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Abstract—This article proposes a novel control strategy con-
sidering the efficiency optimization and dynamic improvement
for dual-side LCC compensated wireless permanent magnet syn-
chronous motor (PMSM) system with variable dc-link voltage.
First, the dc-link voltage is added as a control variable to reduce
the losses of three-phase converter. According to the variable dc-
link voltage, the designing guidance about parameters of dual-
side LCC compensation networks is given. Moreover, an extended
state observer based voltage calculation method, robust to the
parameter mismatch, is designed to obtain the minimum dec-link
voltage reference required by PMSM system. A finite-control-set
model-free predictive control is proposed for regulating the dc-link
voltage to quickly track the reference. Furthermore, an adaptive
perturbation and observation method is presented to improve the
system efficiency, and the cooperative control principle of wireless
PMSM system is given. Finally, the capability of proposed strategy
is verified by experimental results.

Index Terms—Dynamic improvement, efficiency optimization,
model predictive control, variable dc-link voltage, wireless
permanent magnet synchronous motor (PMSM) system.

I. INTRODUCTION

IRELESS power transfer (WPT), as one of the most
W promising technologies, has been gradually applied to
many daily necessities and industrial products, including con-
sumer electronics [1], biomedical implants [2], electrical ve-
hicles (EVs) [3], underwater equipment, and so on, benefiting
from its advantages of convenience, safety, high robustness, and
long product lifespan. Recently, the concept of wireless motor
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system that ingeniously combining the WPT technology with
various motor drive systems has aroused widespread attention
from many scholars [4]. Different from the conventional motor
drive system, the power cable is replaced by the magnetic coupler
and the electric power can be transferred without any physical
contacts in the wireless motor system. Hence, the wireless motor
system is suitable for the harsh environments where the power
cables are prone to be damaged or difficult to connect. For the
in-wheel motors in EVs, the power cables are exposed to harsh
environments and damaged due to the long-term corrosion and
strong impact. The wireless-in wheel motor proposed in [5] and
[6] can completely avoid the issue of wire breakage to improve
the robustness of motor system. In the fields of high-speed rail-
ways, Kimetal. [7] designed a -MW WPT system-based power
supply system to replace the overhead lines and pantographs,
thereby increasing the reliability and maintenance the cost.
Moreover, the risk of cutting power and signal wires limits the
moving sphere of robots or robotic arms, and robots or robotic
arms [8] driven by wireless motor systems undoubtedly avoid
the wear and tear of wires. In piping networks, the combination
of mobile energy carrying EVs and in-pipe wireless motor drives
[9] can replace the large-scale underground power grid, so that
the risk of network paralysis is avoided and the system cost can
be significantly reduced.

Over several years, there are different types of wireless motor
systems being developed. Jiang et al. [10] proposed a S-S com-
pensated wireless dc motor system that separately controlling the
armature and field currents by the time-division multiplexing.
In [11], the wireless dc motor system with the bidirectional
motion capability is further developed. Fang et al. [12] presented
a wireless stepping motor system with four groups of coupling
coils. But the use of carbon brush can lead to the low lifespan of
the wireless motor system. Jiang et al. [13] proposed a novel S-S
compensated wireless switched reluctance motor (SRM) system,
where the one-to-three coil structure and two switch-controlled
capacitors are adopted to implement a tunable compensation
network. In [14], the LCC-S compensation network is used to
avoid the extra switch-controlled capacitors. In [15], a x-type
converter is further adopted to replace the structure of one-to-
three coil in the LCC-S compensated wireless SRM system.
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However, the wireless SRM system suffers from the large torque
ripples and noises. Moreover, the wireless single-phase shaded-
pole induction motor systems are developed in [9], [16], and
[17] as the wireless motor systems in pipeline transportations
and in-pipe robots. Jin et al. [18] designed a S-S compensated
wireless doubly-fed induction motor system for wind energy
conversion fields. However, the power density and efficiency of
induction motors are still limited.

Compared to different motors mentioned previously, perma-
nent magnet synchronous motors (PMSMs) have the irreplace-
able advantages of high torque density, high power density, and
high efficiency. Several literatures [19], [20], [21], [22] have
conducted research on the wireless PMSM system. In [19], the
S-S compensated wireless PMSM system is designed for the
application of in-wheel motor, where an extra buck—boost con-
verter is employed. Furthermore, the LCC-LCC compensated
PMSM system with matrix converter is presented in [20], where
the buck—boost converter and dc-link electrolytic capacitor can
be removed with the cost of the increased switching devices and
complexity. In [21], a S-S compensated wireless open-winding
PMSM system is subtly designed based on the one-two coil
structure to enhance the fault-tolerant ability. Huang et al.
[22] designed a novel three-phase six-stator-winding wireless
PMSM, which controls the PMSM directly by the primary-
side controller and avoids the use of secondary-side controller.
However, the increasing passive components can reduce the
efficiency and increase the system size. In addition, the guidance
and procedure of parameter tuning of wireless motor system are
not discussed in the abovementioned literatures. The improper
system parameters may result in that the motor cannot operate
under the rated working condition, or the low system efficiency
is obtained due to the excessive power redundancy.

