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ABSTRACT A passivity-based control strategy for movable multi-load inductively coupled power transfer
(ICPT) system based on PCHD (Port-Controlled Hamiltonian Dissipation, PCHD) model is proposed, which
can effectively suppress mutual inductance and load interference. During the movement of the secondary coil
of the movable multi-load ICPT system, due to the change of mutual inductance and the randomness of the
multi-load, it will cause the transmission power and efficiency to oscillate and generate harmonics. Firstly,
in view of the above problems, this paper analyzes the ICPT system under movable multiple loads. The DQ
transformation method was used to establish the large-signal mathematical model of the system, and PCHD
mathematical model in the DQ domain was established to decouple the active and reactive power. Secondly,
the passivity-based controller (PBC) is designed by using the principle of interconnection and damping
assignment passivity-based control (IDA-PBC). After that, the second method of Lyapunov function is
used for stability analysis, and further verifies the asymptotic stability of the closed-loop system. Finally,
the proposed method was verified by MATLAB/Simulink simulation. The simulation results show that the
passivity-based controller has stronger robustness in both steady and movable states compared with the PI
controller, which effectively suppresses the oscillation and total harmonic distortion caused by the change
of mutual inductances and the randomness of the loads.

INDEX TERMS Movable multi-load ICPT system, PCHD model, IDA-PBC, passivity-based controller, PI

controller, robustness.

I. INTRODUCTION

The movable multi-load ICPT system is a kind of power
supply method based on the principle of electromagnetic
induction. The power supply method uses long-rail coils or
segmented coils to excite electrical energy on the primary
side and uses multiple pickup coils to obtain electricity on
the secondary side for high-power loads. It is widely used in
dynamic power supply of high-power loads, such as dynamic
wireless charging of multiple new energy electric vehicles,
multiple movable manned sightseeing vehicles and contact-
less traction power supply of rail transit.

The associate editor coordinating the review of this manuscript and

approving it for publication was Dazhong Ma

100810

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

However, due to the complex characteristics of ICPT
system, e.g., high-order, nonlinear, uncertain, multimodal,
autonomous oscillation, etc., [1], it is necessary to use appro-
priate control methods to ensure the system with high robust
stability for power supply of high-power loads. In [2], a
five-level high- frequency cascaded inverter is proposed to
replace the traditional full-bridge inverter, which improved
the system power by increasing the capacity of the inverter.
At the same time, the influence of the system parameter
perturbation on the stability of the system is also considered.
According to the Ho and p synthesis robust control method
designed in [3]-[6], the multivariable tracking robust control
without static error is realized, which restrained the frequency
perturbation and loads change to a certain extent. In [7], an
Hoo controller is designed to deal with the problem of external
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disturbance and load uncertainty in the relay ICPT system.
Since the misalignment of the coils in ICPT systems can
result in fluctuation in power transmission or even instabil-
ity of the ICPT systems, a w-controller based on structured
singular value (SSV) given in [8] is used to set up a closed-
loop system to obtain robust control for ICPT system with
coil misalignment.

Since the closed-loop control systems can obtain system
stability and have good performance, the proportion and
integration (PI) controllers are the most common ones used
to establish closed-loop systems in industrial applications. In
[9], a closed-loop PI controller system achieves good tracking
performance without overshoot. However, for an ICPT sys-
tem consisting of inverters, rectifiers, resonant and magnetic
coupling units, is considered to be a system with high-order
and nonlinearity, it is difficult to determine the parameter of
the PI controllers. The PI controller needs to readjust the con-
trol parameters once the system parameters change and thus
exhibited with poor stability and convergence performance,
with an apparent overshoot. Moreover, the PI controller is
not robust enough to eliminate the negative impact caused
by parametric uncertainties,e.g., perturbation of the coupling
coefficient k [6].

The above control methods have both advantages and
disadvantages in terms of external disturbance, dynamic
response, robustness against parameter changes, steady-state
error and stability of the control circuit. The disadvantage is
that all these methods do not consider the energy dissipation
characteristics of the ICPT system. The energy dissipation
properties play an important role in designing a control
strategy for achieving global asymptotic stability, command
tracking and strong robustness.

The passivity-based control (PBC) method is based on
energy shaping and damping injection idea by using the
energy dissipation properties of the system under certain
considerations [10], [11]. The mathematical model of the
PBC theory relies on the precise mathematical model of
the research objects and the positive definite calculation
of parameters to a great extent. This control strategy can
effectively make up for a series of problems such as inac-
curate parameter setting and poor robust stability in the PI
controller [12]. Moreover, the interconnection and damp-
ing assignment passivity-based control (IDA-PBC) method
allow designing high-performance nonlinear controllers for
systems described by port-controlled Hamiltonian with dissi-
pation models (PCHD) [13]. The Hamiltonian function rep-
resents, commonly, the physical system energy and can be
regarded as the Lyapunov function. Given these advantages,
the PBC method has recently attracted considerable attention
in the field of electrical engineering [14]-[25].

Furthermore, the classical IDA-PBC method is proposed
in [14]-[16] to ensure the regulation of inverters, it is illus-
trated that this method achieves satisfactory regulation perfor-
mances. More specifically, PWM converter with LCL-filter
[17] and multi paralleled VSCs with LCL filters [18], shunt
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active power filter [19] and type 2 STATCOM systems [20],
AC/DC converters [21], distributed generation sources which
are integrated to the power grid [22], the superconductor mag-
netic energy storage (SMES) [23], the mechanical systems
[24] and electrical energy storage systems [25]. Although
the PBC method has been successfully applied to the power
electronics. For the sake of my knowledge, this metholodgy
was not applied before to this ICPT systems. Therefore, it is
important to study the PBC method of ICPT systems.

