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Modeling and Stability Enhancement Method of
Wireless Motor System Based on Damping
Reconstruction Control

Shuai Dong ““, Yuebo Chen

Abstract—The wireless motor system eliminates the electrical
connection between the power supply and the motor, ensuring high
reliability and low maintenance. However, the resonance between
the secondary side inductor and the dc-link capacitor, interacting
with the motor drive with negative impedance characteristics,
causes oscillation and instability in the dc-link voltage. This phe-
nomenon manifests as the control-to-output function having right-
half-plane poles. This article establishes an equivalent model of the
wireless motor system using the short-time Fourier transform and
analyzes the main factors affecting system stability. Additionally, a
control strategy for implementing damping reconstruction control
on the secondary side is proposed, aiming to improve system sta-
bility by equivalently increasing the secondary side coil internal re-
sistance, thereby efficiently decreasing the system’s reliance on dc-
link capacitor value. Simulation and experimental results validate
the effectiveness of the proposed damping reconstruction control
method. This article is accompanied by a video file demonstrating
the experimental operations under different operating conditions.

Index Terms—Active damping, motor drive, stability, wireless
power transfer.

NOMENCLATURE
Ly ¢ Primary side compensation inductance.
Cop Primary side parallel capacitance.
Cps Primary side series capacitance.
L, Primary side coil inductance.
L Secondary side coil inductance.
Cs Secondary side compensation capacitance.
M Magnetic coupler mutual inductance.
R, Primary side coil internal resistance.
Ry Secondary side coil internal resistance.
Cyac DC-link capacitance.
Ry, Motor load.
U; DC input voltage.
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Up Primary side inverter output voltage.
Us Secondary side rectifier input voltage.
Us_ind Secondary side coil induced voltage.
Udc DC-link voltage.
ip Primary side coil current.
s Secondary side coil current.
Irec Secondary side rectifier output current.
Is pk Secondary side coil current peak.
liny Motor inverter input current.
P Motor output power.
w Primary side switching angular frequency.
Wy System resonance angular frequency.
0 Primary side inverter phase shift Angle.
Subscript F' Fourier series for the corresponding variable.
Subscript 0 Steady-state value of the corresponding variable.

L, Equivalent inductance of the secondary side L;C;
series circuit.

Aw Difference between w and w;,.

is Re Real part of the first Fourier series of the secondary
side current.

is Im Imaginary part of the first Fourier series of the

secondary side current.

1. INTRODUCTION

HE wireless motor system represents an innovative in-
T tegration of wireless power transfer (WPT) and motor
drive systems. Unlike conventional motor drive methods, cou-
pling coils and compensation networks replace power cables
in supplying power to motor drivers. This approach benefits
from achieving electrical isolation between the power source
and the motor, avoiding damage caused by wire movement.
The wireless motor system demonstrates significant potential
in a range of applications, such as mobile platforms, electric
vehicles, pipeline valves, and robotic articulations [1], [2], [3],
[4].

Typical system setups often incorporate the use of superca-
pacitors or batteries to manage energy flow and stabilize voltage
[2], [S]. This approach notably contributes to an increase in the
system’s size, weight, and cost. Furthermore, these components
tend to have lifespan limitations due to environmental factors
like low temperatures and humidity. By eliminating the need for
batteries and integrating smaller film capacitors instead, these
issues can be effectively addressed.
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For example, this system can be used in patrol robots. By
eliminating the battery component and using smaller film ca-
pacitors, it is possible to solve the battery lifespan issue in harsh
environments. This adjustment leads to a solution that is not only
more efficient and reliable but also more cost-effective, with the
added advantage of reduced overall size.

However, under the influence of the motor controller, the
motor and driver can be equated to a constant power load
(CPL), exhibiting “negative impedance” characteristics, with the
driver’s input current decreasing as the dc-link voltage increases
[6], [7], [8]. The removal of the secondary-side battery compo-
nent results in a closer connection between the WPT system and
the motor drive system. When the output power increases due to
arisein speed or torque, this “negative impedance” characteristic
causes a reduction in the damping of the wireless motor system.
Insufficient system damping could lead to the presence of right-
half-plane (RHP) poles in its control-to-output transfer function,
thereby jeopardizing system stability. The resonance between
the secondary side inductor and the dc-link capacitor, interacting
with the motor drive with negative impedance characteristic,
causes oscillation and instability in the dc-link voltage. This
type of oscillation will severely affect the normal operation of the
system. Typically, passive damping circuits, such as RC parallel,
RL parallel, and RL series, are designed to enhance system
stability [9], [10]. However, this approach not only increases the
system’s size, cost, and losses but also reduces its bandwidth.

Researchers have delved into the application of active damp-
ing techniques as a means to enhance the stability of CPL
systems. This approach fundamentally aims to improve sys-
tem damping through various control measures, predominantly
including bus-side, source-side, and load-side controls. In
the bus-side control method, auxiliary circuits, like adaptive
active capacitors [11], supercapacitors [12], or power buffers
[13], are incorporated into the dc-link of the cascaded system to
emulate system damping or to inject compensating current, en-
suring the dc-link voltage remains stable. However, this method
increases the power consumption and complexity of the system.
Source-side control stabilizes the system by adjusting the output
impedance on the source side, either through widening the
control loop bandwidth of the source-side converter [14] or
employing virtual damping control [15], [16], thereby achieving
impedance matching. In [17], a virtual series RC damper was
designed in parallel with the source-side capacitor. By modify-
ing the voltage control signal of the source-side converter, the
system’s instability was overcome. A virtual negative inductor,
applied to the source-side converter as described in [18], effec-
tively counteracted the substantial line inductance, subsequently
improving system stability.