Efficiency has always been one of the most important in-
dicators to evaluate wireless motor systems, but the strategies
about efficiency optimization of wireless motor systems are
rarely reported. In [19], the primary-side buck—boost converter
is added to achieve the impedance matching of wireless PMSM
system. However, the buck—boost converter will increase the size
and cost of system and lead to the extra losses. Different from
conventional PMSM systems, the dc-link voltage of wireless
motor system is adjustable, and it can be added as a new variable
to avoid the flux weakening control and reduce the converter
loss at light-load condition [23], [24]. Chen et al. [25] subtly de-
signed a perturbation observation (P&O) method-based dc-link
voltage adjustment strategy for wireless PMSM system to track
the maximum efficiency point, which is simple and naturally
model-free. However, the continuous perturbation may affect the
system stability and reduce the system efficiency. The passive
component tuning method achieves the efficiency optimization
by changing the values of passive components (inductance or
capacitance) in real-time. The impedance matching is generally
achieved through formula calculation method to adjust the phase
shift angle or duty cycle of converter. But formula calculation
method is based on ignoring the converter loss, and it depends
on the system parameters [26]. This makes the system difficult
to track the actual maximum efficiency point.
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Furthermore, unlike the load of resistor or battery, the fre-
quently varying working conditions of motors can lead to the
severe impact on the dc-link voltage [27]. Hence, the stable and
flexible dc-link voltage with fast dynamic is essential for wire-
less PMSM systems. In [19], the hysteresis control is adopted
in the secondary-side for the stable dc-link voltage, which does
not require any information from the primary-side. However,
the hysteresis control could cause fluctuations in the currents
and powers of wireless PMSM system. The S/P compensation
network is adopted to prevent the voltage drop for wireless
motor system in [25]. Chen et al. [27] proposed a feedforward
voltage boost control strategy to enhance the dc-link voltage
stability of wireless PMSM system. However, the dc-link voltage
control is implemented on the primary-side controller, where a
real-time fast wireless communication is necessary for the closed
loop. The common wireless communication devices, such as
Bluetooth, ZigBee, and Wi-Fi, have the long communication
delay of milliseconds [28], which may affect the stability of
dc-link voltage. The active rectifier or dc—dc converter added
in the secondary side. The dc—dc converter active or rectifier
on the secondary side can achieve the dc-link voltage without
fast communication. The feedforward control [30] of dc—dc
converter on the secondary side is presented to enhance the
dynamic response of WPT system. But the extra dc—dc convert-
ers and current sensors increase the cost and size of system. In
[31], a finite-control-set model predictive control (FCS-MPC)
is presented for dynamic improvement of voltage regulation.
Nevertheless, the control performance of MPC method depends
on system parameters and extra current sensors.

For a wireless PMSM system, the reasonable parameter tuning
principle, overall unit efficiency optimization, and fast tracking
and stability of dc-link voltage are worthy of in-depth research.
Aiming at the abovementioned issues, a novel control strategy
considering efficiency optimization and dynamic improvement
is proposed for the double-LCC-compensated wireless PMSM
system. Since the dc-link voltage is related to the converter
losses and voltage-limit constraint trajectory, the dc-link voltage
is adjusted dynamically to reduce the losses of three-phase
converter and avoid the flux weakening control. The minimum
dc-link voltage reference is obtained by adopting the proposed
extended state observer-based voltage calculation method (ESO-
VCM), which robust to the parameter mismatch. Moreover,
the capacity of wireless PMSM system varies with the dc-link
voltage, which increases the difficulty of designing system pa-
rameters. The parameter tuning principle of wireless PMSM
system with variable dc-link voltage is analyzed and given. For
the fast tracking of dc-link voltage to reference provided by
ESO-VCM, the finite-control-set model-free predictive control
(FCS-MFPC) is presented for the dc-link voltage closed-loop
control, where the accurate system parameters, extra sensors,
and wireless communication are unnecessary. An adaptive P&O
method with negligible steady-state perturbation is proposed to
further improve the system efficiency. The overall cooperative
control principle of the abovementioned methods for wireless
PMSM system with variable dc-link voltage is also introduced.
Only a slow wireless communication is needed to maintain the
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Fig. 1. Schematic diagram of double-LCC-compensated wireless PMSM

system.

Fig. 2.

Equivalent circuit of wireless PMSM system.

minimum power supply required by the system. Finally, the ef-
fectiveness of the proposed scheme is validated by experimental
results.

II. DOUBLE-LCC-COMPENSATED WIRELESS PMSM SYSTEM
A. System Configuration

The schematic diagram of double-LCC-compensated wire-
less PMSM system is shown in Fig. 1. The wireless PMSM
system consists of a H-bridge inverter, LCC-LCC compensa-
tion networks, an active rectifier, a three-phase inverter, and a
PMSM. In the primary side, the dc voltage is converted to the
ac voltage by the H-bridge inverter, so that the electric power
can be transferred from the primary side to the secondary side
through the double-LCC-compensated magnetic coupler. In the
secondary side, the voltage is converted to the dc-link voltage
for driving the motor system composed of a three-phase inverter
and a PMSM. Ultimately, the power cable can be avoided, and
the electric power can be converted to the mechanical power of
motor system wirelessly. Vi, and V. are the dc input voltage and
the dc-link voltage, I, and I, are the dc input current and the
dc-link current, L,; and L, are the self-inductances of primary
and secondary coils, and M denotes their mutual inductance.
Lyi, Lgi, Cpt, Cps, Cis, and Cyg; are the LCC-LCC compensation
network’ components. Cy denotes the filtering capacitor for the
dc-link voltage.

The equivalent circuit of the wireless PMSM system is shown
in Fig. 2. Due to the band-passing characteristic of LCC-LCC
compensation network, fundamental harmonic approximation
is generally used for ease of analysis. For the WPT system,
the load composed of three-phase inverter and PMSM can be
considered as a constant power load (CPL), which is equivalent
to an adjustable resistive load R ,,,,. The equivalent resistive load
Ry, can be represented as

Rim = Ve /P ey
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Waveforms of H-bridge inverter and active rectifier under the PSC

where P is the input power of the three-phase converter. Then,
the equivalent resistance of CPL is described as

Ry = 8Rpn/m*=8Vy [n* Py.. @)

It is obvious that the output power of the wireless motor
system is determined by the dc-link voltage and the motor
system’s input power. Hence, for the wireless PMSM system,
it is necessary to achieve the fast and robust regulation of the
dc-link voltage, rotor speed, and electromagnetic torque.

B. Basic Control Scheme of Wireless PMSM System

In the wireless PMSM system, both H-bridge inverter, active
rectifier and three-phase inverter require to be controlled jointly.
The phase shift control (PSC) [26] is adopted to achieve the con-
trol of H-bridge inverter and active rectifier for the stable dc-link
voltage regulation. Then, the dc-link voltage and space vector
pulsewidth modulation (SVPWM) are combined to generate the
driving signals for the three-phase inverter to drive the PMSM.