The significant contribution of this study is the possibility
to suppress the oscillations of the transmission power and
efficiency and the harmonics of the power in the ICPT system
under the change of mutual inductance parameters and the
randomness of the loads. Firstly, a second-order generalized
integrator-quadrature signals generator (SOGI-QSG) can be
used to construct the two-phase orthogonal vectors. Corre-
spondingly, the large-signal mathematical models and PCHD
models of the ICPT system are established. Secondly, accord-
ing to the IDA-PBC method, the passivity-based controller
of the ICPT system based on the PCHD model is designed.
Then, the passive stability of the controller is analyzed
according to the ‘““second method” of Lyapunov. Finally,
simulations implemented on MATLAB/Simulink are used to
compare and analyze the performance of the passivity-based
controller and the PI controller.

Il. ANALYSIS OF THE WORKING PRINCIPLE OF
MOVABLE MULTI-LOAD ICPT SYSTEM

The movable multi-load ICPT system is shown in Fig. 1.
The DC voltage and current are Ugcq, Ugcr and iger, ide2,
respectively. up, i1 is the fundamental wave components of
the output voltage and current of the cascaded inverter, i, and
is are the currency of the primary and secondary coils, respec-
tively. To ensure the system can sustain constant current on
the primary side and constant voltage output on the secondary
side, an LCL-S resonance compensation network can be
selected once the load changes [26]. L1, Cp and L, constitute
an LCL primary resonance compensation network, L is the
resonant inductance, Cy, is the resonant compensation capac-
itor, Ly is the equivalent inductance of the transmitting coil.
The equivalent inductance of the secondary pickup coils 1, 2
can be represented using Lg; and Lg>. M| and M, are mutual
inductance of the coupling mechanism of the transmitting coil
Ly, and the pickup coils Ly; and Lg;. Cs1, Cs2, Ls1 and Ly
composes an LC-type resonance network. M is the mutual
inductance between the pickup coils Lg; and Lg,. Ry and Ry 2
are equivalent resistance loads of the system, respectively.
The cascaded inverter can invert the DC power into high-
frequency AC power. After LCL resonance compensation, the
high frequency alternating magnetic field will excite the high
frequency alternating magnetic field in the transmitting coil
L. According to the principle of electromagnetic induction,
the load can obtain the same frequency of energy as the
primary side.
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FIGURE 1. The circuit of movable multi-load ICPT system.

Once the ICPT system supplies power for loads, the
switching state of the cascaded inverters in different ways will
generate five different voltage levels, i.e., 2Uq4c, Uqc, 0, —Uqgc
and —2Uq.. According to the switching state of the cascaded
inverter, the binary logic switching functions of the left and
right bridge arm can be set to Sj, and S (i = 1, 2). Finally,
the relationship between the values of Ugc;, u1i, iqci, i1 and the
switch functions S;; and Sj, is shown in Table 1.

TABLE 1. The logical relationship between the voltage, the current and
the switching function.

Sia Sw idci uii
0 0 0 0
0 1 -0 -Udci
1 0 i Udei
1 1 0 0

As can be seen from Table 1, the functional relationship
between the output level of the inverter and the switching state
can be summarised into the following formula.

2
=) (Sia — Sio)Udei
= (1)
idei = Y (Sia — Siv)i1
i=1
The Fourier transform of the switching function Sy (k = a,

b, i = 1, 2) shown in the above formula (1) is obtained.

o0 .
2 sin(nd; t
di+ 3 (-2 ’k:j)TCOS(nws)

Sik = ()

n=1

where, djx is the mean value or duty cycle of the switching
functions of the left and right bridge arms of the i-th unit,
ws = 27fs is the angular frequency of the modulation wave.

The paper uses a high-frequency cascade inverter, which
can be modulated by single-frequency carrier phase shift
sinusoidal pulse width modulation (CPS-SPWM) [27]. Since
the SPWM carrier frequency of the inverter is much higher
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than the frequency of the modulation wave, the harmonic term
of Sjx in (2) can be omitted, so there is Sjz ~ dj;. Then, the
above formula (1) can be simplified as

b.tl ~ (dia — dib)l{dci 3)
idei = (dia — dip)iy
Ideally, let
L m .
din = 3 + X sin(wgt)
1 4
div = = + 2 Gin(wgt — 180°)
ib ) ) S

where, mj; is the modulation ratio (m; = 0.8 [28]), which can
satisfy 0 < m; < 1.

Finally, let the DC voltage be Ugc; = Ugez = Ugc, the
mathematical model of the five-level cascaded inverter can
be obtained when combining the conditions that can satisfy
(1), (2), (3) and (4), as shown in (5).

uy = 2m;Ugc sin(wgt) )

ige = 2mjiy sin(wst)

lll. MATHEMATICAL MODEL OF MOVABLE MULTI-LOAD
ICPT SYSTEM

From the decoupled equivalent circuit of the LCL-S movable
multi-load ICPT system given in Fig.2, the following assump-
tions can be made:

(1) The transmitting coil is a type of long straight track,
and the magnetic field is evenly distributed.

(2) The distance between two pickup coils is very close,
and the mutual inductance between them cannot be ignored,
denoted as M.

(3) The internal resistance Ry, Rp, Rs1, Ry of all coupling
coils in the system should be considered comprehensively.

> YN > AN _m_‘:._”_
JI Lo L L Lp + ‘:Sl L, R, C,
R — jwM,i wM,i (IR
s ](.d 1 L1
/ L >< - ]l'u'}MSls,
+ +
ul_@ Cp:: —m—:»—“—
+ 'Il'sz ta Re Co
—juM,i, ) QywM,i, (R,
R - - J_.'(:‘)Msisl
b sl

-

FIGURE 2. The decoupled equivalent circuit of the movable multi-load
ICPT system.