If the source-side circuit is challenging to control or uncon-
trollable, load-side control serves as an excellent substitute. This
technique involves altering the coefficients of the characteristic
equation or incorporating additional virtual damping, achieved
by channeling power or current signals into the load-side con-
trol circuit. RHP poles can be eliminated by directly adjusting
the system’s characteristic equation coefficients to meet stabil-
ity conditions. This ensures stable system operation. Primary
methods include reference current injection, reference voltage
injection, and small-signal polarity modification. The reference
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Wireless motor system topology.

current injection method injects the oscillation component of
the dc-link voltage into the current inner loop of the reduced
dc-link capacitance motor drive system, suppressing unstable
oscillations by dynamically modifying the current reference
value [19], [20]. However, if the oscillation frequency of the
dc-link voltage surpass the bandwidth of the current inner loop,
there may be a resultant decline in the response performance of
the current inner loop. The reference voltage injection method
injects the oscillation component of the dc-link voltage into the
motor’s voltage reference value [21], [22], [23], offering faster
dynamic response and greater robustness. In [24], the polarity
of the small-signal component of the dc-link voltage is altered
and injected into the dc-link voltage reference of the modulator.
This approach circumvents the need for dynamically acquiring
compensation factors contingent upon system parameters and
operational conditions, thereby solidifying system stability.

Furthermore, improving system stability can be achieved by
introducing additional virtual damping through load-side con-
trol. In [25], [26], and [27], the stability of the cascaded system
is ensured by connecting an adaptive virtual impedance at the
input of the load side. This approach enables adaptive adjust-
ment of the load-side input impedance for various source-side
converters. In [28], introducing a virtual capacitor in parallel
with the dc-link enhances system damping while simultaneously
reducing the actual dc-link capacitor’s physical size. In [29], a
virtual resistor is connected in parallel across the line inductor
in the motor drive system with a reduced dc-link capacitor.
By computing virtual current based on the voltage difference
between the grid and the dc link, and then injecting it into the
motor control loop, system stability is enhanced.

This article introduces a novel secondary side damping re-
construction control (DRC) method suitable for wireless motor
systems. It reconstructs the system’s damping by equivalently
increasing the secondary side coil internal resistance, addressing
the issue of wireless motor system instability when input voltage
decreases or output power increases. In Section II, the system
circuit is simplified, and the small-signal model of the wireless
motor system is established. In Section III, the system’s stability
conditions are provided, and the effects of various parameters
are analyzed. In Section IV, the DRC method is presented,
along with guidelines for designing the control parameters. In
Section V, simulation and experimental results are provided to
validate the effectiveness of the control method. Finally, Section
VI concludes this article.

II. MODELING ANALYSIS OF WIRELESS MOTOR SYSTEM

The topology of the wireless motor system is shown in Fig. 1.
The system comprises a dc power supply, a primary inverter, a
magnetic coupler with LCC-S compensation, a secondary recti-
fier, a dc-link capacitor, a three-phase inverter, and a permanent
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Fig. 2. Secondary side circuit. (a) Original circuit. (b) Equivalent circuit.

magnet synchronous motor (PMSM). The primary side of the
system employs the phase-shifting modulation strategy. Using
the phase of the output voltage of the primary inverter as the
reference phase, it can be expressed as

4U; .
up(t) = Tn cos 0 sin wt. (1)

If the output of the motor driver is strictly regulated, its instan-
taneous input power is constant within the regulation bandwidth
[30]. Therefore, from the perspective of the dc link, the motor
and driver as a whole behave as a CPL, which can be represented
as

Ry, = %, 2)

A. System Equivalent Circuit

Because the primary side of the system adopts the LCC topol-
ogy, when the dc input voltage Uy, is constant, the RMS value
I, of the primary side coil current remains constant. Therefore,
the expression of I}, can be obtained

Up
wLp ¢

I, = (3)

The uppercase letters U and [ represent the RMS value of
the corresponding ac voltage and current variable, respectively.
According to the phase relationship, the primary side coil current
i, can be expressed as

ip(t) = —V/2I, cos wt. “4)

Therefore, the secondary side coil induced voltage ug_i,q can
be expressed as

Us ind(t) = V2Uy inasinwt = V2wMI,sinwt.  (5)

On combining (1) and (3)—(5), Us_ina can be obtained as

Us ind = % cosf. (6)
- TLp ¢
The secondary circuit of the system is shown in Fig. 2(a). The
method in [31] is used to equivalent the secondary circuit and
the short-time Fourier transform is applied to various voltage
and current variables, yielding their Fourier series

{uF(t) = % ftt U T) It dr

e IwTdr

(7

_Tj;tT
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The derivative of the secondary current %is w(t) 1s
forlt) _ 4 [; /T is(T)ej‘”dr]
= — /_ {dzs jwis(T)] e YT dr
= “LL—F(” — jwisp(t). ®)

The derivative of the compensating capacitor voltage
d - 1cs r(f) can be obtained in the same way. Hence, the voltage
across Lg and the current through Cg can be expressed as

{uLsp(t) = L %er® 4 5oL iop(t)
isp(t) =

. 9
Csducd;tp“(t) + ]wCSUCsF( )

Consider Lg and Cg as a whole, and the Fourier series of the
voltage across them, u; r, is

urp(t) = ursp(t) + ucsr(t)

disF(t)

Sodt

+ jwlLgisp (t) + ucsr (t) (10)

The system’s switching frequency is much greater than the
disturbance frequency of the system input [31], i.e., w >>s|.
Let Aw = w - wy, then

uyp(s) _ (s + jw + jwy)(s + jw —jwr)L
isr(5) 5+ jw s
2 2
SRy
w
=sL, + jAwL,. (11)

As depicted in Fig. 2(b), the secondary side equivalent circuit
is derived based on (11). Consequently, the system is simpli-
fied and consists of equivalent inductance L,,, secondary side
coil resistance Rg, dc-link capacitor Cq4., and load Ry,. This
simplification aids in a straightforward analysis of the system’s
dynamics.