First, the main waveforms of H-bridge inverter and active
rectifier under the PSC control are shown in Fig. 3. ¢, and ¢y
are phase shift angles of V,,; and V; that are the output voltage
of H-bridge inverter and the input voltage of active rectifier,
respectively. 0 is the phase shift angle between V,; 1 and V; 1.
Vpi,1, and V; 1 are the fundamental components of V,,; and V;,
respectively, which are derived by the Fourier series expansion
as

Voia = 22V sin (£2) 20, Vi
s

2—ﬁvoth sin (%) /0. 3)

Assuming that the parameters of LCC-LCC compensation
network are symmetrical and the system is completely resonant,
the characteristics impedance of the system can be described as

“

- 1 _ 1
{wLm =wka = gon = 5o
1 1 1

_ _ B _ _
wey = won = Whot — gy = whst — ooy
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Schematic diagram of power loss distribution of wireless PMSM

Ignoring the resistance loss and adopting the Kirchhoff’s law,
the transmitted active and reactive power can be calculated by
o 8k /LP,LQ, .
Pou = RC{V%‘ 11*‘} = T2wlyiLa; Vin Ve sin (7)
sin(%*) sin (6)
Qout = Im{"/silj*‘} — SV lpilo ptLSt Vin Ve sin (77“)

m2wLhp; Lg;
sin (£2) cos (6)

where k denotes the coupling coefficient that satisfies k =
M /\/LpLs. The phase shift angle 6 is usually set to 90° for
the zero reactive power and maximum efficiency transmission.
Hence, the dc-link voltage Vg is controlled by regulating the
phase shift angles ¢, and ;.

After obtaining the stable dc-link voltage, the SVPWM
scheme is applied to control the three-phase inverter for driving
the PMSM. The mechanism of SVPWM in sector I is intuitively
illustrated in Fig. 4 , where a voltage vector V, is synthesized
by two adjacent vectors and adopted as the required phase
voltage for the PMSM. When the motor system is in the linear
modulation region, the control period is reasonably divided into
the action time of the nonzero vectors Uy and Uy, and the zero
vectors Uy and Uz, as shown in Fig. 4(b).

(&)

C. Power Loss of Wireless PMSM System

Efficiency has always been one of the most important indi-
cators to evaluate the wireless PMSM system. The schematic
diagram of power loss distribution of wireless PMSM system is
shown in Fig. 5. The total power loss P, of wireless PMSM sys-
tem mainly composed of the resistance loss of resonant networks
(Pres), and the conducting and switching losses of H-bridge
inverter, active rectifier and three-phase inverter (P, Prec, and
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P3_inv), and the copper and core losses of PMSM(P,,,,¢), which
is represented as

Ptot:Pres+Pinv+Prec+P3_inv+Pmot~ (6)
The resistance loss of resonant networks is described as

Pres = I2;Ryi + 12 Rgi + I Ry + 12, Ry (7

Moreover, the power losses of H-bridge inverter and active
rectifier can be expressed as

Pin'u - Pin'ufcon + Pinvfsw
Pree =

rec_con + PT’EC_SW

®

where Py con and Pre. con denote the conducting losses of
H-bridge inverter and active rectifier, and P, sw and Prec sw
denote their switching losses, which can be calculated by

=212 Rps + 2V2Vy 1, [1 — sin (pp/2)] /7
=212 Rps + 2V2VyL,; [1 —sin (¢, /2)] /7
M)
Irp
@)
Irp
)
where R pg is the equivalent on-state resistance, Vis the thresh-
old voltage, E;,, ox and Egy, opp are the turn ON and turn OFF
losses of MOSFET, Vi and I are the drain-source voltage and
current of MOSFET, Q pr and I g p are the reverse recovery charge

and the reference current of the diode.
The power loss of three-phase IGBT inverter is described as

(10)

Pinv_con

P’r‘ec con

Esw ontEsw o
P7,'rw _Sw 2\[‘/111[1"-](‘5 cos (‘/’P) <$ +
s Esw on Esw off
Prec_sw == 2\/§M)ut[sifs COS (75) (# +

PSJ'nv — PSinv?con + PSinv?sw

where P3iny_con and P3in,_sw denote the conducting and switch-
ing losses of three-phase inverter.

The switching and conducting losses of six IGBTs can be
expressed as

36Vacir fs
= TFV::”LTZ; (ESSw on t E3suw off)

P3’LT7,’L)78W
PSinv?con - GZL‘/cefsat (% + 3Dﬂ— COS(H ))

where f; is the switching frequency, E34, ox and Es gy, opp are
the turn ON and turn OFF losses of IGBT, iy, is the peak value
of the ac line current, Vs is the blocking state voltage of the
IGBT, iy is the on-state current, V. _sq¢ is the IGBT saturation
voltage drop at iL, D is the PWM duty cycle, and 6, is phase
angle between output voltage and current.

The power loss of PMSM can be expressed as

(11)

P?rLot:PCu+PFe

3
P, = iRszf

Pp. = Ki,Bywe + K.Bow; (12)

where P o, and P, are the copper and core losses, K, and K. are
the coefficients of hysteresis loss and excess loss, By, is the peak
value of the magnetic flux density, w, is the electrical angular
speed, and R, is the stator resistance.

As seen from (6)—(12), obviously, the power loss of wireless
PMSM system is affected by multiple factors. Improving the
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efficiency of wireless PMSM system from a control perspective
is necessary and not a simple matter.

III. DESIGN AND CONTROL OF WIRELESS PMSM SYSTEM
WITH VARIABLE DC-LINK VOLTAGE

A. Calculation of Variable DC-Link Voltage

From (10) and (11), it is obvious that the lower switching
frequency or dc-link voltage can lead to the lower loss of
three-phase inverter. To achieve the high-precision control of the
PMSM, the switching frequency of three-phase inverter cannot
be reduced to a low level. For the wireless PMSM system, the
dc-link voltage is adjustable and can be added as a new control
variable for improving the system efficiency and avoiding the
occurrence of overmodulation and flux weakening control.

The mathematical model of interior PMSM in the dg-axis can
be expressed as

{ud = Rgiqg + Ld% - weLqiq

. di . (13)
g = Ryiqg + Lg Gt + we(Laia + ©)

where ug4 and u, denote the d-axis and g-axis voltages, iy and
iy denote the d-axis and g-axis currents, L, and L, denote the
d-axis and g-axis inductances, and ¢ denotes the permanent
magnet flux linkage.

The electromagnetic torque 7, can be calculated as

3 . .
T. = §Pn [(pflq + (Ld — Lq) Zdlq] (14)
where P,, is the number of pole pairs.
In the steady state, did/dt = diq/dt = 0, yielding that
Ug ~ Ryfd — wequ’q (15)
Ug = Ryig + we(Laiq + @y).

