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Executive Summary 

This paper proposes a frequency-modulated wireless power drive (WPD) for electric vehicles. With the 

WPD, electric motors are allowed to work in a fully sealed environment without physical connections 

between the power source and the motors, avoiding potential risks of cable disconnection in the 

applications of electric vehicles, mobile robots, and automated guided vehicles. In particular, a three-

phase switched reluctance motor (SRM) is artfully incorporated into the proposed WPD. Each motor 

phase is energized by an independent wireless power transfer channel, decoupled by magnetic couplers, 

thus, the motor can be powered and controlled with no microcontrollers at the motor side. To provide a 

wide speed range with higher efficiency, sigma-delta modulated pulse frequency modulation is 

incorporated into the proposed WPD, offering wide-range zero-voltage switching operation and precise 

speed control capability. Both theoretical analysis and computer simulations are conducted to verify the 

feasibility of the proposed WPD for SRMs. 
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1 Introduction 
After being pioneered by Nikola Tesla over a century ago [1], wireless power transfer (WPT) technology 
has drawn attention in industrial, domestic, and medical applications [2-3]. After years of research, it has 
been gradually applied and commercialized in charging applications of electric vehicles (EVs) [4-5], 
portable electronic devices [6], unmanned aerial vehicles [7], and medical implants [8]. Benefiting from 
the contactless power transmission, both the power supply and the equipment can be sealed separately with 
covers, offering characteristics of electrical spark protection, waterproofing, and better stability against 
complex outdoor environments [9-11]. Apart from transmitting electrical energy wirelessly, direct 
conversion between electricity and other types of energy can be also accomplished [12], such as thermal 
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energy [13], optical energy [14], and mechanical energy [15]. Wireless motors convert electrical energy to 
mechanical energy without additional energy storage units and increase overall efficiency by reducing 
additional charging and discharging processes of energy storage. Due to the electrical isolation of WPT, 
power and signal cables can be totally eliminated, bringing fewer effects from cable abrasion, disconnection, 
and other environmental impacts [16]. These advantages promote the development of various types of 
wireless motors, including wireless DC motors [17], wireless induction motors [18-19], wireless stepper 
motors [20-21], wireless permanent-magnet brushless DC (PM-BLDC) motors [22-23], wireless 
permanent-magnet synchronous motors (PMSMs) [24-25], and wireless ultrasonic motors [26]. The 
wireless motor, together with other types of wireless energy conversion, can be generalized as a wireless 
power drive (WPD), for control and output power wirelessly.  

The switched reluctance motor (SRM) is an attractive option for electric vehicle (EV) propulsion systems 
because of its low cost and simple structure and the research on wireless SRM has been carried out [27]. 
Due to its simple control strategy, it is possible to eliminate the microcontrollers and power switches at the 
receiver side for a simpler structure and improved reliability. Usually, multiple receivers are connected to 
each phase, feeding power to different motor windings independently. The one-to-many transmission 
requires a high-order compensation network at the transmitter side to maintain resonance at all frequencies, 
which increases the design complexity and system size. The wireless SRM revealed in [28-29] energizes 
three motor phases with a single transmitter and three receivers. The WPT frequency corresponding to each 
phase is different from the frequency to power only one phase at a time. Motor currents are equalized by 
changing the duty ratio. A wireless SRM using decoupled magnetic couplers is presented in [30]. The 
decoupled coupler creates independent power channels for energy transmission, thus the WPT frequencies 
for each phase can be the same. The wireless resolver is also proposed for motor commutation, however, 
the speed control is not discussed. Energy saving in freewheeling mode is also studied to charge the battery 
when the SRM works as a generator [31]. However, power converters and microcontrollers are essential 
for this complex control. For traction motors in electric propulsion systems, higher robustness is expected 
for fewer maintenance needs. 
The performance of wireless motors highly depends on the WPT output regulation. Pulse width modulation 
(PWM) [32], pulse density modulation (PDM) [33], and pulse frequency modulation (PFM) [34] are the 
major approaches. PWM is the most commonly used method because of its simple control, however, the 
high-frequency hard switching loss is unavoidable unless implementing complex zero-voltage-switching 
(ZVS) control [32]. PFM modulates the switching frequency and maintains a wide range of soft switching 
during the regulation process, which reduces the loss of high-frequency hard switching, and makes it 
suitable for the proposed system [34].  