B. System Large-Signal Model
Based on Fig. 2(b), formulate the differential equation

dig
{Lw th = Us_indF

du, .
Cdc ;;F = lrecF —

- jAWLwisF - RsisF — UsF

(12)

Ude F

Retaining only the first-order component, a function f{f) with
period T can be expressed as

fit) = % + a1 coswt + ay s sin wt. (13)
Meanwhile, its first-order Fourier series is
V2 .
fr(t) = = (aic + jais) (14)

2
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where ag, ai., and a5 represent the DC component, first-order
cosine component, and first-order sine component of the func-
tion f{(r), respectively. The state variable is defined as

T = [212223] = [is_Rels TmUdc] (15)
and the control input variable is defined as
u = [0]. (16)
The rectifier’s input—output relationship is
Ug = 4 % Ude
U lek
a7

s 2. _ 2 /2 2 ’
brec = ;lS_Pk s Zs_Re + :Es_Im

Combining (6) and (12)—(17), the large-signal model of the
system’s secondary circuit can be obtained

dxy _ _ 4z
L,°7 = AwL,rs — R ™ i

dxzo 2v/2M Uy 4 xo
L, = =, " cosf + AwL,r1 — Rszo — = T3

deg 2, _ P
Cdc dt Wlsipk T3

(18)

C. System Small-Signal Model

The large signal model is nonlinear. To obtain a linear model
that is easy to analyze, a linearization method is used to perturb
state variables and control variables near the steady-state oper-
ating point. The state variable x and the control input variable
u are rewritten as their steady-state values plus some small
perturbations as follows:

T =X+2 19)

u=U-+1u (20)

where X and &, respectively, represent the steady-state value and
the disturbance value of the state variable, and U and @ represent
the steady-state and disturbance value of the input variables,
respectively.

Substituting (19)—(20) into (18) and linearizing with Taylor
expansion, the small-signal state-space expression of the system
can be derived

= Ax + Bu @
y=Cx
where
4X2X5 Rs  4X1X2X3 4X4
T ke Le w8 Lo + Aw Tis oo Lo
A= | 4X1XoXs A, AXEXs R 4Xy
Wis,pkoLw Wig,pkoLw L, Tis_pko L
22X _2Xp _P_
Tis_pko Clc Tis_pkoClc X3Cyc

B=(0 & 0)T c=0 0 1)
Gps = —NEIJ\iUm sin 6.

At steady-state, since the secondary side coil current is in
phase with the induced voltage, i.e., X; = 0, the matrix A can
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Fig. 3. Small-signal model of the wireless motor system.
be simplified to
Sugco Rs
—wrl, ~ 1o Aw 0
_ R, _ _4
A= —Aw —h L (22)
O TK'CdC ugc Cdc

The small-signal model of the system is shown in Fig. 3,
encompassing the imaginary part, the real part, and the dc
component. The control-to-output transfer function is

Go wac(s) = C(sE — A)'B. (23)

III. WIRELESS MOTOR SYSTEM STABILITY ANALYSIS

The state matrix A for the simplified model of the wireless
motor system is third order. Based on (23), the characteristic
equation of the system can be derived

a053 + a182 +ass+a3 =0 24)
where
Su2 2R, P
=1 _ dcO s
w=h o T pr, T, w2, O
8u(21C0 R? 8(1—m) 9 2P R
= — s _— A —-——,
=Pz T T Lo 0 T WLl
64u3., 8Rs(1 — ) PR? PAw?
az = < — 5 — .
ngLiCdc 7T2LZ,Cdc uﬁCOLiCdc uﬁCOC’dC

According to the Routh—Hurwitz criterion, for a third-order
system to be stable, each term’s coefficient should be positive
and meet

a1 -as > ap - as. 25)

It can be observed that the stability of the wireless motor
system is mainly related to the motor power, the frequency
deviation, the dc-link voltage, the equivalent inductance, the
dc-link capacitance, and the secondary side coil resistance.

A. Influence of Input Parameters

Fig. 4 illustrates increasing motor power negatively affects
the system’s stability. As motor power increases, an RHP pole
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Fig. 6. Frequency domain characteristics of the system when the equivalent
inductance change. (a) Bode plot. (b) Pole—zero plot.

pair starts to emerge in the system’s transfer function pole—zero
plot, which results in a consistent decrease in system stability.

Fig. 5 depicts the effects of the system’s operating frequency
and dc-link voltage on the dominant pole pair of the system.
As depicted in Fig. 5(a), an increase in the system’s detuning
level causes the dominant pole pair to shift to the left, indicating
an enhancement in system stability. When the system is fully
resonant, the dominant pole pair is situated at the extreme
right, signifying a low level of system stability. Fig. 5(b) shows
that an increase in dc-link voltage results in the leftward shift
of the system’s dominant pole pair, parallel to the real axis.
This denotes an improvement in system stability, whereas the
dynamic performance of the system remains largely unaffected.
Nevertheless, as the leftward shift of the dominant pole pair, the
influence of an increasing dc-link voltage on the position of the
dominant pole pair gradually decreases. Additionally, a higher
dc-link voltage may lead to increased switching losses in the
motor driver.

