Wireless DC Motor Drives with Selectability and Controllability

Authors:
Chaogiang Jiang, K.T. Chau, Chunhua Liu, Wei Han

Date Submitted: 2019-07-26

Keywords: controllability, selectability, magnetic resonance, wireless motor, wireless power transfer

Abstract:

This paper proposes and implements the concept of wireless DC motor drives, which can achieve the abilities of selective driving and
controllable speed. Due to different resonant frequencies of the multiple energy receivers of the associated DC motor drives, the
transmitter can be purposely tuned to the specified resonant frequency which matches with the specified receiver, hence driving the
specified motor selectively. In the meantime, the burst fire control is used to regulate the operating speed of the motor working at the
resonant frequency, hence retaining the maximum power transmission efficiency. Both finite element analysis and experimentation are
given to verify the validity of the proposed wireless DC motor drive system. For exemplification, three different resonant frequencies,
namely 60 kHz, 100 kHz and 140 kHz, are selected to energize three DC motors. Under the burst fire control method, the speed of
each motor can be regulated separately and the wireless power transfer (WPT) system can achieve the measured power transmission
efficiency of about 60%.

Record Type: Published Article

Submitted To: LAPSE (Living Archive for Process Systems Engineering)

Citation (overall record, always the latest version): LAPSE:2019.0712
Citation (this specific file, latest version): LAPSE:2019.0712-1
Citation (this specific file, this version): LAPSE:2019.0712-1v1

DOI of Published Version: https://doi.org/10.3390/en10010049

License: Creative Commons Attribution 4.0 International (CC BY 4.0)



energies ]

Article

Wireless DC Motor Drives with Selectability
and Controllability

Chaogiang Jiang *, K.T. Chau !, Chunhua Liu ? and Wei Han !

1 Department of Electrical and Electronic Engineering, The University of Hong Kong, Hong Kong, China;

ktchau@eee.hku.hk (K.T.C.); weihan@eee.hku.hk (W.H.)
School of Energy and Environment, City University of Hong Kong, Hong Kong, China; chualiu@eee.hku.hk
*  Correspondence: cgjiang@eee.hku.hk; Tel.: +852-2857-8617

2

Academic Editor: Hongjian Sun
Received: 7 November 2016; Accepted: 26 December 2016; Published: 4 January 2017

Abstract: This paper proposes and implements the concept of wireless DC motor drives, which
can achieve the abilities of selective driving and controllable speed. Due to different resonant
frequencies of the multiple energy receivers of the associated DC motor drives, the transmitter can be
purposely tuned to the specified resonant frequency which matches with the specified receiver, hence
driving the specified motor selectively. In the meantime, the burst fire control is used to regulate
the operating speed of the motor working at the resonant frequency, hence retaining the maximum
power transmission efficiency. Both finite element analysis and experimentation are given to verify
the validity of the proposed wireless DC motor drive system. For exemplification, three different
resonant frequencies, namely 60 kHz, 100 kHz and 140 kHz, are selected to energize three DC motors.
Under the burst fire control method, the speed of each motor can be regulated separately and the
wireless power transfer (WPT) system can achieve the measured power transmission efficiency of
about 60%.

Keywords: magnetic resonance; wireless power transfer; wireless motor; selectability; controllability

1. Introduction

Since Nikola Tesla pioneered wireless power transfer (WPT) with far and near fields more than
one hundred years ago, considerable attention has been refocused on the application of WPT in recent
years [1-5]. Based on the principle of magnetic resonant coupling, this WPT technique shows great
potential for many applications, such as the implantable medical instruments [6,7], the non-accessible
electronic devices [8,9], and the battery-powered electric vehicles [10-12].

For some practical applications, such as mobile phones [13] and medical devices [14], multiple-coil
power transfer is often required [15,16]. In order to achieve higher feasibility and better flexibility for
WPT, the development of simultaneous mid-range power transfer from a single transmitter to multiple
receivers has been very active [17,18]. By employing different resonant frequencies, selective WPT
to multiple receivers can be achieved [19]. However, the corresponding output power is controlled
by tuning the operating frequency, which essentially causes the sacrifice of power transmission
efficiency [20]. Meanwhile, the corresponding analysis is limited to resistive loads only, which cannot
be applied to industrial applications such as conveyor control or robotic control.