In this paper, a frequency-modulated WPD is proposed for electric vehicles. By modulating switching 
frequency through PFM, ZVS operation is guaranteed in a wide operation range. A sigma-delta (Σ-Δ) 
modulator is designed to generate PFM sequences automatically with minimized harmonics. Particularly, 
a wireless three-phase SRM is developed based on the proposed WPD. 

2 Wireless Power Drive for Electric Vehicles 

2.1 System Configuration 
The proposed WPD is depicted in Fig. 1, specifically, a 6/4 pole three-phase SRM is incorporated into the 
proposed WPD. Three separate magnetic coils transmit power to three motor stator windings and each 
transmitting coil is equipped with a half-bridge inverter to generate high-frequency current. For wireless 
transmission with multiple pairs of coils, cross-coupling brings energy to the untargeted motor phase, which 
affects the normal operation in speed, load capability, and efficiency. The proposed WPD design uses two 
orthogonal bipolar coils and one circular unipolar coil to form three magnetically decoupled power channels. 
Therefore, the transmitting frequency for each phase can be selected freely with no influence on selective 
transmission. In this design, the transmitting frequency in all three power channels is set as f0=100 kHz. To 
simplify the structure, the proposed WPD adopts only capacitors connecting in series with the coils to form 
a series-series (SS) compensation. Under resonant frequency, the SS compensation behaves as a constant 
current source [35], and the variation of motor operation has no impact on motor currents, thus, motor 
control can be realized by manipulating the high-frequency inverter at the transmitter side.  
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Figure 1: System topology of the proposed WPD for SRM. 

In Fig. 1, A+, A-, B+, B-, C+, and C- represent the current input ports of the SRM. Lta, Ltb, Ltc, Lra, Lrb, and 
Lrc denote the transmitting and receiving coil inductances of power channels A, B, and C with subscripts a, 
b, and c. Cta, Ctb, Ctc, Cra, Crb, and Ctc are the six compensation capacitors in channels A, B, and C with 
subscripts a, b, and c. Rta, Rtb, Rtc, Rra, Rrb, and Rtc are the overall internal resistances of compensation 
components on both sides of channels A, B, and C with subscripts a, b, and c. ua, ub, uc, ita, itb, and itc 
represent the output voltages and currents of three half-bridge inverters. Edc denotes the voltage of the DC 
power supply. Ia, Ib, and Ic are the motor currents of phases A, B, and C.  

2.2 Circuit Analysis 

 
Figure 2: Equivalent circuit of SS compensation. 

The compensation networks in the three power channels share the same structure, only channel A is analyzed 
to illustrate the characteristics of the compensation circuit. The SS compensation is one of the basic 
compensation structures in WPT. Fig. 2 shows the equivalent circuit model of the SS compensation circuit. 
When the system is under resonant condition, both the transmitter-side circuit and receiver-side circuit are under 
resonance. With a preset resonant frequency f0, the primary capacitance and secondary capacitance are 
calculated as: 
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where ω0=2πf0. Then, the input impedance at full resonance is derived as:  
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where M is the mutual inductance between the coils and RL is the equivalent resistive load. Therefore, the circuit 
shows pure resistance and it assists in achieving ZVS by bringing no reactive impedance in resonance. When 
neglecting all internal resistances of compensation components, the output current of SS compensation has no 
relationship with the load. The effective value of output current Iout is expressed as: 
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2.3 Operating Principle 
The whole control process is controlled by the primary controller installed at the transmitter side. By feeding 
power to three coils by turns, the motor phases draw power one by one to rotate in the corresponding direction. 
Fig. 3 shows the theoretical waveforms of transmitter currents (ita, itb, and itc) and motor currents (Ia, Ib, and 
Ic). For a 6/4 SRM, the motor commutates every 30 degrees, when the rotor is at the commutation point, the 
primary controller changes the power-delivering channel according to the commutation sequence and 
rotating direction, feeding power to the next motor phase. The whole commutation sequence repeats twice in 
a single round. Thanks to the decoupling design of magnetic coils, only the aim phase is energized. Fig. 4 
explains the operating principle by showing the power path when driving motor phase A and motor phase B.  