10655
100 «10° ‘
S50 50 \
o0 = x
E g4 *c
E; g ) xx L X Cye m(reasc
s Z0
o <, \
3 g x ‘,‘\ Cye m( rease
2 £ 4
£ @
= e E-6 . .
[ 10 25-20-15-10 -5 5 0 15 20 25
Frequency(Hz) Real Axis (seconds )
(a) (b)

Fig. 7. Frequency domain characteristics of the system when the DC-link
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B. Influence of Internal Parameters

Figs. 6-8 depict the Bode plot and the pole—zero plot, illustrat-
ing the effects of variations in the system’s internal parameters.
Fig. 6(a) demonstrates that as the equivalent inductance on
the secondary side increases, the system’s low-frequency gain
largely stays constant, whereas both the corner frequency and
crossover frequency decrease, leading to a narrower system
bandwidth. Fig. 6(b) illustrates that, as the equivalent inductance
increases, the dominant pole pair of the system shifts to the right
and moves toward the real axis. This leads to a decreasing phase
margin and reduced system stability.

Fig. 7(a) illustrates that as the dc-link capacitance increases,
both the corner frequency and crossover frequency decrease,
consequently reducing the system bandwidth. This indicates
enhanced capabilities to attenuate high-frequency input pertur-
bations. Fig. 7(b) depicts the dominant pole pair’s movement to
the left and toward the real axis, which indicates that an increase
in dc-link capacitance can enhance system stability, albeit at the
cost of the system’s dynamic response speed.

Fig. 8(a) illustrates that as the secondary side coil internal
resistance increases, the system’s low-frequency gain and corner
frequency remain constant, whereas the mid-frequency gain
progressively decreases, consequently leading to an increase in
system damping. Fig. 8(b) depicts the system’s dominant pole
pair gradually moving to the left and toward the real axis as the
secondary side coil internal resistance increases, which results
in improved system stability but a reduced system dynamic
response speed.

In WPT systems, excessive resistance results in significant
losses, thereby reducing the system’s transmission efficiency.
Therefore, it is generally recommended to keep the resistance
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Small amplitude adjustment of the secondary side coil internal resis-

7 Imaginary

Fig. 10.  Small-signal model of the system with a series virtual resistor.

within a small range. Fig. 9 shows the pole—zero plot as the
secondary side coil internal resistance slightly increases. The
dominant pole pair of the system is observed to shift leftward,
parallel to the real axis, in response to an increase in the internal
resistance of the secondary side coil. This indicates that the
stability of the system can be effectively improved by adjusting
the internal resistance of the secondary side coil in a small
range, and the dynamic performance of the system will not be
significantly affected.

IV. SECONDARY SIDE DAMPING RECONSTRUCTION CONTROL
STRATEGY

Increasing the secondary side coil internal resistance is equiv-
alent to adding a virtual resistance Rqamp in series with the
rectifier’s input, as illustrated in Fig. 10. Therefore, the control
block diagram of the system can be drawn as shown in Fig. 11(a),
where K represents the coupling relationship between the real
and imaginary parts of the secondary side coil current. K; is
expressed as

_ AwQLa
sLy + Rs + %R, + Ryamp

K (26)

Through equivalent transformation, the virtual resistor Rqamp
can be converted into the system damping current iqamp, as
shown in Fig. 11(b), where Kqam; represents the small-signal
gain from the dc-link voltage to the damping current. Ky, can
be expressed as

K, Co g R 27
damp — m damp - ( )
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Fig. 11.  Principle schematic of the control strategy. (a) Series virtual resis-
tance. (b) Damping reconfiguration control method.

Fig. 12.

Small-signal model of the DRC method.

As depicted in (27), Kqamp is characterized as a transfer
function correlated with the virtual resistance, which poses
challenges for practical control implementation. Nevertheless,
it is feasible to represent Kg.mp as a coefficient. Referring
to Fig. 11(b), the small-signal model for the DRC method is
explicated in Fig. 12. This leads to a transformation in the
differential equation of the small-signal model on the bus side,
articulated as follows:

C(dc% = lrec Ugio

: ﬁdc - Kdamp . ﬂdc- (28)

Notably, based on prior analysis, the stability of the system
improves as the level of frequency detuning increases. In WPT
systems, frequency detuning is generally undesirable, so satis-
fying the stability condition under no detuning, i.e., Aw = 0, is
enough to ensure the system’s stable operation.

When Aw = 0, the system’s state matrix A changes to

8uZ g R
~ 72PL,, Lo, 0 0
Ry 4
A= 0 N — (29)
O 2 P _ Kdamp
TCyqc u?ic() Clc Cue
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The characteristic equation of the system is

b082 +bis+by=0 30)
where
R, P — Kgmpu?
bo =1, b1=*—d—2pudcoa
Ly, Cdcudco
by — 8“3:;0 — m2PR. + WQuﬁcoKdampRS
Cchw

According to the Routh—Hurwitz criterion, the range of values
for Kqamp to ensure system stability is

P R.Cyc
Kdamp > w2 . L d
dcO w (31)
K L8
damp > “?1 o R.72

Fig. 13 shows the pole-zero plot of the system as Kqamp
increases. It can be observed that the DRC method can achieve
a system stability improvement effect similar to that of adjusting
the resistance. Typically, due to the low internal resistance of the
secondary side coil, if the first expression in (31) holds true, then
the second expression also holds true. Considering the parameter
uncertainty in real systems, the value of Kgamp should include
a certain margin, which can be expressed as

1.5P _ RCyc
u?icO LW .