The purpose of this paper is to propose and implement the wireless DC motor drive system.
The key is to incorporate the concept of selective WPT into the multiple DC motor drive system so that
each wireless DC motor drive can be selectively energized and controlled without sacrifice of power
transmission efficiency. Firstly, the mathematical model of the proposed DC motor drive system will
be derived, hence assessing its selective driving characteristics. Then, the burst fire control will be
employed to regulate the WPT of each DC motor drive, hence achieving speed regulation under the
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maximum power transmission efficiency. Finally, both finite element analysis and experimentation
will be conducted to verify the proposed system.

2. System Configuration

The structure of the proposed wireless DC motor drive system is shown in Figure 1, which
consists of the full-bridge inverter to energize the transmitter (primary) coil, the switched capacitor
array to tune the resonant frequency of the transmitter coil, the resonant capacitors connected in
series with relevant receiver (secondary) coils to achieve different receiver resonant frequencies, the
full-bridge rectifiers to perform AC-DC conversion for relevant DC motors, and the DC motors for
various direct-drive applications.

CP] CSI "‘ -
Cpy | A § F—| l— _ 2
m |}_< i |}_< Cor 1 "r-: £ Rectifier f—— =0
1 3 ’ —
[ H s|s S)r{ l_o_l i DC moto
1 . Cs, q Ay~
v b (1% .
"I')C ' ;1 &_”_ Rectifier —— ;'.:
e o[ — e
! i ’ DC motor
— —! ' & Css q hy~
M, -}-< M, -}-< y ' _”_ Rectifier F—— f‘
Y . ‘-—‘
DC motor
Transmitter coil Receiver coils

(b)

Figure 1. Wireless DC motor drive system: (a) schematic; and (b) model.

3. System Design

The equivalent model of the proposed wireless DC motor drive system is shown in Figure 2b.
The DC motor is represented by the armature resistance R,, armature winding inductance L, and
the back electromotive force (EMF) E. In the meantime, Ry, Rs1, Rs2 and Rs3 are the resistances of the
transmitter coil, the first receiver coil, the second receiver coil and the third receiver coil, respectively;
Cp, Cs1, Csz and Cs3 are the resonant capacitances that are connected in series with the transmitter coil,
the first receiver coil, the second receiver coil and the third receiver coil, respectively; and Ly, Ls1, Ls2
and L3 are the inductances of the transmitter coil, the first receiver coil, the second receiver coil and
the third receiver coil, respectively.
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Figure 2. Wireless power transfer (WPT) system with selectivity: (a) motor speeds resulted; (b) power
transmission efficiencies; (c) burst fire control of WPT from transmitter to receiver; and (d) efficiency
comparison between frequency control and burst fire control for speed control of DC motor 2.

Assuming that the resistance and forward voltage drop of diodes are negligible and L, is
sufficiently high that the corresponding current ripple can be ignored, the average armature current I;
of the DC motor i (i = 1, 2, 3) can be expressed as [21]:

= %/OT[ V2I,;sin(0)de = @ @)

T

where [; is the RMS current of the receiver coil i.
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Based on the principle of DC motor under the steady state, the electromagnetic torque T and E
can be expressed as:
T = K®I, )

E = Kdwy, 3)

where K and @ represent the torque constant and the air-gap flux per pole, respectively; and I; and w,
are the armature current and motor speed, respectively.

It should be noted that k11, k12, and k;3 are the coupling coefficients between the transmitter coil
and various receiver coils, respectively. Since the receiver coils are on the same plane, their mutual
inductances can be ignored. Thus, the mutual inductances between the transmitter coil and the receiver

coils can be expressed as:
Mi1 = ki1/LpLa

M1 = ki2+/LyLs2 4)
Mi3 = ki3+/LpLs3

The motor will start to rotate when the armature current and hence the torque is larger than the
load torque. The threshold of this armature current Iy, can readily be calculated by first setting E equal
to zero. Hence, the operating frequency range for WPT is to ensure that I, is larger than I;,.

