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Control-Oriented Modeling of Wireless Power
Transfer Systems With Phase-Shift Control

Fengwei Chen ", Hugues Garnier, Qijun Deng

Abstract—This paper is concerned with control-oriented model-
ing of a class of wireless power transfer systems with a phase-shift-
controlled inverter. Two methods are investigated: the analytical
modeling method, which is based on physical laws, and the refined
instrumental variable method, which is based on sampled data. It
shows that the former provides physical insights into the system,
and that the resulting models will be accurate if the true circuit
component parameters are a priori known. Otherwise, the model
accuracy may decline. By contrast, the latter provides a cheap so-
lution for accurate modeling, based only on a set of sampled input—
output data, and the resulting model can capture very well the
dynamic behavior of the system within a defined operating range.
In real applications, it is always hard to know the actual circuit
component parameters, since they may drift from the nominal val-
ues, due to some reasons such as the aging of circuit components
and the variation of coil placement, making the analytical modeling
method not very accurate. Therefore, to preserve the virtues of both
methods, it is suggested to use them as a combination, that is, using
the analytical modeling method to determine the model structure
while using the data-driven modeling method to estimate the model
parameters. All results derived in this paper are verified by means
of both numerical simulation and experimental validation.

Index Terms—Data-driven modeling, instrumental variable
(IV), system identification, time delay, wireless power transfer
(WPT).

1. INTRODUCTION

IRELESS power transfer (WPT) based on magnetic res-
onant coupling is a promising technology for delivering
electric energy and has gained an increasing attention in the
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Fig. 1.  Circuit topology for WPT under consideration.

fields of both scientific research and industrial practice in the
last decade. Among the merits of WPT, the most fascinating one
is that it has no physical contacts, which enables us to obtain
improved robustness, reliability, and mobility in a wide spec-
trum of applications such as electric vehicles [10], [26], portable
devices, and household appliances, to name a few. Several tech-
niques have been used to implement WPT, as surveyed in [20]
and [22]. Among these, radiative transfer and resonant coupling
have been well known. The former has long been used to transfer
signals, but has very low efficiency for transferring power due to
its omnidirectional radiation nature. By contrast, resonant cou-
pling is more suited to high-power applications and, therefore,
will be adopted in this paper.

A series—series compensated WPT system consisting of three
stages is considered; see Fig. 1 for the circuit topology. The
input stage is a phase-shift-controlled full-bridge inverter that
converts the dc voltage to a high-frequency square wave. Then,
in the second stage, energy is transferred from one side to another
through a resonant tank composed of two coupled inductors L
and L. As the two coils are loosely coupled, i.e., the magnetiz-
ing inductance is small, while the leakage inductance is large, a
capacitor (' is connected in series with Ly to compensate for
the inductive behavior of the sending resonator, and the same is
done to the receiving resonator. This series—series compensation
strategy has the merit that the choice of the compensating capac-
itor is independent of the load [39]. Moreover, both sides of the
resonant tank need to oscillate around the switching frequency
in order to maximize the rate of energy transfer [2], [28]. The
last stage is a low-pass filter, where, in order to attenuate ripples
of the output voltage V,, as well as to remain compact in the
filter size, only a single capacitor C'y is used.

The typical waveforms of the signals in the resonant tank are
shown Fig. 2, where v,, —v,, designate the control signals for
switches S1-S4, respectively, v1 and ¢ are the input voltage and
current of the resonant tank, respectively, and vy and 7o are the
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Fig. 2. Normalized waveforms of the signals in Fig. 1. vs; —vs, are control
signals for switches S1—S4, respectively. v1 and 41 are the input voltage and
current of the resonant tank, respectively. v2 and io are the output voltage and
current of the resonant tank, respectively.

output voltage and current of the resonant tank, respectively. As
the switches are not ideal components, a dead band +y is inserted
before they are switched ON. The phase shift o between the lead-
ing leg (S1 and S2) and the lagging leg (S5 and S4) is considered
as the control variable to regulate the output voltage V,. As «
varies from O to 7, V,, decreases from the maximum to zero.

In practical applications, a WPT system is always operated in
closed loop with a controller to prevent the output voltage from
drifting too far from the set point. Generally speaking, there
are two main strategies to regulate the output voltage, namely,
frequency control and phase-shift control. It is known that the
former often complicates the design of electromagnetic inter-
ference filters [32], while the latter does not suffer from this
problem, since it works at a constant switching frequency. This
explains why a phase-shift-controlled full-bridge inverter is used
as the input stage in Fig. 1. See also [8], [9], and [21] for further
properties of inverters of this type.

Accurate models of WPT systems are always desired in con-
trol system design to improve the achievable performance. In the
field of power electronics, mathematical models are usually es-
tablished by using physical laws, e.g., Kirchoft’s laws. In these
methods, it is often assumed that the system is at a steady state
such that the signals in the resonant tank can be approximated by
their first harmonic [12], [13], [39], [41]. Under this assumption,
the original circuit has a first harmonic equivalent, and, based on
which, the underlying nonlinear model (i.e., large-signal model)
can be derived easily. On the other hand, since many mature
control design methodologies are based on linear models, the
resulting nonlinear large-signal model needs to be linearized at
a static operating point to obtain a linear small-signal model.

In the laboratory environment, the conventional methods can
be accurate, since the true circuit component parameters are a
priori known or can be precisely measured. Unfortunately, it is
not the case for real industrial applications, where the system
is continuously running. Due to the aging effect of the circuit
components, the variation of the coil placement, or the change
of the load impedance, the actual component parameters may
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drift from the nominal ones. Meanwhile, measurement of these
parameters may be technically hard or very expensive due to eco-
nomic and safety reasons. In this case, the conventional methods
may fail to yield accurate models and, thus, are not an optimal
choice for dynamic model tracking [33].