 
Figure 3: Theoretical waveforms of transmitter currents and motor currents. 

 
(a)                                                                                            (b) 

Figure 4: Selective power transmission in the proposed WPD: (a) Driving phase A; (b) Driving phase B.  

2.4 Decoupled Magnetic Coupler Design 
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Figure 5: Geometric dimensions of the decoupled magnetic coupler. 

 
(a) 

 
(b) 

 
(c) 

Figure 6: FEA results of current densities and magnetic field distribution along the middle parallel plane 
between magnetic coils: (a) Channel A; (b) Channel B; (c) Channel C. 

The magnetic coupler utilizes an orthogonal structure, consisting of two bipolar coils and one unipolar coil. 
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The two bipolar coils are placed orthogonally, and all the coils are coaxially attached tightly, eliminating the 
mutual inductance between the unrelated coils with a compact size. The geometric dimensions are shown in 
Fig. 5, each coil has 10 turns, and the distance is 100 mm between the transmitter and the receiver. 
Furthermore, a finite element analysis (FEA) model is built to estimate the magnetic field distribution, the 
coil models are built according to Fig. 5 and the loads in three channels are all set to 10 Ω. As shown in Fig. 
6, when only one channel is energized, nearly no currents are induced in unrelated coils, which proves the 
decoupling of the proposed coupler.  

3 System Control 
The proposed WPD incorporates PFM to regulate the WPT output in each power channel. In the speed 
regulation process, the duty ratio of PFM is adjusted automatically to approach the aim speed with varied 
loads. Apart from speed regulation, PFM is also utilized in motor current equalization. According to (3), the 
output current of SS compensation is related to mutual inductance. The mutual inductance of the circular coil 
is different from the bipolar coil, and the bipolar coils also have varied coupling due to manufacture. The 
duty ratio in each power channel is tuned to offer an equalized motor current for smooth operation.  

3.1 Pulse Frequency Modulation 
PFM has been utilized in WPT output regulation due to its wide-range soft-switching capability [36]. As 
shown in Fig. 7, it modulates the pulse sequence between multiple switching frequencies, including the 
transmitting frequency and several orders of subharmonics. The modulated cycles contain high-order 
harmonics which have the same frequency as the transmitting frequency. Higher order leads to a lower 
amplitude of harmonics, therefore, the average output is reduced. Usually, the fundamental frequency is 
selected as WPT resonant frequency f0, and the subharmonics are selected as f0/(2n+1). The proposed WPD 
uses f0, 3f0, and 5f0. The regulated output against its maximum value is defined as the PFM duty ratio δPFM, 
which is expressed as [23]:  
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where N2n+1 is the number of half cycles under switching frequency f0/(2n+1). According to (4), the length 
of the modulated pulse sequence varies with control precision, a higher accuracy requires a longer sequence 
[37]. The uneven switching in PFM generation causes subharmonics and interharmonics in generated high-
frequency current, with possible frequencies of 
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, j=1, 2, 3, …, N-1,                                                 (5) 

where fh is the harmonic frequency, N=N1+3N3+5N5. Based on (5), more harmonics will be introduced with 
longer sequences for high accuracy. Research has revealed that an evenly distributed modulated sequence 
will reduce the harmonic amplitude around the fundamental frequency for easier filtering through the 
compensation network [38].  

 
Figure 7: Theoretical waveform of PFM output of a half-bridge inverter. 

Following the research in [38], the proposed system utilizes a Σ-Δ modulator to generate PFM sequences 
automatically based on feedback information. It distributes the modulated half-cycles evenly to reduce the 
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current distortion. No complex computing is needed within the waveform generation, as depicted in Fig. 8. 
An example of the waveform generation process is illustrated in Fig. 9, where δPFM=19/29.  

As the mutual inductance of the circular unipolar coil is different from the bipolar coils, the PFM duty ratio 
of each power channel is specially tuned to generate equalized motor currents. To better describe the current 
regulation, δ is defined as the output ratio of motor current.  

 
Figure 8: Σ-Δ modulator for PFM generation. 

 
Figure 9: Waveforms of Σ-Δ PFM generation when δPFM=19/29 (N1=14, N3=5, N5=0). 