Accordingly, the system model of the proposed wireless DC motor drive at the stationary mode
can be expressed as:

Zp jlel jLUM12 jwM13 Ip Vs
joMy  Zg + 3 0 0 RSN )
jwM, 0 Zo+ % 0 I 0
jwMis3 0 0 Za+ % I3 0
where Zp, Zs1, Zs3 and Zgj3 are given by:
_ ; 1
Zp=Rp +jwlp + 5c;
_ ; 1
Zsl - Rsl +]stl + JwCy (6)

ZsZ = RsZ +j(l)L52 + m
Zs33 = Rg3 +ij53 + - L

]wCs3

The resonant frequencies of the transmitter and receiver coils are denoted as w, w1, wy, and ws,
respectively, which are given by:

1 1 1 1

S W= e, W)= e, W3 = @)
chp V le Csl V L52C52 Vv Ls3Cs3

Assuming that the internal resistance of each receiver coil is the same, namely Rs; = Rsp = Rg3 = R,

and the inductance of each receiver coil is the same, namely Ls; = Ly = Ls3 = L, it results in
Mj1 = My = Mj3 = M. Nevertheless, the capacitances in various receiver coils are not the same, namely
Cs1 # Csp # Cs3. Hence, the threshold current Iy,; at the receiver i can be calculated by:

I JoMVs ®)
thi = 4 S W2 M2 W2 M2 w2 M2
(Zsi + 7 Ra)(Zp + Zat SR | Zot SR zw%&)

When the transmitter resonant frequency w is equal or close to w; (i =1, 2, 3), the corresponding Z;
becomes much smaller than that of the others so that the transmitter power can be selectively delivered
to the targeted receiver coil of the DC motor. Therefore, the transmitter resonant frequency can be
utilized to feed a particular receiver selectively based on different resonant frequencies. Consequently,
the operating frequency range of each motor can be determined.
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For exemplification, when motor 1 is selected to be energized, the motion equation is given by:

Val = TalRa +E 9
Z, joM  joM jwM I, Vs
jwM Zs1 0 0 % 7\/521”1 _ Lfvgl (10)
joM 0 Zo+ % 0 L, | 0
joM 0 0 Zg+ I3 0

By combining Equations (2), (3), (9) and (10), I, the speed of motor 1 w;,; and the power
transmission efficiency 11 of motor 1 can be deduced as:

V. — \/EnjwMT
I, = Lo (11)
p 7, + W2 M2 W2 M2
P ZSZ+%RQ Zs3+%Ra
\/571 . nT 8
— MI ——(Zs1 — =R 12
Twyn
= x 100% 13
m Vi, (13)

The key parameters of the proposed system are listed in Table 1. The resulting resonant frequencies
of the receivers 1, 2 and 3 are 60 kHz, 100 kHz and 140 kHz, respectively. From Equations (12)
and (13), the resulting motor speeds and power transmission efficiencies with respect to these operating
frequencies are calculated as shown in Figure 2a,b, respectively. It can be observed that each wireless
DC motor can be successfully selected without ambiguity.

Table 1. Parameters of transmitter and receiver.