Moreover, the maximum torque per ampere control, which
generates the required torque using the minimum current magni-
tude, is generally adopted to minimize the copper loss of PMSM.
Then,

. T + \/QD? +4(Lg — Lq)2i3
= 2(Lq— Ly)

The minimum required dc-link voltage of PMSM system can
be calculated by

(16)

‘/dc_min = \/§ X UZ + Ug

=3 x \/(Rsid —weLyiq)? + (Ryiq + weLaiq + weips)®.
a7

However, the formula calculation (FC) method using (16)
for the minimum dc-link voltage is based on the ideal model
of PMSM. The mismatched motor parameters induced by the
temperature variation and inductance saturation may lead to a
large calculation error of dc-link voltage. Calculation results of
FC method with different PM flux linkages are shown in Fig. 6,
where the superscript “—” denotes the parameters used in FC
method. Itis evident that the mismatched parameters could result
in the calculation error of tens of volts. The excessive dc-link
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Fig. 6. Calculation results of FC method with different PM flux linkages.

voltage could increase the loss of three-phase inverter, and the
insufficient dc-link voltage may result in the motor failing to
operate.

Aiming at that, an ESO-VCM is proposed. The voltage error
caused by nonideal factors can be estimated by ESO-VCM and
written as

€q =14 — i
%%d = Zlg (ud — Raid + Eqweiq + A’&d) + B1eq
4 Nig = LaBreq

(18)

€q =g — %q
%iq = %q (uq — Raiq — Edweid — WePF + Aﬂq) + ﬁlé“q
%Aﬁ,q = Lqﬁ2€d

(19)

where the superscript “” denotes the estimation value, €4 and
€4 are the estimated current errors, Auy and Au, are the dg-axis
voltage errors, and 37 and 35 are the adjustable gains in the
ESO-VCM. If 81 > 0 and 35 > 0, the Hurwitz stability criterion
is satisfied and the estimation errors can converge exponentially
to zero. Defining the coefficient w; as the observer bandwidth,
yielding

(20)

B = 2w, B2=wi

where w is the observer bandwidth.

The transfer function between estimated and actual voltage
errors can be represented as (21), and the corresponding bode
diagram with different w is shown in Fig. 7. It is obvious that
a large observer bandwidth corresponds to the fast convergence
rate. However, it also makes the observer sensitive to noise.
Considering the abovementioned factors, wq is set to 500 rad/s
in this article

Aﬁdﬂ w%

$2 4 2w s + w?’

2y

Gaq(s) = =
dq( ) Aud,q
After obtaining the estimated voltage errors, the minimum

required dc-link voltage can be calculated by

(Rsid — weiqiq + A’&d)Q + (Rsiq

V3 x T .
—&—weLdzd—l—we@f—kAuq) .

V;jc_min = (22)
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Fig. 8.

ence.

Schematic diagram of ESO-VCM for variable dc-link voltage refer-

Considering the frequently varying working conditions of
PMSM, a 5% margin is set for the dc-link voltage reference
and expressed as

Vvdcfref =km V;kf min (23)

where k,, (k,, = 1.05) is the margin factor. The schematic
diagram of ESO-VCM for variable dc-link voltage reference
is elaborated in Fig. 8.

B. Parameter Design of Wireless PMSM System With Variable
DC-Link Voltage

From (5), ignoring the loss of active rectifier, the transmitted
active power is approximately equal to the dc-link power, which
is proportional to the dc-link voltage. Hence, the first step should
be to determine the rough scope of variable dc-link voltage
Vidc_min by adopting the FC or ESO-VCM methods.

Moreover, the dc-link power also depends on parameters of
compensation networks. After determine the parameters of L,
and L,;, the parameters of Cp; and C,s can be calculated by
(4). Generally, the parameter and size of L,,; and Ly; is first set
according to users’ requirements. Defining the ratio of the coil
inductance and the compensation inductance as

&= Ly/Ly; = Lg /L. (24)
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Fig. 9. Variation trends of Pout_max and Pp,e. with different o and k.

Then, combining (5), (23), (24), Vac = Vdac_reps ¥p = ¥s =
180°, and € = 90°, the maximum dc-link power can be calculated
by

akVi,
P out max = T km Vvdcfmin X« k‘/;icfmim

pi

(25)

The variation trends of the maximum dc-link power Pyt max
and the mechanical power of PMSM P,,.. (=wTe/Py) with
different o and k are shown in Fig. 9. Under different speed
and torque conditions, on the premise of ensuring the required
dc-link voltage, the maximum dc-link power should be greater
than the mechanical power of the PMSM. A suitable margin
should be considered for the extra power loss, detuned parame-
ters, and coil misalignment, which can be achieved by adjusting
« for a certain range of k. As can be seen that the mismatched
capacity typically occurs in the conditions of high-speed and
heavy-load. Hence, the attention should be paid to the system
capacity under the rated conditions or higher power conditions.
Based on the above analysis, the flowchart of parameter design
of wireless PMSM system with variable dc-link voltage can be
summarized in Fig. 10.

C. Dynamic Improvement of Voltage Regulation Using
FCS-MFPC Method

For the rapid regulation of dc-link voltage, a simple dynamic
model of dc-link voltage based on the active rectifier is estab-
lished as [26]

Ve o 1 o 2Isirms\/i 1
7 _Cf (Is — Ig) = o 1 — cos (ps) o

fﬂ'

Ioul
(26)
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Fig. 10. Flowchart of parameter design of wireless PMSM system with
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where Ig;.ms 1S the rms value of I;.

To avoid the dependence of FCS-MPC controller on system
parameters and extra current sensors, the ultralocal model is
utilized to design the dc-link voltage controller. The ultralocal
model of a single-input single-out system is described as

d
ty =F+ anu 227)

d
where u and y are control and output variables, «,, is the non-
physical scaling factor designed by the users, and F represents
the known and unknown part of the system.

Then, the ultralocal model of dc-link voltage can be expressed
as

1 — cos (¢s) (28)
where o, = 2l;ms/mCy is the gain of the input value, F =
—Iout/Cy +Af denotes the total disturbance, and Af denotes the
unmodeled disturbance.