To circumvent the above-mentioned problem, an alternative
data-driven modeling method will be proposed to infer models
for WPT systems. This method has some advantages compared
to conventional methods in the following two aspects. First, it is
based on sampled input—output data that are relatively easy to ob-
tain, rather than the true circuit component parameters. Second,
the model parameters are estimated by minimizing a quadratic
loss function defined by the mean-squared errors between the
measured and predicted outputs. Hence, within the defined op-
erating range, the resulting model best explains the data in the
mean-squared error sense. By contrast, conventional methods
often rely on first harmonic approximation and linearization,
which may lead to a loss in the model accuracy, particularly in
the presence of large harmonic distortions [40]. From the above
discussion, data-driven modeling can be a cheap and effective
alternative for accurate dynamic model tracking: when a new
model is wanted, the user has to collect a new set of input—
output data and then repeat the estimation procedure to update
the model parameters.

Data-driven modeling, known as system identification in the
control literature, is the field of inferring mathematical models
from experimental data [24], [31]. It is an effective solution to
overcome the drawbacks of conventional methods, which re-
sult in models that are often complex and not easily estimated
from the experimental data because of identifiability problems
caused by overparameterization. This is also the main reason
limiting their use in control system design [16]. By contrast,
data-driven modeling is able to yield relatively simple models
that can well describe the behavior of the system within a de-
fined operating range. In this paper, a parameterized gray- or
black-box model is used to characterize the behavior of a WPT
system, and in the model estimation phase, one needs to solve
the problem of how to determine the model order and how to
estimate the model parameters. If no a priori knowledge about
this is available, model order selection is usually done by trial
and error in the system identification literature. Fortunately, for
the WPT system depicted in Fig. 1, the topology and nomi-
nal component parameters are known. Benefiting from this, the
model order can be determined using the conventional method
along with some model order reduction techniques, and then,
the associated model parameters are accurately estimated using
the data-driven method. The idea of using parameterized models
was also considered in [34].

Pure time delays are a common feature of WPT systems,
which can occur, for example, when the control signals pass
the optocouplers, when the MOSFETs are switched ON or OFF,
or when the measured output is sent to the host computer via
wireless communication. Therefore, to provide an approximate
but accurate description of the system input—output behavior,
the structure of linear rational model plus pure time delay has
been widely adopted, even though this model structure will com-
plicate the parameter estimation process due to the time delay,
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which is a nonlinear parameter in the model. Note that, in deal-
ing with the model estimation scenarios where the time delay
is a fraction of the sample time, continuous-time (CT) models
are a natural choice [7], [16], [17]. By contrast, in discrete-time
(DT) models, the time delay is always set to an integer number
of the sample time, in order to facilitate the digital simulation.
Without loss of generality, the estimation method will be de-
veloped initially in the CT context and, afterwards, extended to
handle DT model estimation.

A few data-driven CT modeling approaches have been pro-
posed in the literature to estimate both the rational model param-
eters and time delay of a CT model, such as the prediction error
method [25], the instrumental variable (IV) method [7], [35], and
the linear least-squares (L.S) method [1]. The main benefit of IV
methods lies in that they provide a simple LS-like solution, but
the resulting parameter estimates can be consistent even in the
presence of measurement noise [30], [36]. The refined IV (RIV)
method is one of the most reliable implementations of IV estima-
tors, which was first proposed by Young and Jakeman initially
for DT models [38] and later extended for CT models. On the
other hand, the simplified RIV for CT models (SRIVC) method
has been extended to estimate the parameters of a time-delay CT
model [3], [7], where simplified means that the measurement
noise is assumed to be white. The developed method operates in
an iterative and separable manner, combining an IV method for
the rational model parameters with an adaptive search for the
time delay.

In practical applications, control design is usually based on CT
models, while in digital implementation, either CT or DT mod-
els can be used [12], [41]. In view of this background, it could be
more beneficial if a method can handle both CT and DT model
estimation. To achieve this, an option is to derive a frequency-
domain version of the method in [7] following from the idea of
[19]. The frequency-domain method is able to estimate both CT
and DT models uniformly, compared to its time-domain version
in [7] that is dedicated to CT models only. It is worth mention-
ing that the new method is very suited to embedded applications,
since many advanced microprocessors have built-in hardware to
help implement the fast Fourier transform (FFT). As another
advantage, the frequency-domain method has no need to round
the time delay to an integer number of the sample time even in
the DT modeling scenario, thanks to the use of frequency vari-
ables that are free from shift operations. However, this merit is
lost for some gradient-based time-domain approaches relying on
shift operators, where a rounding operation is required at each it-
eration, and this inevitably limits the convergence performance.

The remainder of this paper is organized as follows. The ana-
lytical modeling method is recalled in Section II. The proposed
data-driven modeling method is derived in Section III. Numeri-
cal and experimental results are presented in Sections IV and V.
Finally, conclusions are drawn in Section VI.

II. ANALYTICAL MODELING

For the circuit diagram depicted in Fig. 1, there are totally
five reactive components: four in the resonant tank and one in
the output filter, indicating that the circuit can be characterized
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Fig. 3.  First harmonic equivalent of the circuit in Fig. 1.

by five equations. To find out these, the following assumptions
are made, and further explanations are given in Remark 1.

Assumption 1:

1) The switches and diodes are ideal components, that is, all
parasitic resistances, inductances, and capacitances, and
forward voltages are zero.

2) The switching frequency w; is fixed, the phase shift « is
a constant, and the dead band + is zero.

3) Both the sending and receiving resonators are at or suffi-
ciently close to the resonant state.