The time domain equations of the system can be written
in (6) with d’=d/dt when taking the inductor current and
capacitor voltage i1, ip, Ucp, is1, is2, Ucsi, Ucsz of ICPT
system as state variables according to the KCL and the KVL
theorem.
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Lid'iy = —R1i1 — uc, + u
de/ucp =i —Ip
Lyd'iy = —Rpip + joMis) + joMais + uc,
Lg1d'is1 = —(Rs1 + RL1)is1 + joMsis
+joM; ip — ucy, 6)
Lyd'isy = —(Rs2 + RL2)is2 + jooMsis)
+ja)M2ip —uc,,
Csld/ucsl = iq]

Cod'uc, =ip

where, @ = 2nf is the angular frequency of the excitation
voltage of the system and f is the natural resonance frequency
of each resonance link of the system. To ensure both the
primary and the secondary side of the system work at the
same resonant frequency to improve the power transmission
capacity of the systelm, the w sh(iuld satisfy \ivith

(N

“ \/lecsl \/LSZCSZ \/chp

Once the system is in the state of constant current and
voltage at both the primary and the secondary sides, the
stability of the transmission power P and the coil transmission
efficiency n of the system would be affected by the mutual
inductance parameter M and the load Ry, in the process of
providing power to multiple loads.

The relationship curve between transmission power P and
mutual inductances M; and M, is presented in Fig.3. From
the figure, it is apparent that the transmission power of the
system will increase or decrease nonlinearly when the mutual
inductance parameter M| and M, of the system increase or
decrease in the constant voltage output mode.

4
4

M2 (uH 2
(uH) 00 M1 (uH)

FIGURE 3. Relationship curve between transmission power P and mutual
inductances M; and M,.

The relationship between the transmission efficiency n
and the loads Ry and Rp; is given in Fig.4. When the
load resistance increases, the transmission efficiency n of
the system shows a downward trend. Among them, when
the load resistance Ry and Ry value is very small, as the
load resistance value increases, the transmission efficiency
n drops greatly. When the load resistance value is large,
the transmission efficiency decreases slowly. In the constant
voltage output mode, the system can obtain a large trans-
mission efficiency under heavy loads, while the transmission
efficiency is low at light loads.
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FIGURE 4. Relationship curve between transmission efficiency 5 and
loads Ry ; and Ry,.

Since the paper uses a single-phase cascaded inverter.
It should be ensured that the inverter of the system has
good signal filtering performance and fast response speed.
A second-order generalized integrator-quadrature signals
generator (SOGI-QSG) can be used to construct the two-
phase orthogonal vectors [29]. The resonance frequency of
the SOGI-QSG should be consistent with the operating reso-
nance frequency of the ICPT system. The two-phase orthog-
onal vector constructed by SOGI-QSG is

U1q = Uim cos(wt)
u1g = Uy sin(wt)

®)

i1 = Iim cos(wt — @)
i1 = Iim sin(wt — @)

where, Ui, I1m is the output voltage and current peak of the
inverter, ¢ = 90° is the phase angles of the voltage leading
current. It can be assumed that the voltage and current are
Uy = uy, i = Iy in the o coordinate system. Then, the
voltage and current components with the same imaginary
amplitude and frequency and a phase difference of 90° can be
obtained in the 8 coordinate system. Hence, the components
of the single-phase AC signal in the two-phase stationary
af} coordinate system are u1g, ig, respectively. Finally, the
AC component in the of stationary coordinate system can
be converted into the DC component in the DQ rotating
coordinate system [30]. The equivalent rotation coordinate
transformation formula of the system is.

uid || cos(wr) sin(wt) Uly

Uiq - sin(wt)  cos(wt) uig ©)
id | cos(wt) sin(wt) e

ilq | —sin(wt)  cos(wr) i18

Substituting the above formula (9) into the time domain
differential equation of the system shown in (6). The system’s
state variables iy, ip, Ucp, isi, is2, UCs1, UCs2 can be converted
into DC components on the DQ coordinate with the sine and
the cosine components of each equation are separated. Then,
the large-signal model of ICPT system can be obtained, as is
shown in bellow.
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Lid'iyg = —Riita + wLiilg — ucy + uid
Lyd'iig = —wLiiia — Riiiq — uc,, + tiq
de,ucpd =i1d —ipd + a)CpuCpq
de/ucpq =ilq —Ipqg — a)Cpucpd
Lpd'ipg = ucyy — Rpipd + @Lpipg

— wM, islq - wMZiSZq
Lpd'ipg = tcy, — Rpipg — wLpipa

+ wMiisia + oMzigg
Ls1d'is1g = _U)Mlipq — (Rs1 + Rr1)is1d

+a)leis1q - stis2q — UCq 14 (10)
Ld'is1q = oMyipg — wLsiis1a

— (Rs1 + Ru1isiq + ©Miisod — ucy,
Lod'igpq = —wMipg — wMsisiq
— (Rs2 + R12)ispd + @wLsaisog — UCg,
Lod'isyg = oMaipg + oMsisia — wLgisd

— (R2 + Ri2)iszg — UCy,
Cs1d'uc,y = isid + wCsiuc
Csld/ucslq

Cs2d'ucy, = isna + wCsalicy,

slq
= is1q — @Cs1Ucgy

, )
Cs2d'ucy,, = isng — wCspicy,

where, i1d, i1q, UCpd> UCpqs Ipds ipq» islds islg» is2d» Is2q> UCs1ds
UCs1qs UCs2d» UCs2q are the DC component of state variables
i1, ip, UCps Is1, is2, UCs1, UCs2 in the DQ coordinate system.