Kdamp = (32)

Since motor power can be obtained by sampling speed and d-g
axis currents through internal sensors and calculated within the
controller, DRC parameter Kg,mp can be adjusted in real-time
based on motor power, ensuring the stability of the wireless
motor system across its entire operating range.

The system shown in Fig. 12 requires a controlled current
source in parallel on the dc link, which increases the complexity
of the system and is relatively challenging to implement. In
fact, the DRC method can be realized by improving the motor’s
control structure, as shown in Fig. 14. The following details the
implementation method. The input power of the motor can be
expressed as

P = ugc - tiny-

(33)

10657

0 Phase

Shifting

abc

Fig. 14.
sation.

Schematic diagram of the DRC method with g-axis voltage compen-

The damping power Pqamp, generated by the damping current
in the DRC method is

(34)

The disturbance component of the dc-link voltage can be
derived by calculating the difference between the actual and
the steady-state values, expressed as

Pdamp = Udc * idamp = Udc - Kdampudc-

Ude = Udge — Udeo = Ude — UmwQC’p_pM cos 0. (35)

In the framework of constant amplitude transformation syn-
chronous rotating coordinate system, the motor power can be
articulately represented through the voltage and current param-
eters associated with the g-axis and the d-axis as follows:

P=15 (uq “lg +ug iq) - (36)

Commonly, surface PMSMs adopt a control strategy with iy =
0 to ensure the stator current is minimized for the desired torque.
This approach reduces copper losses and enhances efficiency.
When disregarding motor and driver losses, the d-axis current
approaches zero when the steady state is reached. Therefore, it
can be inferred

(37

Combining (34), (35), and (37), the motor’s g-axis damping
voltage can be derived

Pdamp =15- iq * Uq_damp-

Ugc * Kdamp (Udc - l]inw20p_pM CcOS 9)
15iq '

At steady state, the small-signal component of the dc-link
voltage and the g-axis damping voltage are both zero. Therefore,
the DRC method reverts to the conventional motor control
approach, and the addition of the DRC method does not impact
the motor control system’s static performance.

The small-signal admittance model of the motor drive system
was modeled according to the method similar to that described in

Uq_damp = (38)
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Fig. 15.  Bode plot of the motor control system’s small-signal impedance Z,
for different values.
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Fig. 16. Influence of system parameters on resonator’s efficiency trends.
(a) Influence of load power on efficiency under varying M. (b) Influence of
load power on efficiency with varying L, .

[8]. The detailed derivation process can be found in Appendix I.
Fig. 15 shows the bode plot of the small-signal impedance model
Z,,, of the motor drive system for different K, values. At low
frequencies, the DRC method has minimal effect on the system’s
dynamic performance. At mid frequencies, increasing Kqamp
smoothens the resonance peak, indicating that higher damping
lessens the system’s sensitivity at resonant frequencies, thereby
improving stability. At high frequencies, as Kqamp increases, the
system’s impedance increases, indicating that the effect of high-
frequency voltage disturbances on the input current is mitigated.
Typically, the frequency of disturbances in the dc link voltage is
low, indicating that the DRC method has a slight impact on the
dynamic performance of the motor driving system.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

Simulations and experiments were conducted to validate the
aforementioned analysis and the proposed control method. Due
to the shortcomings such as the short lifespan and high fail-
ure rate of large-capacity electrolytic capacitors, this article
utilized a 60 pF film capacitor as the dc-link capacitor in the
wireless motor system. A trend graph depicting the influence
of system parameters on the resonator’s efficiency is presented
in Fig. 16. The detailed analysis procedure is shown in Ap-
pendix II. As shown in Fig. 16(a), when the load power is low,
the resonator’s efficiency is virtually identical under different
mutual inductances. However, as the load power increases, the
system’s efficiency declines with decreasing mutual inductance.
Therefore, increasing the mutual inductance M will help improve
the system’s efficiency. However, in WPT systems, M is mainly
affected by the transmission distance. In practical applications,
M is usually small. Therefore, 70 ©H was chosen as the mutual
inductance for the magnetic coil. From Fig. 16(b), it can be
observed that system efficiency increases with the increase of
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TABLE I
SYSTEM PARAMETERS

Parameters Value Parameters Value
L, . 50 uH M 70 uH
Cop 1.26 uF Cs 100 nF
Co s 250 nF R, 0.4 Q

L, 300 uH R 0.4 Q
L 600 uH Ce 60 uF

2110 2120
glgg 100
= =80
~ 10 ~ 10
< 0%* g O_W
10 ~-10
~ S[h ~ 5
E i
%

0.30 0.35 0.40 0.45  0.50 .30 0.35 0.40 0.45 0.50
Time(s) Time(s)
(2) (b)

Fig. 17.  Influence of parameters change on system stability. (a) Motor power
increases. (b) Input voltage decreases.

the compensation inductance L,, .. However, a larger L, . will
increase the system’s volume, which is disadvantageous for
power density. Consequently, a compromise of 50 pH was
chosen as the compensating inductance. On the other hand,
Lower operating frequencies are more conducive to tuning, and
the magnitude of the operating frequency does not impact the
main innovative points proposed in this article. After compre-
hensive consideration, 20 kHz has been selected as the operating
frequency for the system. The steady-state value of the system’s
dc-link voltage was set to 100 V. The inductances of the primary
and secondary coils are 300 H and 600 pH, respectively. Other
system parameters can be calculated from (AII6) in Appendix II,
as shown in Table I.