Remark 1: The first assumption is imposed to facilitate the
derivation of model (1) without considering power losses. The
second assumption is imposed to ensure that both v; and v, are
periodic, so that the system is only excited at discrete frequency
points {kws|k € Z} when all transients have died out. The last
assumption allows only the first harmonic to pass through the
resonant tank, while the other high-order terms are blocked. The
second and third assumptions together guarantee the accuracy
of the first harmonic approximation in (2), (3), (5), and (7).

Under Assumption 1, the original circuit can be simplified
to the one sketched in Fig. 3 by using the method presented in
[12], [13], and [41], where the dc source and the inverter are
represented by the ac voltage source vy, and the influence of the
coupling inductors is replaced by two current-dependent voltage
sources [11]. Subsequently, by using the current of inductors and
the voltage of capacitors as variables, according to Kirchoff’s
voltage law, the following equations are established to describe
the circuit behavior:

diy diy .
LlE:’Ul—UCl-FME—ZlRl (la)
di di .
Lgd—f - Md—tl — Ve, — U — i3 Ry (1b)
dv, )
17151 =1 (lc)
dv, .
T 12 (1d)
avs, Vo
Crgpy =0 R, (1e)

In (1), the first four ac equations correspond to the resonant
tank, whereas the last dc equation corresponds to the output
filter. Needless to say, mixing ac and dc signals complicates the
theoretical analysis for sure, and as a consequence, all equations
should be converted into pure dc ones. A variety of techniques
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have been proposed to eliminate the ac signals and establish the
large- and small-signal models, e.g., state-space averaging [23],
[33] and harmonic approximation [39], [41]. In this paper, just as
an example, the harmonic approximation technique is adopted.

A. Large-Signal Model

The WPT system depicted in Fig. 1 is, in nature, a resonant
converter, which is highly frequency selective. Therefore, when
the second and third points of Assumption 1 are fulfilled, only the
fundamental of v; can pass through the resonant tank, while
the other high-order terms are blocked. From this point of view,
the ac signals in the resonant tank can be approximated by their
first harmonic without leading to a substantial loss in the ac-
curacy. Bearing this in mind and according to [12] and [41], a
signal in the resonant tank can be decomposed as a sum of d-axis
and g-axis components, e.g.,

(2a)
(2b)

v1 & Vigsin(wst) + Viq cos(wst)
i1 ~ I1gsin(wst) + 114 cos(wst)

where capital letters stand for the amplitude of a signal. The ac
signals in the receiving resonator can be decomposed along the
same line. Note that the sources v1, vo, and I, are nonlinear in
the variables, and in what follows, further details to obtain the
analytical expressions are presented.
1) vy can be expressed as vy = v, — vp, Where v, and vy
denote, respectively, the voltages at points A and B in
Fig. 1. It can be shown that both v, and v, are square
waves with amplitude switching between 0 and V;;, where
V, the voltage of the dc source. Compared to v,, vy, has a
phase lag of —m — «, where « is the phase shift between
the leading and lagging legs specified by the experimenter.
Assuming that the phases of v, and v}, are, respectively,
a/2 and —7 — «/2, the first harmonic approximation of
vy 1S given as

V1 = Vg — Up

2V . « . «
~— (sm (wst + —) — sin (wst -7 — —))
T 2 2

4V,
=% cos (g) sin(wst) (3)
T 2
showing that
4V, o
Via = Td cos (5) , Vig=0. @

2) Due to the clamping effect of the rectifier bridge, v, is a
square wave with amplitude switching between +V,, and
has the same sign than i, i.e., v2 = sgn(iz)V,. This phe-
nomenon is evidenced from the bottom plot of Fig. 2.
Meanwhile, since io is very close to a sinusoid of fre-
quency wg, the first harmonic approximation of v, can be
defined in terms of i, as follows:

vy = sgn(in)V, = 2
T izl
4V, 1

Tm (I24 sin(wst) + Iaq cos(wst))  (5)
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where [|ig|| = /I3, + I5,. It is then clear that
4V,
w15+ 13,

3) When the rectifiers are considered as ideal components,
according to the law of energy conservation, I,. is equal to
the mean value of |is|. Letting T = 27 /ws, we have

L= 2 = 2l Gt
TS 0 TS 0

2
— 2 2
= B+ I, ()

Subsequently, by substituting (2)—(7) into (1), the d- and ¢-
components are separated as follows:

[Vag, Vag] = [I2a, Ioq) - (6)

dl
Tf =wslig + 11 (Via — Veya — TiaRa)
— Vo(YVilsg + Veyq + IoaR2) (8a)
dI.
d—id =wslog + 1o (Viga — Veya — TiaR1)
— Tg(T4IQd + chd + IQdR2) (8b)
dVe,a 1
dtl = ws‘/clq + alld (SC)
AVe,q 1
dCtZ = wsVe,q + ahd (8d)
dl
d—iq = —wslia = 11 (Veyq + Ligl)
— 1o (Yulag + Vg + I2gR2) (8e)
dl
d—iq = —wslag = 12 (Veyq + Ligl)
— Tg(T4IQq + Vepg + I2qR2) (8)
dv, 1
71‘1 = —wsVe,a + allq (82)
dv, 1
% = —wsVeya + 072]211 (8h)
dVo 1 Vo 1
= —_— IT‘ - 5
dt Cf ( Ro) e
where
1
1,72,735] = L.L, _I° [L2, M, L] (%)
4V,
T, = (%b)

/13, + 122(]

The set of equations in (8) is the so-called large-signal model,
which can be written in the equivalent state-space form as

dX(t)
S =AX(t)+ B (10,

V,(t) = CX(t)
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where {A, B,C} and X (t) are defined in (11) shown at the
bottom of this page.