IV. DESIGN OF PASSIVITY-BASED CONTROLLER FOR
ICPT SYSTEM

A. THE PCHD MODEL OF MOVABLE MULTI-LOAD ICPT
SYSTEM

The general form of the Port-controlled Hamiltonian with
Dissipation (PCHD) model is

0H (x)

X =[J(x) — R(x)] + g(xX)u
dHx) (11)
0x

where, x is the state variable matrix, u is the control variable
matrix, y is the output variable, J(x) is the interconnection
matrix with antisymmetric characteristics, R(x) is the dissi-
pation matrix with symmetric and positive definite, g(x) is
a structural matrix that reflects the direct effect of system
control variables on state variables, H (x) is the energy storage
function of the system.

Select the inductor flux and capacitor charge of the ICPT
system as state variables:

y=g'(x)

X = [X1 X2 X3 X4 X5 X6 X7 Xg X9 X10 X11 X12 X13 X14]"
= [Lii1d Lii1g Cpucyy
Cp“Cpq Lpipd Lpipq Lsyisid Lsi islq Ly isd L52i52q
Csiucyy Csiucy, Csauicy, Cszucszq]T

Set the (Hamiltonian) energy storage function of the ICPT
system:

100814

HE) = (37 +23) 201+ (3 +53) 126y + (3 +2) /2
+ (2 +3) /2L + (33 + 2% ) /2L

+ (e + ) 260 + (xh + ) 2C0
1

= szDx (12)
where,
D = diag /Ly 1/Ly 1/Cy 1/Cy 1/L, 1/L, 1/Lg
l/le 1/L82 1/L52 1/Csl 1/Csl I/CSZ 1/Cs2

The PCHD model of the system can be obtained by
combining the mathematical model of the system shown
in the above equations (10) with the equations (11), where
J(x), g(x), R(x), % and u, as shown at the bottom of the

next page.

B. PASSIVE ANALYSIS OF MOVABLE MULTI-LOAD ICPT
SYSTEM

If the PBC strategy is used in the single-phase ICPT system,
it must be guaranteed that the system is considered to be
strictly passive. Therefore, before designing the passivity-
based controller for the single-phase system, the passivity of
the system should be analyzed. For general systems, if there
are a semi-definite and continuously differentiable energy
storage function H(x) and a positive definite function Q(x).
For V t > 0, the dissipation inequality can satisfy

H(x(1)) — Hx(0)) < [y uTydt — [ Q(x)dt
H(x) < u"y — Qx)

where x (1), u(t), and y(¢) represent the state, input, and output
vectors, respectively. H (x(#))—H (x(0)) represents the energy
stored inside the ICPT system, and uT y represents the external
energy supplied to the ICPT system. Q(x) represents the
dissipated energy in the system. Since the dissipated energy
always propels the state x(¢) back to the desired equilibrium
point, the passive system is inherently stable. That is, as
long as the system is passive, it must be internally stable.
The detailed proof of strict passivity for the ICPT system
is given mathematically below. Based on (10), the power
balance equation is listed as follows:

(13)

Lyirad'irg + Lii1gd'irg + Cpuc,,d'uc,y + Cpuc,,d'uc,,
+ Lyipadipd + Lyipqd'ipg + Lstisiad isia + Ls1isiqd isiq
+ Loisad'isaa + Lsisaqd'isaq + Csiucgad'uc,
+ Cs1ucslqd/uc
= u1di1a + Uigitg — [Ri(ilg + 1) + Rpling + i2,)
+ (Ra1 + RLD(i2yq + i21g) + (R + R + iy)]
(14)

4 !
slq + CSZMCSde qu2d + Cszucs2qd MCSZq

which can be further simplified to

d'[Liit4/2 + L i%q /2 + Cpuépd /2 + cpu%pq /2 + Lpigd /2
+ Lping /2+Ls1i34/2+ Ls1i2y /24 Laigng /24 Lsaity, /2
+ Caug, /2 + Csluéslq/2 + Coug, /2 + CsZM%SZQ/Z]
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= uyqild + Uigilq — [Ry(i%4 + i%q) + Rp(igd + igq)
+ (Rt + RLD(i31q + i21g) + (R + RL2) (g + i)

We set

2 2 2 2

H(x) = [L1i14/2 + L]llq/z + Cpucpd/Z + Cpucpq/Z
+ Lping/2+Lping /24 Ls1314/2+ L1123 /2
+ Ly /24 Csiug,, /2+Caug,, 2+ Coug, /2

2 T
+ Cszucszq/Z] = (x Dx>/2 >0
u'y = ugirg + Uiqilq
Q) = [Ri(ifg+i1)+Rpling+ipg) +(Rs1 + RLD(iZ1g+i31)
1dTtiq PVpd T *pq sl L1s1d T hs1q
+ (R + R (g + iHy)] > 0.
From the above formulas, it can be found that the energy of
the ICPT system satisfies (13). Thus, the movable multi-load

ICPT system is strictly passive and the PBC strategy can be
used in the ICPT system.

C. DESIGN OF PASSIVITY-BASED CONTROLLER FOR ICPT
SYSTEM BASED ON IDA-PBC

According to the IDA-PBC theorem, for a known passive
system, the J(x), R(x), H(x), g(x) and the expected stable
equilibrium point x* € R" are all determined. Suppose we
can find the functions u, J,(x), Ra(x) and vector functions
K(x) = 0H,(x)/0x satisfy

0H (x) dHqy(x)
[J(x) — R(x)] T g)u = [Ja(x) — Ra(x)]
X dx
(15)
the following conditions are true:
(1) Conservation of structure
Ja(x) = J () + Ja(x) = —J{ (x)
Ra(x) = R(x) + Ra(x) = R} (x) = 0 (16)
Hy(x) = H(x) + Ha(x)
(2)Integrability, the vector function K (x) satisfies
9K (x)/0x = (3K (x)/9x)T a7