According to the ultralocal model (28) of dc-link voltage, an
ESO taking V. and F as state variables with the feedback of the
dc-link voltage error can be designed as

EVde = ‘/dc - V:ic

%Vdc = F + amy/1 = cos (ps) + Baevae

"
2 = —Bacvac

(29)

where B3 and 34 are the adjustable gains in the ESO for the
ultralocal model. Similar to (21), defining ws as the bandwidth
of ESO for the ultralocal model, 83 and (34 satisfy that 83 =
2wy and B4 = w3. To facilitate the design of FCS-MFPC, the
ultralocal model can be discretized as

{Vdc(k) - ‘A/dc(Ak) - ‘/dc(k)
Vie(k +1) = Vae(k) + T,
[F + (k) /T — 05 (9 (F)) — Baevae(k }

F(k+1) = F(k) — TpBacvac (k)
(30)
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where T, is the control period of FCS-MFPC and a,, (k) can be
further calculated as

2 4N2M Vi, ‘i <<pp(k)

m k) = Isim k) =
« ( ) Cfﬂ' 1 S( ) WQWLpiLsin 2

(€29)
Actually, even if o,,, (k) depends on the system parameters, the
model errors induced by model mismatch can be categorized
into the term of F'(k+ 1) and compensated. The dc input
voltage, primary-side phase shift angle and system parameters
can be set to constant values, so that the wireless communication
signals from primary-side controller can be avoided. Adopting
the typical two-step prediction scheme [32], the final ultralocal
model for the FCS-MFPC can be obtained as

Vac(k +2) = Vae(k) + T, [t (k) (VI = cos (0. (k)

/T~ cos (s (k + 1))) YR (k4 1)} .
(32)

Based on the prediction model in (32), a cost function is
designed to select the variation Ay (Ap = ps(k+1) — ps(k))
of the phase shift angle (; to regulate the dc-link voltage V4. to
reference Vy._rer and expressed as

J = (Vae(k +2) = Viae_res)? + a1 (Vae(k + 2) — Vae(k))*

(33)
where the cost function contains two terms and a; (a; > 0) is the
weighting factor of the second term. The first term is relevant to
the difference between predicted and reference voltages, which
plays a dominant role while the actual voltage is far away
from the reference. The second term takes effect as the actual
voltage approaches the reference, which takes charge of voltage
deviation reduction and disturbance suppression.

The control variable  is continuous in nature, which should
be discretized for the digital controller. Defining Af as the
minimum phase shift value that can be achieved in a digital
controller, and it can be calculated as

Af = 27Tfp/fc

where f, is the digital controller’s clock frequency. Hence, the

(34)

selection range of ¢, can be discretized into ny,, = (7/Af+1)
segments and expressed as
s €{0,Af,2Af,3Af, ..., 7}. (35)

The finite control set of Ap can be designed for the rolling
calculation as

AQP c {(7121)Af7 .
(36)

where n (nis odd and n > 3) denotes the number of elements of
finite control set, and O is the center of finite control set.

It is obvious that Af'is related to the dynamic response and
steady accuracy of FCS-MFPC. When the finite control set in
(32) is adopted for the rolling calculation, the dynamic response
is improved only by increasing the number of elements of
finite control set. However, this would undoubtedly increase
the computational burden of FCS-MFPC. Aiming at that, an

(n—DAf

L =AfOAf, L 5
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Fig. 11.  Flowchart of the proposed FCS-MFPC.

adaptive step-size A .4, is designed as

Vv _ { Vtm; Vtm < |Vdc_'r'ef - V:ic(k”
o |V;1c_ref - Vdc(k)‘7 |Vdc_ref - V:ic(k” < Vm
(37)
Aadp == (]- + ‘/err) : Af (38)

where V,,, denotes the saturation voltage error. A 4, varies with
the difference between Vg and Vg _rep. It increases as Vg
deviates from V. rep, and when Vg is regulated to Vac ref,
A 4ap is equal to Af.

Combining with the adaptive step-size, the finite control set
of A can be rewritten as

Ap €

-1 Aa -1 Aa
{—W,...,—Aadp,o,Aadp,...,W}
(39)

when the finite control set in (39) is adopted for the rolling
calculation, the fast dynamic response can be guaranteed with a
relatively small value of n, and n is set to 11 in this article. The
flowchart of the proposed FCS-MFPC is concluded in Fig. 11.

D. Efficiency Optimization Using Adaptive P&O Method

In Section III-C, the variable dc-link voltage with fast dynamic
response can be achieved by adopting ESO-VCM and FCS-
MFPC methods. On the premise of ensuring the stable dc-link
voltage, an advanced control strategy is crucial to adjust the
phase shift angle ¢,, for H-bridge inverter to reduce Pycs, Pino,
and P,.. From (7)—(9), itis difficult to obtain the optimized ¢, to
track the maximum efficiency point with such complex nonlinear
trigonometric function. However, the system output power and
voltage can be regarded as constant in the steady state. Hence,
the minimum system input power P;,, can indirectly be achieved
by adjusting ¢, to minimize the input current /j,,.

Based on the abovementioned analysis, an adaptive P&O
method is designed to obtain the optimal phase shift angle
¢p. The search process of the adaptive P&O method is shown
in Fig. 12, which consists of four parts: initialization, status
determination, generation of adaptive step-size, and perturbation
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Fig. 12.  Flowchart of the adaptive P&O method.

imposing. First, the dc input current /;,, is sampled, and the
variations (A, and Al,) of ¢, and I;,, and the current change
rate [, are calculated. I, ateq denotes the rated dc input current.
Second, a variable N is designed to record the direction of dis-
turbance. When the product of Al;,(k) and A, (k) is less than
0, N(k) is equal to 1; otherwise, N(k) is equal to —1. The system
state can be distinguished as tracking stage and oscillation stage
by detecting the sum of N in # number of consecutive periods,
which is expressed as

tracking stage
oscillation stage

-1
sum = ZN(k;—i) {<? (40)
i=0 '

where 7 is an integer not less than 3, and set to 5 in this article.
While the maximum efficiency point is not found (sum = 5)
or a significant load change occurs (I, > I;;,,,, where Iy, is the
threshold value designed by users), the system should be in the
tracking stage (flag = 0) with a large perturbation step-size for
the fast convergence. While the maximum efficiency point is
found (sum<5), this means the system enters the oscillation
stage(flag = 1), where the perturbation step-size should be small
enough to avoid impact on the system.