Remark 2: The dq decomposition has the deficiency of in-
creasing the model order: the original dynamic model (1) is of
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carefully handled, since they are nonlinear in the variables.
Here, the first-order Taylor expansion is used, which yields the
following expressions:

order 5, but the resulting large-signal model (10) is of order 9. g~ T4 (13a)
There exist some modeling methods free from this problem, e.g., ~ . . ~
the coupled mode-based method [23]. However, even if they are U2a = (Y10 — 15)i2a — Yeizg + V0o (13b)
applied to the system in Fig. 1, the resulting model is of order 5, 0 o (Lo — ToVio — Tei Toi 13
which is still very high for control design. Therefore, model O2q ~ (Tho = T7)i2g = Totaa + ToTo (13¢)
reduction is always necessary for all these methods to yield a = 1 T et 13d
desired low-order model. ¥y (Tsioa + Yoing) (13d)
where
B. Small-Signal Model
. . . 4V, -2 = = =2
Due to the ngnhnear relationship between Vld aqd a [see (s, %6, 15 = [I 2as 124l 2, 1 zq} (14a)
(4)], the large-signal model (10) cannot be written in input— i) —2\3
output form necessary for control design. Therefore, the large- T (I 2d T 1o )
signal model needs to be linearized around some static point to 4 o
obtain a small-signal model that is linear in the variables. To (15,7, T10] = —— [T2d, 124, Vo] (14b)
this end, all the signals in the circuit should be decomposed as T\ Loq + 1o
a static value plus a small signal, e.g., V, =V, + 0,, where .
V', and v, denote the static and small-signal parts, respectively. Ty, = 2Va sin (a) . (14¢)
Note that the decomposition of Vi4, Vg, Vg, and I,. should be T 2
-7 R, _TQ(T4 +R) -1 —1» Ws 0 0 0 i
—TgRl —Tg(T4 + Rg) —TQ —Tg 0 Ws 0 0
1/C4 0 0 0 0 0 Ws 0 0
0 1/Cs 0 0 0 0 0 ws 0
A= —Wsg 0 0 0 R 15 (T4 + Rg) -1 -1 0 (11a)
0 —Wsg 0 0 *TgRl 7T3 (T4 —+ RQ) 7T2 7T3 0
0 0 —ws 0 1/Cy 0 0 0 0
0 0 0 —ws 0 1/Cs 0
| 0 0 0 0 0 0 0 0 -1/(CsR,) |
B = [T1V1d7T2V1d70u0707070707IT/Cf]T (llb)
C:[0,0,0,0,0,0,0,0,l] (11c)
X(t) = [Ild(t)a IQd(t)a Vc1d(t)a ‘/C2d(t)7 Ilq(t)y IZq(t)a ‘/clq(t)7 ‘/CQQ(t)7 Vo(t) ] ! (1 ld)
[-R 1T+ R—715) -1 1o ws 1575 0 0 1Yz ]
1R, —Tg(Tlo + Ry — T5) -1 T3 0 ws + 1375 0 0 —137%
1/C4 0 0 0 0 0 Ws 0 0
0 1/Cy 0 0 0 0 0 ws 0
F = —Wg TQTG 0 0 —TlRl _TQ (Tm + R2 — T7) —Tl _TQ _TQTQ (123)
0 —ws + 1375 0 0 —1oR, —Tg(Tlo + Ry — T7) -1, —73 —137y
0 0 —ws 0 1/Cy 0 0 0 0
0 0 0 —ws 0 1/Cy 0 0 0
| 0 Ys/(2Cy) 0 0 0 Y9/ (2Cy) 0 0 —1/(CyR,) |
G = [_Tlrlla_T2T1170a07070707070}—r (12b)
H = [0,0,0,0,0,0,0,0,1] (12¢)
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ T
z(t) = [Zld(t)vwd(t)’qu(t)aU62d(t)>Zlq<t)7’2q(t)7vcw(t)>v62q(t)700(t)] (12d)
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By subtracting the static parts in (8) and similar to (10), the
small-signal model in state-space form is obtained as

de(t) . -
— = Fz(t)+ Ga(t) (15)

To(t) = HE(t)

where {F',G, H} and &(t) are defined in (12) shown at the
bottom of the previous page.

Remark 3: The analytical modeling method has some merits:
thanks to the use of physical laws that are known to govern the
behavior of the system, the resulting model is reliable, and
the associated model parameters provide physical insights into
the system. However, it has also several shortcomings. First,
it requires to know the true parameters of circuit components,
which can be hard in industrial practice. Second, the resulting
model is of high order (order 9), which is not suited to con-
trol design. Some reduction techniques have been available to
reduce the model order (see Section IV), but they inevitably dete-
riorate the model accuracy. Finally, it is not possible to estimate
the time delay. As a remedy to the above-mentioned shortcom-
ings, the data-driven modeling method is proposed in the next
section to refine the model quality.

III. DATA-DRIVEN MODELING

For brevity of exposition, the phase shift & and the output
voltage v, defined in the previous section will be replaced by
u and y, respectively. Based on these, the system input—output
behavior is described by the so-called output-error model

B(s,0)
t = = — t—
(1) =gt
y(te) = z(tx) + e(tr)
where s is the Laplace operator, 7 > 0 is the pure time delay,
and {e(t;)} is a DT white noise sequence. It is assumed that
the input—output signals are regularly sampled at time instant

ty = kT, k € N*, where T is the sample time. Polynomials
B(s,0) and A(s, 0) take the forms

B(s,0) = bps™ +

G(s,0)u(t — (16)

e+ by, (17a)

A(s,0) = s 4 ays" - (17b)

It is further assumed that B(s, 8) and A(s, 0) are coprime,
and that the roots of A(s, 8) are located on the left-half plane.
The unknown rational model parameters are stacked in a vector

0=la,..., b, )" (18)

Then, provided that the polynomial degrees n, and ny
have been determined by the analytical modeling method in
Section II, the objective is to estimate the unknown parame-
ter vector 6 and the time delay 7 from the sampled input—output
data {y(t), u(tr) .