0 wlL -1 0 0 0 0 0 0 0 0 0 0 0
—wL; 0 0 -1 0 0 0 0 0 0 0 0 0 0
1 0 0 wCpy -1 0 0 0 0 0 0 0 0 0
0 1 —wC, 0 0 —1 0 0 0 0 0 0 0 0
0 0 1 0 0 wLy 0 —wM, 0 —wM> 0 0 0 0
0 0 0 1 —oL, 0 M| 0 wM> 0 0 0 0 0
) = 0 0 0 0 0 -—-oM; 0 wLg 0 —oM, -1 0 0 0
0 0 0 0 oM, 0 —-wLg 0 oM, O 0 -1 0 0
0 0 0 0 0 —wM> 0 —wM; 0 wlLg 0 0 —1 0
0 0 0 0 wM 0 wM; 0 —wLg 0 0 0 0 -1
0 0 0 0 0 0 1 0 0 0 0 wCs 0 0
0 0 0 0 0 0 0 1 0 0 —wCq O 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0 wCo
i 0 0 0 0 0 0 0 0 0 1 0 0 —wCyp O
1 0 0 0 0 0 0 0 0 0 0 0 0 0]
o 1 0 0 O O O O O 0 o o o0 o
o o0 0 0 0o o o o o o0 o o o0 o
o o0 o0 0 o o o o o o0 o o o0 o
o o0 o0 0 o o o o o o0 o o o0 o
000 0OOO 0 0 0 0 O0 0 0 0
000 0OOO 0 0 0 0 O0 0 0 O
EMN=106 00 0 00 00000 0 0 0
o o0 o0 0 o o o o o o0 o o o0 o
o o o0 0 0o o o o o o0 o o o0 o
o o 0 0 o o o o o0 o0 o o o o
000 0OOO 0 0 0 0 O0 0 0 O
o o0 0 0 o o o0 o o o0 o o o0 o
_O o 0 0 Oo o o o o o0 o o o O_
R(x) = diag(Ry, R1,0,0, Ry, Ry, Rs1 + Rr1, Rg1 + Ru1, Ro + Ri2, Rp + Ri2, 0, 0, 0, 0),
dH (x) . o T
o [i1d T1q UCpg UCpy Ipd Ipq Isld Islq Is2d s2q UC g UC,q UCqy UCx,]:

w=[u1gu1g000000000000]" .
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(3) Hy(x) has an extreme value at x*. The existence of
extreme values at x* requires the vector function K(x) to
satisfy

K(x™) = — (3H (x)/0x) |x=x* (13)

(4) Hy(x) has a minimum at x*.then at this point of x*,
according to the Lyapunov stability, the Jacobian matrix of
K (x) should satisfy

3% Hy(x)

9%H (x)
ax L= T2 le=xx = Tox2 lx=xx >0 (19)

Under these conditions, the PCHD closed-loop model of
the system is shown below

0Hq(x)
0x

where, J4(x) and R4(x) are the new interconnection matrix
and dissipation matrix respectively; R,(x) is the damping
injection matrix, which is a positive definite matrix; H,(x)
is a pending function, which means the energy injected into
the system through control; Hy(x) is the total energy storage
function, and satisfies x* =argminHgy(x), the expected equi-
librium state x* is the state of the smallest Hq(x) point of the
total energy storage function.

Substituting Jg(x), Rq(x), K(x) and Hy(x) into equation
(15), the PBC can be obtained:

D o-ran )

X = [Ja(x) — Ra(x)]

(20)

u=g '(x) ([Jd<x>—Rd<x>] P o

2L
Due to the following conditions:

0H(x)/0x = Dx
dHy(x)/0x = Dx, (22)
0H,(x)/0x =0H4(x)/dx — 0H(x)/dx = —Dx*

Substituting the condition of equation (22) into equation
(21), the passivity-based controller is

u=g ' ()[Ja(x)—Ra(x)IDx — g~ (x)[Ja(x)—Ra(x)1Dx*
(23)

It can be known from the PBC shown in equation (23) that
the controller is determined by J,, R,, and K (x). From the
literature [31], we can know that J,, R, and K(x) can take
different values or functions, and usually J, = 0, R, = 0
or K(x) is a simple function. When J, = 0 and R, = O,
the convergence rate of the system is uncontrollable, the
performance of the system is negative. When J, = 0, Ry #0,
that is, when the damping R, is injected, the system can
obtain good control performance. Therefore, it is necessary
to comprehensively consider the influence of energy shaping
and damping injection on the control performance of the
system. We can choose J; = 0and R; # 0 schemes [32], [33].
The desired equilibrium point of the system can be confirmed
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and the error variable is xo. = x — x*. The expected energy
storage function of ICPT system is

1 T 1 T *
Hy(x) = zxe Dx, = E(x —x7) D(x —x™) (24)
Let the desired equilibrium point of the system be
X" = [X] x5 X3 X} X5 Xg X7 Xg Xg Xjo X|| X{3 X3 XT4]T
= [Liify Lii}, Couig,, Coul,, Lping
Lpi;q LSli:ld LSli:lq LSZi:Zd
LsZi:Zq Cslua]d Cslua]q C52"azd nguazq]T
Let the pending interconnection and damping injection
matrix be
Jo(x) =0
Rq(x) = diag(r1, ra, 13, 14,15, 76, 17, 18, 19,
10, 711, 112, 713, F'14)
Rq(x) = diag (Ry + r1, R + r2, r3, r4, Ry + 15, Rp + 76,
Rs1 + RL1 + 77, Rs1 + RL1 + 18, Rya + Ry + 1,
Rs2 + Rip + 110, 711, 712, 713, 714)

The above formulas (21), (22) and (23) can be combined
and simplified to obtain the passivity-based controller. As
shown in equation (25).

u= —[J(x) — Rg(x)]|Dx* — Ra(x)Dx (25)

Substituting the interconnection matrix and injection
damping into the large-signal model shown in equation (10),
As shown in equation (26), a large-signal model with switch-
ing signals u1q, u1q can be obtained.

uyg + riilg = (Ry + )it — wLyit + u®
{ oo e

ulq + rig = a)Llde + (R + rz)iTq + uépq
Substituting the formula (26) into the PBC shown in (25),

the control rate of the passivity-based controller of the ICPT
system can be obtained.

g = (R 4+ r)it, — riiyg — oLyi* 4 uf
{ p TG )

ulq = wlyijy + (R + rz)i’lkq — railq + u’&pq
where, r| and ry are injection damping of the ICPT system.
It follows from (24) that x — x* based on the Lyapunov
stability criterion, which means that the control objective is
achieved with the PBC (27). Substituting the control rate of
the system shown in equation (27) into the first two equations
of the large-signal model shown in equation (10), the dynamic

model of the system can be obtained as shown in equation
(28) below.