Item Value Unit
Transmitter coil inductance (Lp) 0.571 mH
Receiver coil inductance (Lsq, Lsa, Ls3) 0.253 mH
Mutual inductance (M1, M12, M13) 4431 uH
Transmitter resistance (Ry) 1.5 Q
First receiver resonant capacitance (Cs1) 12.323 nF
Second receiver resonant capacitance (Csp) 4.436 nF
Third receiver resonant capacitor (Cs3) 2.263 nF
Armature resistance of motor (R;) 1.2 (@)
Receiver resistance (Rs1, Rsp, Rs3) 0.3 Q
Supply voltage (V;) 60 \%
Electromagnetic torque (T) 16 Nm
Overall torque constant (KP) 1.85 Nm/A

The power transfer from the transmitter to each receiver can be regulated by varying the operating
frequency around the relevant resonant point. However, this regulation method inevitably sacrifices the
power transmission efficiency. In order to provide power regulation while maintaining the maximum
power transmission efficiency, the burst fire control is employed. Namely, the operating frequencies
of the transmitter and the targeted receiver are always the same and kept at the relevant resonant
point, and the power transfer is controlled by the number of transmission cycles N; with respect to
the total number of transmission and idling cycles (Nt + N;) as depicted in Figure 2c. As shown in
Figure 2d, it can be observed that although the speed of the DC motor 2 can be adjusted by frequency
control, it suffers from the sacrifice of power transmission efficiency; whereas the use of burst fire
control can maintain the efficiency at its maximum value. The other two motors perform similarly.
In the wireless DC drive system, the transferred power is controlled via the regulation of the duty
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ratio at the resonant frequency, which corresponds to the changes in motor speed with a fixed load.
Thus, the control variable is the duty ratio 5:

N;

0= —"—
Nt+Ns

x 100% (14)

Since the resonant frequency is very high, the transmission cycle is much shorter than that of the
natural time constant of DC motors. Thus, each control cycle can accommodate many transmission
and idling cycles so that the variation of the number of transmitting cycles can provide practically
smooth control of power transfer.

4. Simulation Results

In order to assess the proposed wireless DC motor drive system, the system operation is simulated
using the electromagnetic finite element analysis software JMAG-Designer (V12.0, JSOL, Tokyo, Japan)
and the control software Matlab/Simulink (R2014b, MathWorks, Natick, MA, USA). Particularly, the
selectability and controllability of the proposed system are evaluated. The key parameters of the
transmitter coil and three receiver coils as listed in Table 1 are adopted for simulation. Meanwhile, the
distance between the transmitter coil and the receiver coils is set at 50 mm.

4.1. Selectability of DC Motor

In order to assess the selectability of the proposed system, the resonant frequency of the transmitter
is tuned to 60 kHz, 100 kHz and 140 kHz, aiming to selectively transfer power to receivers 1, 2 and 3,
respectively. The simulated magnetic flux line distributions and magnetic flux density distributions
at the resonant frequencies of 60 kHz, 100 kHz and 140 kHz are shown in Figures 3-5, respectively.
It can be observed that the flux lines essentially cluster at the left receiver (receiver 1), middle receiver
(receiver 2) and right receiver (receiver 3) when the transmitter resonant frequency is tuned to 60 kHz,
100 kHz and 140 kHz, respectively. Meanwhile, the magnetic flux lines passing through the unselected
coils are relatively sparse.

Additionally, the magnetic flux density distributions at the resonant frequencies of 60 kHz,
100 kHz and 140 kHz clearly indicate that the WPT from the transmitter to a particular receiver can be
accurately selected. For instance, when the middle receiver is selected to pick up wireless power, the
corresponding magnetic flux density can reach 2.67 mT at the resonant state, whereas the magnetic flux
densities of other two receivers can only reach 0.0759 mT. Similar results can be found when the left
receiver or right receiver is selected to pick up wireless power. Therefore, it confirms that the receiver
can be selectively targeted to pick up the wireless power from the transmitter.