Remark 4: This paper aims at solving the estimation prob-
lem in the frequency domain. Thus, in the first step, one needs to
recover the frequency-domain data from the time-domain coun-
terpart. As illustrated in [27] and [29], the frequency measure-
ments are mostly done by using the discrete Fourier transform

+ An,, Ng 2 Np.

an, bo, - .- € Rnetmotl
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(DFT), which calculates the spectrum on a discrete equidistant
set of frequencies. It is strongly recommended to apply a peri-
odic input signal and then sample the input—output signals over
an integer number of periods. In this case, the DFT spectrum
will give an exact copy of the original spectrum. Otherwise, the
signal at one frequency line will leak into the neighboring fre-
quency lines, which is called leakage. Besides, the input signal
for data-driven modeling should be sufficiently rich in harmon-
ics to ensure that the true system parameters are identifiable
(4], [7].

Applying DFT to the sampled input data, normally imple-
mented as the FFT algorithm, yields

N
) =T ultye
(=1

where wy, = 2wk /(NT'). The output spectrum Y (wy) and the
residual spectrum E'(wy,) can be similarly defined. Subsequently,
letting s = iwy, model (16) has the following frequency-domain
formulation:

Y(wk) =

19)

G(iwg, 0)e ™" U (wg) + E(wg).  (20)

When degrees n, and n;, have been determined by the analyt-
ical modeling method in Section II, the parameter estimation
problem is to estimate the vector 8 and the time delay 7 by
minimizing the following output-error loss function:

0,7 = argr‘lglin J(6,T1) (21a)
N
Z Z(wr, 0,7)|3 (21b)
k;:
where
Z(wk,0,7) = Y(wi) — Gliwg, 8)e U (wy) (22)

is the output error. A variety of methods have been proposed
in the literature to solve the above optimization problem, e.g.,
the LS methods, the IV methods, the prediction error methods
(see, e.g., [24]), and the subspace-based methods. In this pa-
per, the IV method will be used, with particular reference to
the SRIVC method, which has already been extended in [7] to
handle the time-delay CT system identification problem in the
time domain. The method developed therein is an iterative and
separable procedure. More specifically, at each iteration, it con-
sists of an IV method to estimate @ by fixing 7, followed by a
one-dimensional numerical search to solve for 7 by letting 6 as
a function of 7. This method is a direct extension of the conven-
tional SRIVC method to estimate both the plant parameters and
the time delay of a model with only a slight increase in the algo-
rithmic complexity. In the following sections, the frequency-
domain version of the method in [7] will be developed to
optimize (21).

A. Plant Model Parameter Estimation

The estimation of @ by fixing 7 is considered in this subsec-
tion. Similar to the time-domain SRIVC method, the output error



CHEN et al.: CONTROL-ORIENTED MODELING OF WIRELESS POWER TRANSFER SYSTEMS WITH PHASE-SHIFT CONTROL

defined in (22) is decomposed as

E(wk,HJ)
=Y (wi) — G(iwy, @) U (wy)
- m (A(iwkv H)Y(wk) - B(iwk, e)efiwkTU(wk))

= A(iwg, 0)Yr(wi) — Bliwg, 0)e ™+ Up(wy,) (23)

where the subscript (-) » means that the associated variable has
been filtered by F'(iwg, 0) = 1/A(iwy, 0). Note that this filter-
ing operation cannot be directly implemented, since it depends
on @, which is a priori unknown. To solve this problem, an it-
erative algorithm is adopted for practical implementation: at the
(r + 1)th iteration, the value of 0 is set to its latest estimate ob-
tained at the previous iteration 6" . Then, the filtered input—output
signals are computed as follows:

A 1

A7 1
Up(wi) = Fiwg, 0 )U(wg) = mU(wk> (24b)

Subsequently, (23) can be written into the so-called pseudo-
linear regression form (see [36]) in terms of the above filtered
input—output signals

Z(wk,0,7) = Yr(wy) — P (wi, 7)0 (25)
where
Y (wr) = (iwg)™ Yi(wy,)
and @ (wy, 7) € C™aT T s the filtered regression vector
Pr(wr. ) = [~ ()™ YR (W),
[(iwg)™, . .., 1]e “*F Up(wg)].

It can be seen that (25) is now linear in @, enabling the LS
method to estimate 8. However, as @ i (wy, 7) is correlated with
the measurement noise F(wy,), the resulting LS estimate will be
biased, even if the noise is purely white. In order to eliminate
the bias, the IV technique is adopted. The IV estimate of 0 as a
function of 7, say 9(7), is the solution to the following problem:

(26)

27)

2

0(r) = arg rr}gin (28)

N

1 Z A -

N ¢F((JJ}€):(W}€,0,7)
k=1

2

where & r(wy) € Cratmtl g a user-specified instrument
uncorrelated with FE(wy) but maximally correlated with
P (wg, 7). In the SRIVC case, the following choice is used:

Bp(wn) = [ = [liwn)"=", o Vi),

(i)™, e V)] 29)

where Y (wy,) is the noise-free version of Yz (wy,) computed by

using the model built from the latest estimates 6" and 7

Vi(wy) = Gliwy, 0 )e ™ Up(wy). (30)
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Finally, by substituting (25) into (28), 0 is estimated as

N -1 N
o(r) = (Z fiSF(Wk)fF}(wkaT)) > B (wr) Vi (wp)-
k=1 k=1
(3D
B. Time-Delay Estimation

By substituting the obtained (7 ) in (31) into the original loss
function (21), the optimization problem reduces to

7 = argmin J (1)
J(7) = J(0,7) g—p(r)-

Since J(7) is nonlinear in 7, the optimization is solved via
numerical search, with the solution given as