After determining the system stage, an adaptive perturbation
step-size A po is set as follows. For the tracking stage, a large
constant step-size A, 1S maintained to track the maximum
efficiency point quickly. For the oscillation stage, A p¢ is contin-
uously decreased by Agtcp, in each control period until it reaches
a small value of Ain. Anin 1S maintained by setting N(k) as
0 in response to a small load variation or external disturbance.
Although the oscillation still exists in the system, A, is so
small that the oscillation can be ignored.

Eventually, enter the perturbation imposing process. The sta-
ble dc-link voltage should be first ensured. Hence, while |V, (k)
- Vdcjef| > Viim, @p(k+1) should be increased by A po(k) to
provide the required output power, and N(k) is set to -N(k-1) so
that the continuous perturbation with small step-size of A3, can
be achieved within the required boundary of dc-link voltage. In
other cases, judging whether the product of Al (k) and Ag,(k)



3194

FCS-MFPC +ESO-VCM+ FOC control
High priority / Fast response Uy
Control period: 7,

Adaptive P&O method
Low priority / Slow response
Control period: 7,

idg iabe
l H 2

ESO-VCM

1 Extended state }
Stage !
determination

Impose
disturbance

Pp

OddN-SOd

H-bridge
inverter

&

Block diagram of overall control strategy of wireless PMSM system.

Fig. 13.

isless than 0. If so, ¢, (k+1) = ¢, (k) + A po(k). If not, p,(k+1)
= @p(k) — Apo(k).

E. Cooperative Control Principle of Wireless PMSM System

The cooperative control strategy of adaptive P&O method,
FCS-MFPC, ESO-VCM, and FOC control is illustrated in
Fig. 13. For the wireless PMSM system, the stable dc-link
voltage and the reliable operation of PMSM have the highest
priority. The dc-link voltage reference Vg s is generated by
the ESO-VCM, and a saturation function is added for the startup
of PMSM and anti-overvoltage of dc-link voltage. The dc-link
voltage is regulated by adopting the FCS-MFPC method in
real time to track quickly the variable dc-link voltage pro-
vided by ESO-VCM, so that the required dc-link voltage of
PMSM system can be guaranteed and robust. Moreover, the
FOC control is utilized to regulate the rotor speed and phase
currents of PMSM, and the drive signals of three-phase in-
verter is generated by combining the SVPWM scheme and
the variable dc-link voltage. FCS-MFPC, ESO-VCM, and FOC
control jointly serve the stable dc-link voltage and mechanical
output power P,,.. of PMSM, so they have the highest pri-
ority with the control period T),,. On the premise of ensuring
the stable dc-link voltage, the adaptive P&O method is im-
plemented with the control period T, (T, << T,) to slowly
adjust the phase shift angle ¢, to further improve the efficiency
of wireless PMSM system. Moreover, it is noted that only a
slow communication about the about dc-link voltage is required
by primary-side controller to maintain the minimum system
capacity.

V. EXPERIMENTAL RESULTS
A. Experimental Setup

The experimental platform of double-LCC-compensated
wireless PMSM system is established, as shown in Fig. 14 to test
the effectiveness of the proposed strategy. The circuit parameters
of wireless PMSM system are shown in Table I, and the control
parameters of the proposed control strategy are shown in Table II.
The coupled coils are made by the Litz wire composed of
300 varnished wires, and the air gap between the primary and
secondary coils is set to 7 cm. The SiC MOSFETs (SCH2080KE)
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Fig. 14. Experimental setup of wireless PMSM system.
TABLE I
CIRCUIT PARAMETERS OF WIRELESS PMSM SYSTEM

Parameter Value Parameter Value Parameter Value
Z 200 V Cy 134.8 nF C; 940 uF
Ve 80-250V Cy 135.0 nF R 0.93Q
Ly, 48.2 uH R, 62.6 mQ Ly 4.03 mH
Ly 49.5 uH Ry 60.1 mQ L, 6.24 mH
Ly 26.0 uH R, 37.4 mQ or 0.053 Wb
Ly 26.1 uH Ry 322 mQ P, 5
Cps 158.0 nF M 11.6 uH ny 3000 rpm
Cy 149.5nf /i 85 kHz Iy 42 A

where ny denotes the rated speed and Zy denotes the rated current of PMSM.

TABLE II
CONTROL PARAMETERS OF PROPOSED CONTROL STRATEGY

Parameter Value Parameter Value Parameter ~ Value
T, 100 us a 6 Anin 1.5°
n 11 > 1000 rad/s Viim 2V
W 500 rad/s t 5 L 05A
Af 0.204 ° Aconst 15° 100 ms
V. 30V Avep 15° i 20 ms

are adopted as switching devices for H-bridge inverter and
active rectifier, and the IGBT module (FSBB30CHO060) in the
three-phase converter is adopted to generate the stator voltage for
the PMSM. The DSP (TMS320F28335) is utilized as the digital
controller to implement the control strategy. The phase syn-
chronization of dual-side controllers is achieved by the method
reported in [32], and the slow communication of the dc-link
voltage is achieved by wireless communication RF module
(NRF24L01+). The system efficiency and loss distribution are
measured by the digital power meter (Yokogawa WT333E).

B. Verification of Proposed ESO-VCM for Variable DC-Link
Voltage

Experimental results about V. min acquired by FC method
and ESO-VCM with PM flux variation are shown in Fig. 15,
where the speed increases from 500 r/min and 2000 r/min
and the torque is 1.2 N-m. It is obvious that the minimum
required dc-link voltage Vgc min acquired by FC method is
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Fig. 15. Experimental results of FC method and ESO-VCM with PM flux
variation.

Minimum required de-
link voltage (V)

Fig. 16. Calculation result comparison of FC method and ESO-VCM under
different operating conditions.

significantly less than that of ESO-VCM, due to the mismatch
between parameters provided by the merchant and actual pa-
rameters. Moreover, the calculation result of FC method varies
with the system parameters. The mismatched parameters can
even lead to a calculation error of tens of volts. The ex-
cessive dc-link voltage can increase the converter loss, and
the insufficient dc-link voltage can cause the failure of mo-
tor operation. After adopting the ESO-VCM, the parameter
dependency can be overcome and the stable V. min can be
obtained.

Calculation result comparison of FC method and ESO-VCM
under different operating conditions is shown in Fig. 16. Calcu-
lation results of FC method utilizing parameters provided by
merchant are about 20-40 V lower than that of ESO-VCM.
Benefiting from the model-free characteristic of ESO-VCM,
it can be approximated that estimated results of ESO-VCM
correspond to the actual V¢ min acquired by PMSM. The range
of dc-link voltage reference can be decided by the calculation
results shown in Fig. 16. Considering a 5% margin, the range
of dc-link voltage within the rated working conditions is set to
80-250 V.