A. Simulation Analysis

The motor’s reference speed was set to 1000 r/min, and
simulations were conducted to assess the impact of output power
and input voltage changes on the system’s stability, as shown in
Fig. 17. From Fig. 17(a), the system’s output power is observed
to increase with the escalating motor load torque. The system
fails to meet stability conditions, exhibiting oscillations in the
dc-link voltage and fluctuations in the secondary side coil current
amplitude, indicating instability. Fig. 17(b) shows that when the
input voltage is high, the dc-link voltage is also high, allowing
the system to operate stably at high output power. As the input
voltage decreases, the dc-link voltage reduces, accompanied by
oscillations and fluctuations in the secondary side coil current
amplitude, leading to system instability.

To verify the effectiveness of the proposed DRC method,
simulation results are shown in Fig. 18. Without the DRC
method, the system fails to meet stability conditions. This results
in oscillations in the dc-link voltage and fluctuations in the
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Fig. 18.  Simulation result of the DRC method.
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Fig. 19.  Experimental platform.

secondary side coil current amplitude. Upon applying the DRC
method, the system’s damping is increased, and the dc-link
voltage quickly stabilizes. Low-frequency oscillations in the
dc-link voltage waveform and fluctuations in the secondary side
coil current amplitude are eliminated.

B. Experimental Verification

To further validate the effectiveness of the proposed DRC
method, a wireless motor system experimental platform was
established, as shown in Fig. 19. The system parameters were
the same as the simulation parameters, as shown in Table I.

The primary side input voltage of the wireless motor system
was 100V, provided by a programmable dc power supply. Phase
shift modulation was implemented by the digital signal pro-
cessor TMS320F28377. The rated power of the secondary-side
motor in the wireless motor system is 250 W, with a rated
torque of 2.4 N-m and a set speed of 1000 r/min. Its SVPWM
modulation was implemented by the digital signal processor
TMS320F8335, with a switching frequency of 10 kHz. The
system load torque was provided by a hysteresis brake, with
an output torque range of 0—4 N-m.

To verify the impact of the load power variation and the input
voltage change on system stability, Fig. 20 illustrates the ex-
perimental waveforms under two conditions: increasing output
power at a constant input voltage, and decreasing input voltage
while maintaining a constant output power. The waveforms,
from top to bottom, depict the primary side coil current, the
dc-link voltage, the secondary side coil current, and the motor
phase A current. As shown in Fig. 20(a), with the increase
in load torque, the system’s output power increases, whereas
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Fig.20. Experimental results on the impact of load power variation and input
voltage change on system stability. (a) Increase in load torque. (b) Decrease in
input voltage.

the primary side coil current remains essentially unchanged,
and both the secondary side coil current and motor current
amplitudes increase. Due to minor detuning and line resistance
in the actual system, the dc-link voltage drops when the load
torque increases, accompanied by more pronounced oscillations.
Fig. 20(b) illustrates that as the input voltage decreases, the
amplitude of the primary side coil current and dc-link voltage
also decreases. With constant output power, the motor current
amplitude remains unchanged, whereas the secondary side coil
current amplitude increases, leading to oscillations in the dc-link
voltage. These results indicate that the wireless motor system
becomes unstable with either a decrease in input voltage or an
increase in output power, manifesting oscillations in the dc-link
voltage, consistent with the simulation results shown in Fig. 17.
To validate the correctness of the stability conditions for the
wireless motor system, Fig. 21 presents experimental results
under three different load torque scenarios. Ignoring system
detuning, the stability condition (25) can be simplified as

R P
= — >0

Ly, Cdcuico (39)
8 P >0

Rom2 uZ o

Fig. 21(a) and (b) shows the experimental results for the motor
at a set speed of 1000 r/min with load torques of 0.4 N-m and
1.4 N-m, respectively. It can be calculated that the motor’s output
power in these two scenarios is 42 W and 147 W, respectively,
both satisfying the system’s stability condition (39). Thus, within
the system’s stability range, the amplitude of the secondary side
coil current escalates with an increase in output power, and the
dc-link voltage remains stable. When the system load torque
increases to 2.4 N-m, as shown in Fig. 21(c), the motor’s output
power reaches 251 W. As the system’s stability condition (39)
cannot be met, the dc-link voltage begins to exhibit oscilla-
tions with a peak-to-peak value of about 10 V. Meanwhile, the
amplitude of the secondary side coil current fluctuates in re-
sponse to the oscillations in the dc-link voltage.

To confirm the efficacy of the proposed control method,
Fig. 22 presents the experimental results of the DRC method
at a set speed of 1000 r/min and a load torque of 2.4 N-m.
Fig. 22(a) illustrates the response of the wireless motor system
after the implementation of the DRC method. The determination
of Kqamp can be achieved using the method outlined in Sec-
tion IV, with a value of 0.018 in this condition. It can be observed
that, upon applying the DRC method, the previous oscillations
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Fig. 21. Experimental results under three different load torque conditions. (a) 0.4 N-m load torque. (b) 1.4 N-m load torque. (c) 2.4 N-m load torque.
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Fig. 23.  Fourier analysis results of the motor stator current i, . (a) Without the

DRC method. (b) With the DRC method.

in the dc-link voltage quickly converge, and fluctuations in
the secondary side coil current vanish, transitioning the system
from an unstable to a stable state, in line with the simulation
results shown in Fig. 18. Fig. 22(b) and (c) depicts the system
waveforms without and with the DRC method, respectively.
Fig. 22(b) shows that without the DRC method, a low-frequency
component is superimposed on the switching ripple of the
dc-link voltage, oscillating at 534 Hz, which approximates the
resonant frequency of the secondary side equivalent inductance
L., and the dc-link capacitor Cq.. Fig. 22(c) indicates that with
the DRC method, the low-frequency component in the dc-link
voltage is eliminated, retaining only the high-frequency ripple
components generated by the secondary side rectifier and the
three-phase inverter. These results demonstrate that the proposed
DRC method can effectively suppress the oscillations in the
dc-link voltage in the wireless motor system when stability
conditions are not met, significantly enhancing system stability.