It should be that the maximum magnetic flux densities that can be picked up by the three receivers
are slightly different as shown in Figures 3b, 4b and 5b. This is because the equivalent load impedance
reflected to the transmitter increases with the resonant frequency, which leads to the reduction of
magnetic flux and hence power transfer from the transmitter to the targeted receiver.
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Figure 3. Electromagnetic field analysis at resonant frequency of 60 kHz: (a) magnetic flux line
distribution; and (b) magnetic flux density distribution.
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Figure 5. Electromagnetic field analysis at resonant frequency of 140 kHz: (a) magnetic flux line

8 OO00E03
4 B429EB
4 2857E40
IWREBED
357T14E®D
32143Em
2B571E06
2 S000EG
2.1429E0
1.7857 ELG
1.4286E00
107 14ED
7 .14239E04
35714E04
00I0E+MD

x107

X

A
“‘\ N
ORI

TN

/IIIII],'l;O’ ‘ng /100

o

o
7 LR
i

Magnetic flux density (T)

200
Y-axis displacement (mm)

(b)

S 4
400/ >0
X-axis displacement (mm)

distribution; and (b) magnetic flux density distribution.

8of15

On top of the static selectability, the dynamic selectability of the proposed system is assessed
by sequentially selecting the three DC motors. Namely, the resonant frequency of the transmitter is
sequentially switched to 60 kHz, 100 kHz, and 140 kHz. Figure 6 shows the responses of transmitter
current, motor torque and motor speed of the three DC motors. It illustrates that the DC motors
can be selectively excited, which in turn generate the motor torque and accelerate to the rated

speed sequentially.

As mentioned above, the power transfer to the targeted receiver slightly decreases with the
increase of its resonant frequency, and vice versa, and the corresponding motor torque and speed vary

accordingly, as depicted in Figure 6. Thus, speed control is necessary to enable the selected motor
achieving the desired speed.

Transmitter current (A)

20 ' — 60kHz'
—— 100kHz
10 —— 140k[z
0
-10
-20 |
0 2 4 6 8 10 12
Time (s)
(@)

Figure 6. Cont.
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Figure 6. Dynamic selection of DC motors: (a) transmitter current; (b) motor torque; and
(c) motor speed.

4.2. Controllability of DC Motor

Once the resonant frequency of the transmitter is selected to perform WPT to the targeted receiver,
the motor torque and speed of the targeted DC motor can readily be regulated through the adjustment
of the operating frequency as shown in Figure 7. It can be observed that the motor torque and hence
the motor speed can achieve the maximum values at the point of resonant frequency; meanwhile, the
motor torque and speed can be regulated by varying the operating frequency. However, as depicted in
Figure 2, the power transmission efficiency will deteriorate significantly if the operating frequency
deviates from the resonant frequency.

Instead of performing the frequency control, the burst fire control is employed which can maintain
the operating frequency always equal to the resonant frequency. Thus, the speed regulation of the DC
motors can be performed while achieving the maximum transmission efficiency. It should be noted
that the burst fire control was not attractive for classical DC motor control because the control cycle
was relatively long and the control resolution was limited by a standard AC cycle. Fortunately, these
drawbacks are automatically solved in this wireless DC motor control because the resonant frequency
is so high that the transmission cycle and hence the control cycle are much shorter than that of the
natural time constant of DC motors and there are many transmission cycles within a control cycle to
enable high control resolution.

By applying the burst fire control to the proposed DC motor drive system, the control cycle is
set to embrace at most 50 transmission cycles. The resulting motor torque and speed at the resonant
frequencies of 60 kHz, 100 kHz and 140 kHz for the DC motor 1, 2 and 3, respectively, are plotted
against the duty ratio as shown in Figure 8. The results show that the speed of the targeted DC
motor can be regulated effectively within the speed range of 0-80 rpm. As aforementioned, the power
transfers from the transmitter to the receivers are slightly different. This burst fire control can also be
used to regulate this difference to enable the three DC motors achieving the same performance.
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Figure 7. Motor speed regulation by frequency control: (a) motor 1; (b) motor 2; and (c) motor 3.
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5. Experimental Results

For verification, the experimental setup of the proposed wireless DC motor drive system is
established as shown in Figure 9. In the test bed, it consists of the programmable function generator to
produce the desired AC waveform, the wideband power amplifier to produce the desired AC supply,
the current sensors to measure the motor currents, the speed sensors to measure the motor speeds,
the digital oscilloscope and PC to display various waveforms, the three DC motors, the transmitter
and the three receivers.