Lid'iyg = (Ri + ri)(ify — i10) + oLi(i1q — ijy)
+(Uépd — Ude)

Lid'iyg = (R + r)(i}, — i1g) + L1y — i1a)
+(Uépq — Ucyy)

(28)

From equation (28), the injection of the damping | and r»
will accelerate the convergence of the system in the dynamic
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process. The speed of Hg(x) — 0 is mainly on r and ry,
which principally determines the robustness of the ICPT sys-
tem to system parameter changes and external disturbances.
Ignoring the strong coupling of the system, the variable L;i1q,
Lyi1g, CpUcpa and CpUcpq converges to the desired equilib-
rium pomF Lyi}y, Llqu, C.’p.U(*:pd and CpUépq. .

According to the passivity-based controller rate shown in
equation (27), the passivity-based controller of the system can
be obtained, as shown in Fig. 5.

QQ
-
%I:rl T
L
=
ﬁ@
i
<A
_GN
=,
a

2
M, gL, 12

y
SPWM [«-m1[SOGI] pYL [soct]

o ?’llﬁ Ly ’1[; *uC o uCpB
d '4—9 o g q
= =gk A7 10" """ 71T —
ulq 1d_ Iy U

L, u
| i* —» PBC controller ¢ 0
i —6 equation(27)
? Apassive current controller

(b)
FIGURE 6. The whole control block diagram of the ICPT system. (a) The
passivity-based controller scheme of the movable multi-load ICPT system;
(b) The PI controller.

Since the cascaded inverter is modulated by CPS-SPWM in
this paper. The switching signals u14, u14 of the PBC control
rate need to be converted into the input signals w1y, u1g of
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the CPS-SPWM modulation module. The switching signal
shown in the above formula (27) can be substituted into the
inverse Park transform formula shown in (29)

|:u10,i| [cos(wt) — sin(a)t):| [uld]
=" (29)
uig sin(wt) cos(wt) Uiq

Fig. 6 (a) and (b) shows proposed PBC scheme and the
classical d-q PI current linear controller scheme [34]. In
this paper, the SOGI-QSG is used to construct a two-phase
quadrature vector and a phase-locked loop (PLL) [35] is
used to lock the phase 6 for the DQ transform. It provides
a high-performance detection system, which can accurately
characterize the extracted variables even in the state of system
internal parameter perturbation and external interference.

D. PASSIVE STABILITY ANALYSIS OF ICPT SYSTEM
Compared with the guardian map theory based on Kronecker
sum proposed by [36], the Second Method of Lyapunov
is used to verify the global stability of the passivity-based
controller in this paper. Considering the Hy(x) is a positive
definite function that is equal to zero only at the equilibrium
point, it can be directly selected as a Lyapunov function for
stability analysis. Since the stability of ICPT system depends
on the first derivative of H4(x), it can be obtained that the first
derivative of Hy(x) is

) OHT oHT 9H,
Fd(x) = ;x(x)x - g‘x(x) [Ja(@) — Ra(@)] (,;fx)
T
_ th;i (x)Rd(x) dH4(x) (30)
X 0x

It can be known from(15)

0 a1y

Ja)=—~J{ (0) = [0H{ (0)]/8xVa(x)[9Ha(x)/dx] =
Rq(x) = Rj(x) = 0

Hence, when substituting equation (31) into equation (30),
the above equation can be simplified as

Ha(x) = = (9HJ (x)/0x) Ra(x) (OHa()/0x) <0 (32)

From formula (32), the convergence rate of Hq(x) is mainly
determined by R,. Here, Hg(x) can be used as a Lya-
punov function and no solution x(#) can stay in the set
except x*

{xeR”

(9"Ha(x)/0x) Ra() (0Ha(x)/0x) =0 (33)

Among them, La Salle’s invariant set theorem shows that
x* is the equilibrium point of the asymptotic stability of the
system. Besides, the difference with the injection damping
ry in [34], [35] is the difference in the control rate of the
Euler-Lagrange (EL) model and PCHD model. The injection
damping r; and r; in this paper are self-setting constants.
Compared with the method in [37], the mathematical model is
established by using the DQ coordinate system in this paper,
which can realize the decoupling of active power and reactive
power. The error and the error storage function can make the
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controller easier to design and the dynamic performance of
the ICPT system is also improved. However, the injection
damping in [37] is zero, which can also speed up the system
to stable.

V. SIMULATION TESTS AND ANALYSIS

To verify the efficiency of the PBC method proposed in this
paper. The MATLAB/ Simulink is utilized to compare and
verify the efficiency of the passivity-based controller and the
PI controller. The injection damping of the ICPT system can
be selected as r1 = 42 and r, = 4. The specific stimulation
parameter settings of the system are shown in Table 2.

TABLE 2. Simulation parameters.