On the other hand, Fourier analysis was performed on the
motor phase A current i, data in the experimental results, as
shown in Fig. 23. It can be seen that the THD value of i, without

Experimental results of the proposed DRC method. (a) System response after the implementation of the DRC method. (b) System waveform without

7. [50A7div] W

13| 20V/div]
R AA A

l(“/\/dl\)

,(i A/(Ih)

WMM/

Fig.24. Experimental results with the load torque of 2.4 N-m and the DC-link
capacitance of 20 uF.

the DRC method is 4.50%, whereas with the DRC method, it is
4.19%, indicating that the DRC method can reduce the harmonic
content of i,. In addition, the high-frequency harmonics of
i, are primarily concentrated around the switching frequency
(10 kHz), and the introduction of the DRC method does not
affect the high-frequency harmonic content of i,.

To verity the effectiveness of the DRC method under different
dc-link capacitance conditions, Fig. 24 presents the experimental
results with a load torque of 2.4 N-m and a dc-link capacitance
set at 20 pF. It is observed that without the DRC method, the
system fails to meet the stability criteria, resulting in oscillations
in the dc-link voltage and the secondary side coil current. Due
to the reduction in the dc-link capacitance, the frequency of
these oscillations increased to 925 Hz, higher than the oscillation
frequency when the dc-link capacitance was 60 pF. The deter-
mination of Kq,mp can be achieved using the method outlined
in Section IV, with a value of 0.031 in this condition. It can be
seen that after implementing the DRC method, the oscillations
in both the dc-link voltage and the secondary side coil current
are effectively suppressed, indicating that the proposed DRC
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Fig. 25. Experimental waveforms for the motor speed increasing from 500 to
1000 r/min. (a) Without DRC method. (b) With DRC method.
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Fig.26.  Experimental waveforms for the motor torque increasing from 0.4 to
2.4 N-m. (a) Without DRC method. (b) With DRC method.

method can effectively reduce the demand for dc-link capaci-
tance in wireless motor systems.

To comprehensively validate the efficacy of the DRC method,
variable speed and torque experiments were added to contrast
the system responses in conditions with and without the DRC
strategy, as depicted in Figs. 25 and 26. Fig. 25 shows the system
response for a torque of 2.4 N-m, with speed increasing from
500 to 1000 r/min. It can be observed that, without the DRC
method, the system is stable at the 500 r/min condition. When
the speed increases to 1000 r/min, significant oscillations occur
in the dc-link voltage, and the system cannot stabilize. With the
introduction of the DRC method, stability is maintained at both
the 500 r/min and 1000 r/min conditions, without significant
compromise to the system’s dynamic characteristics. Fig. 26
presents the system response for a speed of 1000 r/min, with
torque increasing from 0.4 to 2.4 N-m. Similarly, without the
DRC method, the system is stable at the 0.4 N-m condition.
Upon increasing the torque to 2.4 N-m, significant oscillations
in the dc-link voltage occur, rendering the system unstable.
With the DRC method applied, the system remains stable at
both the 0.4 and 2.4 N-m conditions. The experimental results
thoroughly validate that the proposed DRC method effectively
addresses stability concerns in wireless motor systems under
unstable operational states.

The efficiency experiment of various components of the wire-
less motor system at a load power of 250 W is depicted in
Fig. 27. The efficiency from the power source to the secondary
dc-link nwp is 88.4%. The motor drive system’s efficiency
Nm 18 91.2%, and the overall efficiency of the wireless motor
system #sys is 80.62%. On the other hand, Fig. 28 presents the
efficiency of the WPT system and the wireless motor system,
with and without the DRC method. It can be observed that the
efficiency curves with the DRC method and without the DRC
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Fig. 28. Efficiency comparison with and without the DRC strategy.

method are nearly identical, suggesting that the proposed DRC
method has no impact on the efficiency of the wireless motor
system.

At present, the DRC method proposed in this article is mainly
applied in situations with low rotational speeds, such as inspec-
tion robots and industrial transport platforms, but cannot be ap-
plied in the motor’s constant power operating region. Subsequent
research will focus on the electric vehicle sector, investigating
the stability of wireless power systems in the constant power
operation region of motors.

VI. CONCLUSION

This article introduces a DRC method, designed to tackle in-
stability issues in wireless motor systems. These issues become
particularly pronounced under conditions of decreased input
voltage or increased output power. The circuit simplification
and modeling of the wireless motor system revealed that a
slight increase in the secondary side coil internal resistance
can significantly enhance the system’s stability without com-
promising its dynamic performance. To address the additional
power loss caused by the increase in resistance, the required
resistance is transformed into dc side damping current, thereby
equivalently enhancing the system’s damping. This method ef-
fectively improves system stability when it is difficult to ensure
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stability through parameter design methods, such as increasing
the capacitance value. Furthermore, this method can effectively
reduce the system’s demand for the dc-link capacitance values.
Simulation and experimental results demonstrate that the pro-
posed DRC method can effectively suppress the oscillations in
dc-link voltage caused by the system’s inability to meet stability
conditions when the input voltage is reduced or the output power
is increased, significantly enhancing the system’s stability.