(32a)

(32b)

7A_r+1 — 7A_7‘

v -1 _ .
" (VQJ(%’”)) VI (33)
where ;1" is a scaling factor that defines the step length. V2 J (77)
and V.J(7") are the Hessian matrix and gradient vector of J(7)
evaluated at 77, respectively. In what follows, further details on
how to compute the two terms are presented. Before this, the IV

formulation of (32a) is established similar to (28) as

2
%:arngin % 3 W (wi) E (wp, 7) (34)
k=1 2
where @(wk) € C is the instrument and
é(wkﬂ') = E(wkaeaT”G:é(T)
= Vr(wi) = Pp(wr,m(7). (5

. T . .
Note that the instrument @ (wy, ) in (29) can be written as
1 Y

B (wy) = TOE [ ~(iw)™ L, 1] G iwr, 07,

[(iwg)™, ..., 1]} e U ()

yoeeey

 [8G(iwy, 0)
B 8(11

X e T (W

0G (i, )
b,

) ’e:ér =77
0= (wy, 0,71)
00

(36)

6=0" r=7r

which is, in fact, the minus one partial derivative of = (wg, 0, T)
in (22) with respect to 6 evaluated at (6",#7). Inspired by the
above relation, ¥(wy,) can be constructed along a similar line.
Differentiating on both sides of (22) with respect to 7 gives
. 0= (wg, 0,7)
A —_Z=\mE )
() or

0=0" 7=¢r

de—iwkr

= G(iwk,G)U(wk) dT

6=0" r=7r

= —iwpGliwy, 0 )e ™ U (wy). (37)
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Then, V2.J(7) and V.J (1) are approximated as

(38a)

(38b)

where

(39)

C. Generating Initial Values

Since the proposed method is an iterative procedure to ap-
proach the optimal estimate starting from some initial guess, the
choice of initial values is an important issue. The initial value for
0 can be generated by using the standard LS-based state variable
filter (see, e.g., [15]) method with 7 set to its initial value. On the
other hand, the loss function is usually a nonlinear function with
respect to 7, and thus, the gradient-based search (33) to estimate
T may be trapped by local minima. To increase the chance of
converging to the global optimum, it is suggested to provide a
grid for 7 and select the best as the initial value based on the
chosen criteria. The above procedure to generate initial values
for @ and 7 is summarized in Algorithm 1. Similar to [5], some
guidelines regarding the selection of the hyperparameters in the
algorithm are given as follows.

1) Choice of T and T: The lower time-delay boundary 7 can

always be set to zero, while 7 can be obtained by maxi-
mizing the following cross-correlation function:

7 =argmax E {u(ty, — 7)y(tr)} (40)
where E denotes mathematical expectation. For a causal
system, the resulting 7 is normally larger than the true time
delay, since it picks up not only the pure time delay, but
also the system phase lag.
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Algorithm 1:
Specify:
e 7, 7: upper and lower boundaries for 7;
e ).: breakpoint frequency of a state variable filter;
o {rp = (h+ 1} ,: time-delay grid, where L is a
positive integer chosen such that 77, < 7.
Initialization:
1) Compute {U (wy,), Y (wi) }i_, from the time-domain
data using FFT.
2) Letting F(iwy,) = 1/(iwy, + A)™, compute Yz (wy,)
in (26) and @ (wg, 70) in (27).
3) Compute an LS estimate of 8 as

N -1
0(m0) = (Z @ (wr, 70) P (Wi, 7'0))

k=1

N
X Z QSF(L,L}]C, TQ)YF(Wk).
k=1
Exhaustive search:
for{=1:L
1) Based on {0(7y_1), 7¢}, update the filter F (iwy,
0(7¢-1)) and the auxiliary model G (iwy, @(7¢-1)).
Compute Yr (wy) in (26), B (wy, 7¢) in (27) and
@ 1 (wy) in (29).
2) Compute an IV estimate of 8 as

N 1N
0(ry) = <Z @F(wk)ds}(wk,fg)) > B p(wi) Y (wp)-
k=1 k=1

3) Compute J(7;) in (32) by using 6(r;) and ;.
end
Return the final estimates:

e The estimates to be returned are {6(7a), 7a }, where

A =arg m}n J(70).

2) Choice of A: Low-pass filtering is an effective technique to
smooth the loss function, and to help with global conver-
gence, A should be small, as suggested in [7]. Fortunately,
since the time delay is searched on a grid in this paper,
the choice of A is not critical any more if the grid is suffi-
ciently dense, so that global convergence can occur for a
fairly wide range of values.

3) Choice of h: The loss function will have numerous local
minima with respect to the time delay if aliasing occurs
in the sampling process, each belonging to an interval of
the sample time [6], [14]. In order to find out the global
minimum effectively, it is better if the grid distance h is
smaller than the sample time 7', i.e., h < T.

D. Proposed Algorithm

The complete frequency-domain SRIVC method for transfer
functions (TFFSRIVC) is summarized in Algorithm 2.
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Algorithm 2: TFFSRIVC.

Specify:

® Gpar» Stun: tolerances of relative changes of 7 and J(7);
T, 7: upper and lower boundaries for 7;
A: breakpoint frequency of a state variable filter;
{7o = th + 7}L_,: time-delay grid, where L is a
positive integer chosen such that 77, < 7.
Initialization:

e Apply Algorithm 1 to generate initial values {90, 70}
Iteration:
for » = 0 : convergence

1) Based on {#", 7"}, update the filter F'(iw, 6" ) and

the auxiliary model G/(iwy, @' ). Compute Y (wy,) in
(26), B (wi, 77) in (27), D p(wy) in (29), ¥(wy) in
(37) and ¥ (wg,7") in (39). Compute the time-delay
increment as

AR = (V2J(77))

where V.J(7) and V2.J(7) are defined in (38).
2) Set " = 1 and perform the following:
a) Let #7+1 = #7 — " A#". Do y" = /2 while
L [ I | " AT /77| < Spar, STOD.
b) Compute @ (wy, 7" 71) and generate an estimate
of 6

é’r‘Jrl _ (

X

M=

—1
sisF(wk)@}(wk,%’““))

el
Il

1

@ 5 (wi) Y (wi).