‘Receiver coils‘ ‘ DC motors ] ‘Function generator‘ ’?‘

|Transmitter coil | ‘Current sensors‘ ‘ Oscilloscope ‘ | Power amplifier

(@)

Receiver 1

Transmitter coil

(b)

Figure 9. Experimental setup of the proposed DC motor drive system: (a) test bed; and (b) transmitter
and receiver coils.

Firstly, the resonant frequency of the transmitter is set at 60 kHz, 100 kHz or 140 kHz, aiming
to perform WPT to the DC motor 1, 2 or 3, respectively. Key parameters of the DC motors are listed
as follows: the rated output power is 200 W, the rated speed is 500 rpm, the rated input voltage is
80 V, and the rated input current is 3.4 A. The operating frequency is tuned around the resonant
frequencies to assess the variation of WPT and hence the motor speed. Under the constant load torque
of near 1.5 Nm, the steady-state motor speeds of three DC motors are measured at different operating
frequencies as plotted in Figure 10. It confirms that each DC motor can be successfully selected by the
operating frequency, and there is no undesirable crosstalk between motors. Namely, only the targeted
DC motor picks up the power to accelerate to the desired speed whereas the other two motors cannot
pick up the power and keep standstill.

It can be observed that the resonant frequencies of the measured waveforms are not exactly equal
to the desired values, which are actually due to the tolerance of the capacitor values. Meanwhile,
the shapes of measured waveforms are not exactly sinusoidal and the deviation increases with the
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operating frequency. It is actually due to the parasitic inductances and capacitances, which are
becoming noticeable at higher operating frequencies. Nevertheless, these parameter tolerance and
parasitic components will not affect the selectivity of the targeted DC motor.
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Figure 10. Measured motor speeds at different operating frequencies: (a) motor 1; (b) motor 2; and

(c) motor 3.

Once the targeted motor has been energized selectively, the speed regulation is assessed
experimentally by using the burst fire control. Figure 11 shows the resulting waveforms when
DC motor 2 is excited and the burst fire control adopts the duty ratio of 60% with the control cycle
equal to 50 transmission cycles. It confirms that the burst fire control can work properly to regulate

the WPT.
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Furthermore, the speed regulation characteristics of three DC motors with respect to the variation
of duty ratios are plotted as shown in Figure 12. As expected, the motor speeds can be effectively

controlled while the power transmission efficiency can be maintained around the maximum values.
In the experiment, the power transmission efficiency is calculated by the measured wireless output
power (which is also the input power fed into the DC motor) over the measured wireless input power
(which is also the output power from the power amplifier). Nevertheless, it can be observed that the
measured efficiencies are somewhat lower than the theoretical values as shown in Figure 2b, especially
at the range of low duty ratios. It is actually due to the system imperfection such as the additional
resistance and voltage drop in the motor drive.
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Figure 12. Cont.
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Figure 12. Measured speed regulation characteristics using burst fire control: (a) motor 1; (b) motor 2;
and (c) motor 3.

Finally, it can be found that the experimental results well agree with the theoretical analysis and
the simulation results. It verifies that the proposed wireless DC motor drive system possesses the
advantages of selectivity and controllability.

6. Conclusions

In this paper, the wireless DC motor drive system has been proposed and implemented, which can
offer the unique features of selective driving and controllable speed. The keys are to utilize different
resonant frequencies to selectively transfer power to different DC motors, and to employ burst fire
control to perform speed control without sacrificing the power transmission efficiency. The proposed
system is particularly advantageous for those applications desiring direct drive without involving
power cables such as robotic manipulation in totally enclosed environment. Both finite element
analysis and experimental evaluation are given to verify the validity of the proposed wireless DC
motor drive system, especially the selectivity and controllability. In particular, the magnetic flux
density distributions for different targeted receivers have been assessed to illustrate the concept of
selectivity. According to the experimental results, under the burst fire control, the motor speeds
have been effectively regulated without the sacrifice of power transmission efficiency to illustrate the
concept of controllability.
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