Experimental results of wireless PMSM system with variable
dc-link voltage using ESO-VCM are shown in Fig. 17, where
the speed is increased from 500 r/min to 3000 r/min under the
load of 1.2 N-m. The dc-link voltage reference increases with
the rotor speed of PMSM, and the dc-link voltage can track the
reference value from 80 to 202 V to ensure the stable operation
of PMSM.
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Fig. 18.  Experimental waveforms of compensation network and PMSM sys-

tem under the rated condition. (a) Vc_ref =250 V. (b) Vac_ref =218 V (acquired
by ESO-VCM). (¢) Vgc_ref = 218 V under the coil-misalignment (k = 0.205).

C. Capacity Verification of Wireless PMSM System

To test the capacity of the designed wireless PMSM system,
experimental waveforms of compensation network and PMSM
system under the rated condition are shown in Fig. 18, where the
PMSM operates at 3000 r/min under the load of 2.4 N-m. The
dc input voltage is 200 V and the phase shift angle ¢,, is set to
180°. In Fig. 18(a), where the upper boundary of dc-link voltage
reference is applied, the PMSM can operate steadily under the
rated condition and the phase shift angle ¢ is about 105°. The
output power of system can be further enhanced by increasing
s, which means the system has the sufficient capacity margin
for the stable operation of PMSM. Moreover, as illustrated in
Fig. 18(b), where the dc-link voltage reference is acquired by
ESO-VCM, the peak value of vy, is reduced to 218 V and the
phase shift angle ¢, is increased to 109°. The phase currents and
rotor speed are the same as that in Fig. 18(a). While ensuring
the required dc-link voltage for PMSM, the system still has the
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link voltage under speed variation using the following terms. (a) PI control.
(b) FCS-MFPC.
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Fig.20. Experimental results of wireless PMSM system with variable DC-link

voltage under the slow speed variation using the following terms. (a) PI control.
(b) FCS-MFPC.

sufficient capacity margin for meet the output power of PMSM.
Furthermore, experimental results about system capacity under
the horizontal coil-misalignment of 4 cm are shown in Fig. 18(c),
where M is decreased from 11.6 ©pHto 10.0 H and kis decreased
from 0.237 to 0.205. The peak value of v, is still 218 V and
the phase shift angle ¢, is increased to 131°. Under the coil-
misalignment, the capacity margin of wireless PMSM system is
still sufficient, which verifies the system capacity with designed
parameters listed in Table I.

D. DC-Link Voltage Regulation Verification of FCS-MFPC

To evaluate the capacity of the proposed FCS-MFPC method,
experimental results about dynamic response of wireless PMSM
system with constant dc-link voltage using PI control and FCS-
MFPC are first elaborated in Fig. 19, where the constant dc-link
voltage of 200 V is applied and AV, denotes the difference
between actual and reference values of dc-link voltage. During
the speed-up process, the phase current i, is increased to generate
the large electromagnetic torque, which would have an impact on
the bus voltage. It is obvious that the PI control suffers from the
large voltage fluctuation and long setting time during the speed-
up process due to its inherent linear characteristics. However,
for the proposed FCS-MFPC, the dc-link voltage Vg, presents
no significant variation.

Furthermore, experimental results of wireless PMSM system
with variable dc-link voltage under speed variation using PI
control and FCS-MFPC are shown in Figs. 19 and 20, where the
dc-link voltage reference is generated by ESO-VCM. As seen
from Fig. 20(a) and (b) that during the slow speed-up process,
both PI control and FCS-MFPC could ensure that the dc-link
voltage tracks the reference value produced by ESO-VCM well.
This indicates that the proposed FCS-MFPC has the steady-state

voltage under the rapid speed variation using the following terms. (a) PI control.
(b) FCS-MFPC.

control performance similar to that of PI control. However,
it is worth noting that the variable dc-link voltage reference
is generated jointly by the FOC of PMSM system and the
ESO-VCM, and the dc-link voltage is adjusted by the dc-link
voltage controller to track the variable voltage reference and
then applied to SVPWM scheme to serve the FOC of PMSM
system. This means that the dc-link voltage control and the
ESO-VCM for generating the variable dc-link voltage reference
are mutually coupled. As illustrated in Fig. 21(a), during the
rapid speed variation process under the load of 1.6 N-m, the
tracking error about de-link voltage of PI controller could further
disturb the dc-link voltage reference produced by ESO-VCM.
The interaction between tracking errors and reference errors
results in the maximum up to 12 V, and the reaches 162 V.
After adopting the proposed FCS-MFPC, benefiting from its
great dynamic response, the tracking error of dc-link voltage
is within +5.5 V and the dynamic dc-link voltage is limited in
157 V. To sum up, the steady-state and dynamic performance of
FCS-MFPC can be verified.

E. Efficiency Optimization Verification of Adaptive P&O
Method

Subsequently, another test is taken to further validate the
capacity of adaptive P&O method about efficiency optimization.
Experimental results of wireless PMSM system at 2000 r/min
with 1.2 N-m and at 3000 r/min with 1.2 N-m using adaptive
P&O method are illustrated in Fig. 22. As seen from that after
adopting the adaptive P&O method, the tracking stage and the
oscillation state can be distinguished successfully. In the tracking
stage, a large perturbation step-size of 15° is applied. While
the system enters the oscillation stage, the large perturbation
step-size is continuously decreased by 1.5° in each control period
until it reaches the small value of 1.5°. Hence, the inevitable
oscillation can be ignored due to the small perturbation step-size.
As shown in Fig. 22(a), the system input current can be reduced
from 1.80 to 1.64 A, which means the total system efficiency
can be enhanced from 69.8% to 76.6%. As shown in Fig. 22(b),
the system input current can be reduced from 2.56 to 2.46 A,
which indicates the total system efficiency can be enhanced from
73.6% to 76.6%. Hence, it can be proved that the proposed
adaptive P&O method is effective for the efficiency optimization
of wireless PMSM system.

