover can be calculated, hence the number 
of turns of mover side coil can be decided to get enough induced 
voltage. After deciding the maximum value of the actuation 
current, the magnitude of the bias current is decided to apply 
desired actuation force. Using the FEMM simulation model, 
induced force at various situation could be known. As the 
mover moves in the control region, it gets force to the nearer 

 
 
Fig. 7.  Implemented dual-active magnetic bearing system. 

 
 
Fig. 9.  Pre-investigated zero-actuation-current force. 

 
 
Fig. 8.  (a) FEMM axis-symmetric simulation problem. Feature lengths are written within mm unit. (b), (c) Simulation results (magnetic field density plots) for 
deciding the number of turns and magnitude of currents. 
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stator even if the actuation current is zero due to the magnetic 
field density difference. The position controller can control the 
mover better with feedforward term if the zero-actuation-
current force according to the mover position is pre-
investigated. Fig. 9 shows the pre-investigated zero-actuation-
current force graph of the implemented system, and it fit with 
the second order polynomial very well. A PD controller with 
the feed-forward table is used for position control, and the 
position of the mover is measured by the optical sensor attached 
on the mover. Position-voltage look-up table of the optical 
sensor was also obtained before starting the experiment. The 
force induced by unity actuation current changes according to 
the position of the mover, so it was also pre-investigated using 
the same FEM model. Actuation coefficient according to the 
position of the robot also had the second order polynomial form 
as 𝐹/𝑖௔௖௧ = 0.0247𝑥௠

ଶ − 0.0194𝑥௠ + 0.991  where units for 
𝐹, 𝑖௔௖௧, 𝑥௠ are N, A and mm respectively. So, we can see that 
three tables (equations) which depend on the position of the 
mover are used in the system; the zero-actuation-current force, 

the output voltage of the optical sensor and the actuation 
coefficient. 

Fig. 10 shows the experimental results of the implemented 
system. (Note that real injected voltage and current would have 
the switching frequency components but they are not drawn 
because the D/A conversion was also done within the switching 
frequency.) Fig. 10(a) shows the implemented system could 
regulate the DC-link voltage during the position control 
operation. As expected in the simulation, voltage ripple gets 
larger as the mover gets nearer to the end of the control region, 
where the actuation force and current would have the largest 
values. Fig. 10(b) shows the estimated induced voltage by the 
mover side current controller and sensed mover side current 
when the actuation current is at its maximum value. The 
injected current is controlled to be in phase with the estimated 
induced voltage. In Fig. 10(b), the magnitude of mover current 
and induced voltage are about 1.1 A and 14 V, so, it can be 
inferred that the mover totally consumed about 8 W (at this 
moment) to control its position while regulating its DC-link 
voltage. The overall average consumed power by the mover 
side circuit was about 7 W; note that these values include power 
for operating DSP and switch driving circuits. 

V. CONCLUSION 

High frequency injection methods which enable wireless 
power transfer in the doubly-fed machine are proposed. In the 
proposed current injection method, the stator synthesizes bias 
flux and (injected) fluctuating flux which are both steady. Then, 
the mover can operate itself by controlling the actuation current. 
Also, the mover can regulate the voltage of floating DC-link 
capacitor on it by injecting a current in phase with the induced 
voltage and by changing the magnitude of the injected current. 
By delivering power through the existing stator and mover coil, 
there is no need for additional circuit or device, and based on 
this, the reliability of a doubly-fed machine can be improved. 
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