71

) If J(77+1)
Step 2.
3) If the following condition is satisfied, stop

T (77) = TG /T () < Spun

WV

J(77), let " = pu” /2 and go to

end

E. Estimation Error Covariance Matrices

When the measurement noise is assumed to be white, once the
parameter estimates converge, the estimation error covariance
matrices of @ and 7 can be computed following from (31) and
(38) as follows (see also [37]):

-1
éF(wk)sii;(wk)> (41a)
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where 6% is the estimated variance of E(wy,).

F. Extension for DT Model Estimation

The proposed TFFSRIVC can be slightly modified to esti-
mate DT models with time delay. In this case, the input—output
behavior of the system is characterized by a parameterized DT
output-error model in the z transform operator

D(z,m)

x(ty) = Gz,nu(ty — 1) = Ciu(tk —7)

(z,m) (42)
y(te) = x(tr) + e(tr)
where 7 is a vector of the rational model parameters
n=[c1,.. o di,. .. dy,)” €RMTE (43)
and polynomials D(z,n) and C(z, ) take the forms
D(z,m)=diz '+ +dy,z ™ (44a)
Clz,m)=1+4ciz '+ +ep 2™, ne=ng. (44b)

Again, it is assumed that C(z,7n) and D(z,n) are coprime,
and that the roots of D(z,n) are located within the unit cycle.
Similar to (20), letting z = ewrT (42) can have a frequency-
domain formulation

Y(wy) = G+ m)e “* U (wy,) + E(wg). (45)

The unknown parameters 17 and 7 in the above model can be
estimated by using a procedure similar to the one presented in
Sections III-A and III-B. However, the detailed derivation of a
new algorithm is omitted, due to the length constraint of this
paper. For clarity in the notation, the new method for estimating
DT models with time delay is called frequency-domain simpli-
fied RIV method for transfer functions (TFFSRIV). A significant
merit of TFFSRIV lies in that fractional time delays can be han-
dled without any problem, since the shift operators have been
replaced by the frequency variables. However, as some control
design methodologies require the time delay to be an integer
number of the sample time, to achieve this, it is suggested to
perform a rounding operation only at the final iteration of the
algorithm.

IV. SIMULATION EXAMPLE

In this section, the analytical and data-driven modeling meth-
ods in Sections II and III are compared by means of numeri-
cal simulation in MATLAB (R2017b) on a 3.6-GHz quad-core
desktop. The Simulink diagram used to generate data is shown
in Fig. 4, with the main component parameters listed in Table I.
In the acquisition of the output voltage, it is assumed that there is
a 1-ms time delay when the measured output is transmitted from
the sampler to the host computer via wireless communication.
The dead band ~ is set to zero.

Let o=@+ & and V, =V, + 0,. For @ = 0.87 rad, the
static output is V,, = 133.11 V. To generate informative data
for data-driven modeling, & is chosen as a cyclic pseudoran-
dom binary sequence (PRBS) with amplitude switching be-
tween £0.027 rad. The shift register to generate the PRBS is
of four stages and has a clock period of 100/fs, where fs is
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Fig. 4. Simulink diagram used for simulation study.
TABLE I
MAIN PARAMETERS OF THE SIMULINK DIAGRAM IN FIG. 4
Parameter ~ Explanation Value
Ly Inductance of the sending resonator 34 uH
Lo Inductance of the receiving resonator 34 uH
M Mutual inductance between L1 and Lo 7.33 uH
C1 Capacitance of the sending resonator 117 nF
Ca Capacitance of the receiving resonator 117 nF
Cy Capacitance of the output filter 300 uF
R1 Equivalent resistance of the L, Cq branch ~ 0.039 ©
Ro Equivalent resistance of the Lo, C'2 branch ~ 0.039 Q2
Rs On-state resistance of the switches 0.001 2
R, Load resistance 5Q
Vi Forward voltage of the diodes 0.8V
Vi Voltage of the DC source 400 V
fs Switching frequency of the inverter 80 kHz
T Communication delay 1 ms

the switching frequency of the inverter. The input to the sys-
tem, u(tx) = &(ty), is sampled at ¢, = kT, k= 1,...,3200,
T = 10/ f,. In this setting, the duration of the experiment cov-
ers exactly 20 PRBS periods, as required by accurate frequency
modeling (see Remark 4). Since noise is inevitable in the phys-
ical world, it is assumed that the measured output voltage is
corrupted by white noise

y(tk) - 'Do(tk) + €(tk)

where the variance of e(t)) is suitably chosen such that the
signal-to-noise ratio (SNR) is 15 dB. The SNR is defined as

(47)

(46)

SNR = 10log,o(Ps/P.) dB

where P; and P, are the power of 0, (¢ ) and e(ty,), respectively.
A portion of the input—output data is shown in Fig. 5.

The large-signal model of the system depicted in Fig. 4 can
be established according to (10), whose output response can
be simulated by using the method summarized in Algorithm 3.
To obtain the small-signal model, the state vector of the large-
signal model at the static operating point is required, which is, in
fact, the steady-state response of the model to &« = 0.87 rad when
t1, tends to infinity, i.e., X = limy_,, X (). For the example
considered in Fig. 4, we have

X = [46.91,1.10,—3.90, 717.78, —0.23,

42.21,-797.58, —18.69,134.41] .  (48)
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Fig. 5. Portion of sampled input—output data.
Algorithm 3:
fork=1:N

1 Construct { A, B, C'} using the circuit component
parameters according to (11). Then, compute the
sampled data model matrices

T
Ay =T, Bd:/ eAtdt B
0

where 7' is the sample time. In the computation of
B, B is assumed to be zero-order hold.