Symbol Parameters of PBC and PI Value
Ude1, Udae DC power supply 300V, 300V
f Inverter frequency 25kHz
LR Primary resonance co_1l inductance 60uH, 0.001Q
and internal resistance
G The primary resonance 40uF
compensation capacitor
Lo, Ry Transm}ttlng coil 1pductance and 1.0uH, 0.001Q
internal resistance
L1, Lo Pickup coil inductance 206.4uH, 230.7uH
My, M Mutual 1nduptance O.f launch and 3.04uH, 3.00uH
pickup coils
M, Mutual 1r}ductanc§ between 3.56uH
pickup coils
Cy1, Cs Pickup circuit c.ompensatlon 0.19yF, 0.17yF
capacitor
Rs1, R Pickup coil internal resistance 0.001Q, 0.001Q
Rui, Rz Load Resistance 30Q2, 30Q

This paper uses SOGI-QSG with the same structure to
extract two-phase voltages Ucpa, Ucpg and currents iy, ig.
The resonance frequency of the signal is the same as the fre-
quency of SOGI-QSG. Therefore, the extracted voltage and
current have the same Bode diagram and transfer function.
The stability and convergence of the two-phase signal are
only related to the change of k value. The control structure
of the SOGI-QSG is shown in Fig. 7 below.

FIGURE 7. The control structure of the SOGI-QSG.

The transfer function of the second-order generalized inte-
grator (SOGI) is

Froai(s) = 1) _ s
ken(s) 82+ ? (34)
froai(s) = —2 v “

ken(s) T 212

Compared with the existing literature regarding closed-
loop transfer function methods [38]. The closed-loop transfer
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function of SOGI-QSG is directly derived from the control
structure and precise parameters of the system. It can ensure
accuracy and convergence and stability has been significantly
improved. The closed-loop transfer function of the SOGI-
QSG can be obtained:

i1e(8) kws
H; , (s) = he) 2 kws2+ o
i18(s k
Hiyy(5) = zllﬁ ((s)) T2+ st T o?
Hyc,, () = Y ) _ ko” o
Cpo Uc,(s) s> +kws+ »?
Hycyp(5) = Y _ ko”
ph Uc,(s) s +kws + o?

where, w is the resonance frequency of SOGI; ¢, is the phase
angle error signal; & is the gain.

According to the closed-loop transfer function shown in
the above formula (35), given the value of k is changed, the
Bode diagram of SOGI is shown in Fig.8.

Magnitude(dB)

Phase(deg)
=

45+

B
=

Magnitude (dB)
Lo
S

45+

Phase (deg)
o
S

)
73
T

o L P
180 Erequency (rad/s)

10t 10
(b)
FIGURE 8. The bode diagram of the SOGI. (a) The bode diagram of the
H;j, (s) and Hycp, (s); (b) The bode diagram of the H;g (s) and Hycpg(s)-

Fig.8 (a) and (b) shows the phase difference between H,(s)
and Hg(s) is 90°. The phase difference does not change with
the change of the gain k. When the system is running at
the inverter frequency w, the two-phase fundamental signals
have the same amplitude and phase characteristics, namely
iq(8)=ig(s) and Ucpa(s)= Ucpp(s). It will not be affected
by changes in k. However, The change of gain k will affect
the stability, response speed and filtering performance of
the extracted signals. Therefore, the value of k needs to
be adjusted reasonably to resolve the contradiction between
response speed and filtering delay.
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By comparing and analyzing the performance of the two-
phase signals under different gain k. The best empirical k can
be obtained to confirm the stability of the signal and improve
the response speed. Through a comprehensive analysis and
comparative study of the effect of different k values on the
stability of the signal, it is finally determined that k = 0.1 is
the optimal value.

Fig.9(a) shows the output voltage and current simulation
waveform of the cascaded inverter. From the simulation
waveforms, the output voltage of the cascade inverter is five
levels and the voltage and current waveforms are stable. It
is also beneficial to use the SOGI to extract a stable two-
phase fundamental signal. The superiority of the control
performance of the designed controller is ensured. Fig. 9
(b) and (c) show the simulation waveform of the two-phase
fundamental signal. From the simulation waveform, the two-
phase fundamental wave signal Ucpy, Ucpg and iy, ig have
a stable sinusoidal waveform and the response speed of the
waveform is fast and the filtering is strong.
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FIGURE 9. Simulation waveform. (a) The voltage and current simulation
waveform of the cascaded inverter; (b) Current waveform; (c) Voltage
waveform.
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The two-phase AC voltage Ucpy, Ucpg and current iy,
ig can be converted to Ucpd, Ucpq. and iyq, i1q by Park
transformation. Fig. 10 (a) and(b) shows the response curve of
DC voltage Ucpd, Ucpq and current i1q, i1q. From the response
curve, after the reference state variable is given, the passivity-
based controller can track the given reference value more
quickly and it can keep the reactive voltage and current at 0.
The response curve shows that the proposed PBC strategy has
better steady-state performance and faster dynamic response.
Fig. 10 (c) shows the sine fundamental wave signal U, and
Upg response curve. After the PBC control, the fundamental
wave signals Uy and Uy g after reverse Park transformation
can be obtained. The signal has a stable sinusoidal waveform.
It can be compared with a phase-shifted triangular carrier to
generate an SPWM modulation signal, which acted on the
cascaded inverter.
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80F

60 - ( Ucpd* |
Ucpq

40+ / = Ucpq* | |

20 ]’ 1
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FIGURE 10. Simulation waveform. (a) The response curve of voltage
Ucpd: Ucpg: (b) The response curve of current iy 4, i1q; (c) Sine
fundamental wave signal Uy, Uy4.

Fig. 11 shows the voltage and current waveform diagram of
the primary coil of the system. There are some differences in
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the simulation waveforms. From the simulation waveforms,
with the designed passivity-based controller, the voltage and
current waveforms on the primary side of the system quickly
reach a stable-state and have rapid convergence. However,
due to an apparent overshoot of the PI controller, the voltage
and current waveforms fluctuate before reaching a steady-
state quickly.