3.2 Closed-loop Speed Control 
The proposed WPD realizes a closed-loop speed control based on rotor position feedback sampled by position 
sensors. Contactless feedback is not discussed in detail in this article, as several wireless feedback approaches 
have been proven to offer stable feedback operation wireless motors, such as Bluetooth [17], wireless resolver 
[30], amplitude-shift-keying modulated Hall effect sensor [23], and photoelectric encoder [25]. Fig. 10 shows 
the control diagram of the proposed WPD. The current motor speed calculated by the primary controller is 
compared with the aim speed, and then the difference is sent to a PI controller to generate the duty ratio δ 
and calculate the PFM duty ratios of three channels based on mutual inductances. After Σ-Δ modulator 
generates the PFM sequence, the primary controller outputs control signals to power switches of the 
transmitter-side power inverter based on the PFM sequence and rotor position.  

In traditional closed-loop speed control, motor currents are also sampled together with position information. 
The current control forms an inner loop while the speed control forms an outer loop. However, in wireless 
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schemes, real-time transmission of current information brings extra complexity and high requirements in 
communication speed and latency. In the proposed WPD, only rotor positions are sampled during the 
operation.  

 
Figure 10: Control diagram of proposed WPD. 

4 Verification 
Table 1: Simulation parameters 

Items Value Unit 
Transmitter coil inductance (Lta, Ltb, Ltc) 67.84, 67.84, 57.89 μH 
Receiver coil inductance (Lra, Lrb, Lrc) 67.84, 67.84, 57.89 μH 
Coil internal resistance (Rta, Rtb, Rtc, Rra, Rra, Rra,) 0.075 Ω 
Mutual inductance (Ma, Mb, Mc) 10.99, 10.99, 13.41 μH 
Transmitting frequency (f0) 100 kHz 
Transmitter compensation capacitances (Cta, Ctb, Ctc) 37.34, 37.34, 43.76 nF 
Receiver compensation capacitances (Cra, Crb, Crc) 37.34, 37.34, 43.76 nF 
SRM rotor inertia 0.008 kg∙m2 
SRM stator resistance (Ω) 3 Ω 
SRM winding unaligned inductance (mH) 9.1 mH 
SRM winding aligned inductance (mH) 52.7 mH 

To further evaluate the feasibility of the proposed WPD for SRMs, a circuit model was built based on the 
circuit topology in Fig. 1 and the control diagram in Fig. 10 with detailed parameters in Table 1. As listed in 
Table 1, power channel C has stronger coupling due to coil structure, thus the output of channel C is set as a 
reference in output equalization, the duty ratios are calculated as: 
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First, three 10-Ω resistors were loaded to the WPT channels to test the PFM regulation. Fig. 11 (a) shows the 
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waveforms of ua, ub, uc, ita, itb, and itc when δ=1/2, as well as zoomed waveforms of ua, ita, ub, and itb. The 
outputs (Ia, Ib, and Ic) are shown in Fig. 11 (b). The Σ-Δ modulator generates the PFM sequence with the 
given duty ratio and also ensures a ZVS operation. Then, an SRM model replaces the resistive loads for 
further evaluation. The motor speeds up from 0 rpm to 200 rpm, and finally reaches 400 rpm, with a constant 
load of 0.4 N∙m. The waveforms are recorded in Fig. 12, proving the feasibility of the proposed system. 

 
(a) 

 
(b) 

Figure 11: Simulated waveforms of proposed WPD using 10-Ω resistive loads. (a) Waveforms of inverter 
output voltage and current. (b) Waveforms of output currents. 

5 Conclusion 
This paper proposes a WPD for electric vehicles, particularly, a wireless SRM is proposed. The system is fully 
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controlled by the primary controller, and no active switches are adopted on the receiver side. Based on position 
feedback only, the system realizes a closed-loop speed control and the Σ-Δ PFM regulates the motor current 
while maintaining ZVS operation. With the proposed scheme, the motor has precise speed control capability. 
Both theoretical analysis and computer simulations are conducted to verify the feasibility of the proposed 
WPD for wireless SRM. 

 
Figure 12: Motor speed and rotor position while accelerating with a constant load of 0.4 N∙m.  
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