APPENDIX I

The motor’s d-g axis voltage is represented as

U rs + sL —welL 1 0

d _ s + d eliq .d + (AIl)
Ug welg  rs+8Lg| |iq weth g
where uq, g, 1, iy, La, and Ly, respectively, represent the actual
voltage, current, and inductance on the d-g axis. w, is the motor’s
angular velocity, ry is the stator resistance, and 1)y is the flux of

the permanent magnet.
The small-signal components of the d-g axis voltage are

Uq s+ sLq —weLq %d
aq N welLq rs + SLq iq '
The relationship between the small-signal components of the

motor’s d-g axis voltage and the small-signal components of the
dc-link voltage can be expressed as

Ga| _ Ude |uqo n Ugref

ﬁ’q Udco [Uq0 aqref
where uqc, Udrer, and ugrer, respectively, represent the de-link
voltage, the reference value for d-axis voltage, and the reference
value for g-axis voltage.

Define the inner loop transfer functions for the d-g axis
currents as

(AI2)

(AI3)

Gq= Ky + %
(Al4)

Gy = Kpg + 2

S

with the DRC method applied, the reference values for the
motor’s d-q axis voltages become

G dldret

bl S - I L)
Ugref welq — Gq Z'q quqref + we'(/}f Uq_damp '

(AIS)

The small-signal model is as follows:

Udref o -Gy _WeLq %d Gd'zdref 0

. = A+ 4 + |- .
Ugref welg — Gq lq G a’qref Uq_damp

(Al6)
According to (47), the small-signal component of the g-axis
damping voltage is

Kdampuch N

llq_damp = - . Al7
tq_damp 1.5Zq0 td ( )

Assuming the current reference values are undisturbed, by
combining (AI2), (AI3), (Al6), and (AI7), it can be concluded
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Fig. 29.  Steady-state equivalent model of the wireless motor system.
that
2 N __Udo
2 Ud r<+sLa+Ga
o ‘ . (AI8)
{2 U Uqo+ Kaampg .o/ (1.5iq0)
q dcO
rs+sLg+Gy

On the other hand, ignoring losses, the input and output power
are equal

Udeling = 1.5(ugiaq + Uqiq) (AI9)

where ij,, represent the inverter input current. The small-signal
components of (AI9) are

Glaclingo + Udcoting = 1.5(Taido + Udoia + Tiqiqo + Uqoiq)-
(AT10)

Substituting (AI2) and (AI8) into (AI10) yields the small-
signal input admittance of the motor control system with the
DRC method as

-1 _ linv inv0
}/’fﬂ(s) - Z’rn (8) -~ T T
Udc Udco
n 3 udo

2
2 Udco

3 [ u
+5 ( el
2 \ g0

Udo + WeLdtiqo + sLatdao + tdoTs
rs + sLq + Gq

+ Kda.mp
1.5Zq0

y Uqo + WeLgido + sLgiqo + tqoTs
s+ sLq+ Gq '

(AIl1)

APPENDIX II

The steady-state equivalent model of the wireless motor sys-
temis shown in Fig. 29, where U,,, 11, I,,, Is, and Us, respectively,
represent the output voltage and output current of the primary
side inverter, primary coil current, secondary coil current, and
secondary rectifier input voltage. R, represents the equivalent
load of the motor load Ry, converted to the ac side

8 U2
R. = Ry, = —=. Alll
=7 (AILT)
Hence, the secondary current /g is
P
I, = —. AII2
A (AlI2)

Based on Fig. 29, the secondary impedance Zg, primary
impedance Z,, and input impedance Z;,, can be expressed as
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follows:
1
Zs = jwlLg + el + Re + Rs (AII3)
1 w2 M?
Z, = jwlL —+——+R All4
p=iulyt et Ty Ry (A
1
Zin = jwly ¢ + (AII5)

JwCy p+1/2Zy"
The resonance condition for the LCC-S compensation topol-
ogy is

JwLy ¢ + 5oe oo = 0
Jwlp + 5 c + ch,,p =0. (AII6)
jwLg + ch =0
Combining (AII3) and (AII6) yields
w?L? (R + R
|Zin| = pel ) (AII7)

RyRe + RyRs + w2M?

Therefore, the input current and input power of the resonator
are as follows:

Uy . RyRe+ R,Rs+ w?M?
I = Zin] P 212 (Re+ Ry) (AIIB)
2 2
Po = U1, — 2 ftefle * fplt £ 07 M (AII9)

P WPI2 (Re + Ry

According to Fig. 29, the primary coil current can be ex-
pressed as

1/jwCy U,
= = = . AII0
P 1/jwCp p + Zp wly ¢ ( )
Thus, the secondary coil induced voltage is
M
Usind =wMI, = &. (AIIl1)
_ Lpe
Simultaneously, it can be represented as
P
Us ina = Us + FRS' (AIl12)

Combining (AIl11) and (AIl12) yields two solutions
MU, \/M?2U2—-4L2 PR;
L. Ly

NI

Us_l
(AIl13)

—

MU, /M?UZ2-4L2 PR
US_2: (Lp+ prcp

The first solution in (AIl13) approaches zero, which is not
feasible. Hence, it can be derived as

\/M2 UZ — 412 PR,

1 [ MU
Ug= = P+ (AIL14)
2\ Ly Ly ¢
The input power of the resonator is
R,U2/P + R, Ry 2 M2
Po— U1, — 2 BUs /P T (AII15)

p 2L2 (UQ/P+R)
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The efficiency of the resonator is

_ 2B U2/P + Ry R, + w>M?

1 .
L2 (U2/P+Ry) 00%

Nres (All6)
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