In some special working conditions, as the phase shift angle
¢, decreases continuously, the dc-link voltage may continue
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Fig. 22.  Experimental results of wireless PMSM system using adaptive P&O

method. (a) At 2000 r/min with 1.2 N-m. (b) At 3000 r/min with 1.2 N-m.

to be less than the reference value for a while. In this paper,
while |Vac(k) = Vdc_refl > Viim, N(k) should be set to —N(k-
1) so that the continuous perturbation with small step-size of
Apin can be achieved within the required boundary of dc-link
voltage to avoid the system power fluctuation. Experimental
results of wireless PMSM system using adaptive P&O method
at 1000 r/min with 1.2 N-m are shown in Fig. 23. As shown in
Fig. 23(a), without N(k) = —N(k-1), after the system reaches the
minimum power boundary that maintains system operation, the
system capacity oscillates at this power boundary, so that the dc
input current, dc-link voltage, and rotor speed are continuously
disturbed. This indicates that the system cannot converge at the
minimum power boundary that maintains system operation. As
shown in Fig. 23(b), with performing the operation of N(k)
= —N(k-1), when enabling the adaptive P&O method with
the control period of 100 ms, after experiencing a significant
voltage drop, the oscillation stage with the small step-size of
1.5° is achieved within the required boundary of dc-link voltage
through a convergence of 1.3 s. The system input current is
reduced from 1.14 to 0.89 A, which manifests the total system
efficiency is enhanced from 55.1% to 70.5%. Benefiting from
the dc-link voltage controller with fast dynamic response, the
control frequency of adaptive P&O method can be further in-
creased to enhance the convergence rate and reduce the drop
of dc-link voltage. As shown in Fig. 23(c), where the control
period T is shortened to 20 ms, there is no significant voltage
drop observed, and the step-size in the oscillation stage can be
decreased from 15° to 1.5° through a convergence process of
0.18 s. Furthermore, experimental results under the horizontal
coil-misalignment of 4 cm are given in Fig. 18(d). Under the
coil-misalignment, the system efficiency is slightly decreased.
After enabling the adaptive P&O method, the system input
current is reduced from 1.17 to 0.93 A, and the total system
efficiency is enhanced from 53.6% to 67.5%. Therefore, the
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Fig. 23.  Experimental results of wireless PMSM system using adaptive P&O
method at 1000 r/min with 1.2 N-m. (a) Without N(k) = —N(k-1) and with T, =
100 ms (b) with N(k) = —N(k-1) and T, = 100 ms (c) with N(k) = —N(k-1) and T,
=20 ms. (d) With N(k) = —N(k-1) and T» = 20 ms under the coil-misalignment
(k= 0.205).

effectiveness of adaptive P&O method can be further verified.
On the other hand, it is suggested that a relatively high control
frequency of adaptive P&O method should be selected on the
premise of ensuring the stability of dc-link voltage.

F. Efficiency Analysis of Proposed Wireless PMSM System

Power loss distributions of wireless PMSM system with dif-
ferent control strategies at 2000 r/min with 1.2 N-m and at
3000 r/min with 1.2 N-m are illustrated in Fig. 24, respectively.
In the basic control method, the constant dc-link voltage is
adopted and set to 250 V for the stable operation of the system.
For the variable V4. method, the dc-link voltage reference is
variable and obtained by the ESO-VSM. The “variable Vg, +
adaptive P&O” method represents the combination of variable
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Fig. 24.  Power loss distributions of wireless PMSM system with different

control strategies. (a) At 2000 r/min with 1.2 N-m. (b) At 3000 r/min with
1.2N-m.

V4 method and adaptive P&O method. As shown in Fig. 24, the
sum of P3_;,, and P,,,; with variable V4. method is significantly
less than that with basic control method, and the sum of P;,,,,
P,cs, and P, in these two methods is close. The power loss
of PMSM can be reduced from 67.1 W to 39.5 W while the
motor operates at 2000 r/min with 1.2 N-m, and from 69.0 W to
54.0 W while the motor operates at 3000 r/min with 1.2 N-m.
Due to the use of SVPWM, the power loss of PMSM can be
approximated as consistent for the constant and variable Vg
conditions. Therefore, it can be concluded that the variable V4.
leads to the smaller power loss of three-phase inverter, thereby
improving the system efficiency to a certain extent. Further, by
adopting the “variable V4. + adaptive P&O” method, the sum
of Pipy, Pres, and P,.. can be further optimized and reduced
from about 70 W to about 37 W while the motor operates at
2000 r/min with 1.2 N-m, and from about 80 W to about 61 W
while the motor operates at 3000 r/min with 1.2 N-m.

The comparison of the total system efficiency of wireless
PMSM system with different control strategies under different
operating conditions is illustrated in Fig. 25. The total system
was calculated as the ratio of the mechanical output power of
PMSM and the dc input system power. It is obvious that the
introduction of variable dc-link bus voltage can improve the
system efficiency to a certain extent, especially for the low-speed
domain. After combining the variable dc-link bus voltage and
adaptive P&O method, the total system efficiency can be further
markedly improved, especially for the light-and-medium load.
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Fig. 25. Total system efficiency comparison of wireless PMSM system with
different control strategies under different operating conditions.

The total system efficiency maintains over about 60% within the
wide speed range, and the maximum system efficiency can reach
about 80% under the working condition of high-speed and heavy
load. To sum up, the effectiveness about efficiency optimization
of proposed strategy can be verified.

V. CONCLUSION

In this article, a novel control scheme is proposed to achieve
the efficiency optimization and dynamic improvement for wire-
less PMSM system with variable dc-link voltage. This article’s
conclusions and contributions are summarized as follows.

1) The operating mechanism of wireless PMSM system with
the variable dc-link voltage is introduced in detail, and the
corresponding design principles of parameters are given.

2) The ESO-VCM is deigned to obtain the minimum dc-link
voltage reference, which can support the stable operation
of the motor. The calculation result is robust to the param-
eter variations of PMSM.

3) The regulation of dc-link voltage with fast response is
achieved by adopting the proposed FCS-MFPC, so that
the dc-link voltage can quickly track the voltage reference
generated by ESO-VCM. Moreover, FCS-MFPC does not
rely on system parameters and extra sensors.

4) On the premise of ensuring the stable dc-link voltage, the
adaptive P&O method is presented to slowly search for
the optimal system efficiency point, so that the system
efficiency can be further improved. Furthermore, the co-
operative control principle of the above methods is given.
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