According to the Fast Fourier Transform (FFT), the fre-
quency spectrum of the primary voltage and current is ana-
lyzed. The total harmonic distortion (THD) of the primary
voltage and current is shown in Table 3 below. Available
from Table, the THD of the U, is decreased from 0.47%
to 0.23% and the THD of the i, is reduced from 0.17% to
0.10%.

0 0.002 0.004 0.006 0.008 0.01

FIGURE 11. Simulation result of the primary side.

TABLE 3. The THD of the primary voltage and current.

Control method THD% of the Up(V) THD% of the ip(A)
PBC 0.23 0.10

PI 0.47 0.17

According to the principle of electromagnetic induction,
the secondary side pickup coil will receive power from the
primary coil. Fig. 12 (a) and (b) shows the simulation wave-
form diagram of the secondary voltage and current. From
the simulation waveforms, similarly, with the designed PBC,
the voltage and current waveform of the secondary volt-
age of the system quickly reach a stable state, and have
rapid convergence. However, due to the appearance of the PI
controller, the voltage and current waveforms also fluctuate
before reaching a steady-state quickly. It can be seen that
the steady-state performance of the PI controller is worse
than that of the PBC, and the convergence of the PI con-
troller shows much worse performance, with an apparent
overshoot.

The total harmonic distortion (THD) of the secondary
voltage and current is shown in Table 4 below. Available
from Table, the THD of the Ug was reduced from 0.23% to
0.12% and the THD of the i; was decreased from 0.17% to
0.10%.
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FIGURE 12. Simulation waveform of the secondary side. (a) The voltage

waveform ofthe secondary side; (b) The current waveform ofthe
secondary side.

TABLE 4. The THD of the secondary voltage and current.

Control method THD% of the Uy(V) THD% of the is(A)
PBC 0.12 0.10

PI 0.23 0.17

Fig. 13 (a) and (b) shows the waveform diagram of the
voltage and current obtained by the loads. From the sim-
ulation, with the designed PBC, the load voltage and cur-
rent of the system reach a stable-state in a short time,
with rapid convergence. However, because the PI con-
troller has a significant overshoot characteristic, the volt-
age and current waveforms of the load fluctuate equally
before reaching a steady-state. The the total harmonic dis-
tortion (THD) of the loads voltage and current is shown in
Table 5 below. From the Table, the total harmonic distor-
tion (THD) of the load voltage was reduced from 0.15%
to 0.06% and the THD of the load current was decreased
from 0.17% to 0.08%. The passivity-based controller is found
to reduce the total harmonic distortion (THD) of the ICPT
system.

Fig. 14(a) shows a comparison of the active power response
performance between the PI controller and the PBC. Since
the designed PBC is also applicable to the control of the
active power, the active power response curve quickly reaches
a steady-state in a short time. However, the designed PI
controller makes the active power response curve fluctuate
up and down before reaching a steady-state. Therefore, the
steady-state performance of the PI controller is worse than the
passivity-based controller. Before reaching the steady-state,
the PI controller has a significant overshoot.
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FIGURE 13. Simulation waveform of the load. (a) The voltage waveform
of the load; (b) The current waveform of the Load.

TABLE 5. The THD of the load voltage and current.

Control THD% of load voltage =~ THD% of load current
method
PBC 0.06 0.08
PI 0.15 0.17

Fig. 14(c) shows the power factor response curve. The
ICPT system is controlled by the unity power factor in the
process of supplying power to the loads, the reference value
of the output reactive power is set as zero. Fig.14 (b) shows
a comparison of the reactive power response performance
between the PI controller and the PBC. The PBC has a
smaller overshoot, which makes the reactive power response
curve track the reactive power reference in a short time. It
effectively overcomes the problems of excessive overshoot
and long response time caused by many parameters of the PI
controller. Therefore, compared with the PI controllers, the
PBC does not need to adjust many parameters, thereby effi-
ciently reducing the design complexity of the control system.
In the process of a step change of active power, the reactive
power is almost unaffected, thereby proving that the PBC
can effectively realize independent control between the active
power and reactive power.

To maintain the stable coil transmission efficiency 1, of the
system under internal parameter changes and external inter-
ference, the reference value of the transmission efficiency 7,
can be set to a constant value. Fig.14 (d) shows a comparison
of transmission efficiency n response performance between
the PI controller and the PBC. From the response curve,
the PBC makes the transmission efficiency response always
maintain a stable value. Instead, the PI controller has a large
overshoot, which makes the transmission efficiency of the
system intermittently fluctuate greatly. Generally, by using
the PBC, the active and reactive power P, Q and transmission
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FIGURE 14. Simulation waveform. (a) Waveform of the active power P;
(b) Waveform of the reactive power Q; (c) Power factor response curve;
(d) Transmission efficiency 7.

efficiency n will be less disturbed than the PI controller, and
the THD of voltage and current will also be reduced.

VI. CONCLUSIONS
This paper analyzed the performance of the movable multi-
load ICPT system operating under the influence of mutual
inductance parameters and load randomness. A PCHD model
of the ICPT system was established, and the passivity-based
controller for the ICPT was designed under such conditions.
In the current stage, the accuracy of the research results was
100821
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verified by simulation experiments. The conclusions of this
paper are as follows.

1) The PBC with a precise mathematical model and a

few adjustable parameters have low control complexity,
strong robustness, and satisfactory performance in both
steady-state and dynamic states. The controller effec-
tively overcomes the drawbacks of the PI controller and
improves the overall performance of the ICPT system.

2) The ICPT system with the PBC can provide a quick

response to suppress the fluctuation of transmission
power and efficiency caused by mutual inductance
parameters and load randomness, and also effective in
THD reduction.

For hardware limitations, some tests are not carried out,
future work will involve further testing of the overall perfor-
mance of the proposed ICPT system.
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