2 Based on x(t;), compute the output response at time
instant 5,41 by

:B(tk+1) = Adm(tk) + By
Vo(tr) = Cm(ty).

Let k= k + 1 and go to step 1.
end

Based on the above X, a small-signal model can be derived
according to (15). As discussed in Remark 3, the resulting small-
signal model is of order nine and not suited to control design.
Therefore, model reduction should be conducted to obtain a low-
order model. Following from the idea of [12] and [41], abalanced
realization of the small-signal model can be obtained using the
MATLAB command

[sysb, g] = balreal(sys);
For our example, the Gramian g is
g = [103.50, 13.83, 13.76, 0.08, 0.08,
0.06,0.05,0.04, 0.04] (49)

suggesting that a first-order model could give a satisfactory ap-
proximation of the original model. By using the MATLAB rou-
tine modred, the reduced first-order model in transfer function
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175 Step responses of estimated models (f; = 80 kHz)
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Fig. 6. Responses of the true system and estimated first-order models (50)

and (51) to a step change of & from 0 to —0.067 rad around & = 0.8 rad. The
switching frequency is fs = 80 kHz.

TABLE I
FIT RATIOS FOR THE ESTIMATED MODELS (50) AND (51)

Method Model fit
Analytical modeling Ist-order model (50)  80.29%
Data-driven modeling  Ist-order model (51)  80.78%
form is presented as follows:
—1.375 x 10°
z(t) = ————————u(t — 0.001). 50
®) 5+ 664.3 ( ) (50)

Note that the analytical modeling method cannot estimate the
time delay, and the true time delay 7 = 0.001 s is just used.

In what follows, TFFSRIVC is used to estimate the model
parameters from the sampled data {y(tx), u(tx) }32°0, which is
called by the statement

model = tffsrivc(data, ng, np, ...
'TdMax’, 7, TdMin’, 7, ...
'Lambda’, A, TolPar’, Spar -+
"TolFun’, Gun, 'NumTd', L)

where data is an iddata object containing sampled input—
output data. Using (40) to compute the upper time-delay bound-
ary from sampled data yields 7 = 0.013 s. Letting 7 =0 s,
A =10 rad/s, Srun = Spar = 10~%, and generating 10 starting
values for 70 uniformly distributed in the interval [0, 7], the es-
timated first-order model based on a single run is

(t) = —1.382 x 10°
T T T4

To illustrate qualitatively the accuracy of the estimated mod-
els (50) and (51), their responses to a step change of & from
0 to —0.067 rad are computed around the operating point
a = 0.87 rad. The results are presented in Fig. 6, which shows
that the step responses of the models generated by both the
analytical and data-driven modeling methods are very close to

u(t —9.56 x 1074). (51)
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the true system response, indicating that a first-order model is
fairly enough to capture the basic behavior of the system. In
addition, to quantify the explanatory ability of the estimated
models (50) and (51), the fit ratio defined below is used as the
performance index

ly(tk) = ys(t) 2 ) x100%  (52)

fit= (l T 11y (8) — ym(te) 2

where y(t) and ys(t)) stand for the sampled output and the
simulated output by using the estimated model, respectively,
and v, (tx) is the mean of y(¢x). It should be noted that, when
SNR = 15 dB, the fit ratio has the following upper boundary:

fit < (1 — /P (P + Pe)) % 100%
= (1= 1/V1+1075%W10) x 100%

~ 82.5%

where P and P, are defined in (47).

The fit ratios for the estimated models (50) and (51) are eval-
uated by the compare routine in MATLAB (see Table II). It
is seen that analytical modeling yields 80.29%, while this value
increases to 80.78% with data-driven modeling, showing an im-
provement of 0.49%, thanks to the data-driven mechanism that
aims at minimizing the error between the measured and pre-
dicted outputs.

Next, let us consider the case when the operating frequency
slightly deviates from the resonant frequency. The simulation
settings remain the same as specified earlier in this section,
except for the switching frequency, which is now changed to
fs = 90 kHz. In this case, the Gramian g is

g = [387.40,293.15,0.80, 0.64, 0.08,

(53)

0.08,0.06,0.04,0.04] (54

suggesting a second-order model for approximation. The result
for the analytical modeling method is

894.25 — 4.817 x 10°

t) = t —0.001 55
") = S Ta1as 1 2.6 < 107 ) 69
while the result for the data-driven modeling method is
—6384s — 4.592 x 10°
() = i i (t—0.001).  (56)

$2 + 16475 + 2.486 x 107

The responses of the above estimated models and the true system
to a step change of & from 0 to —0.067 rad around & = 0.87 rad
are compared in Fig. 7. The corresponding fit ratios are listed in
Table III.

It is interesting to observe from Fig. 7 that the step responses
are oscillatory even though the switching frequency has been
slightly increased. The reason can be explained as follows. When
the resonant tank works at the resonant frequency, the coupling
resonators can be seen as pure resistors. Then, the equivalent
circuit has only one reactive component, i.e., C'r, and can thus
be characterized by a first-order model. This is exactly the case
of fs = 80 kHz that has been previously considered. A first-
order model has no oscillation component; therefore, the step
response will monotonically increase or decrease, as shown in
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Fig. 7. Responses of the true system and estimated second-order models (55)

and (56) to a step change of & from 0 to —0.067 rad around & = 0.8 rad. The
switching frequency is fs = 90 kHz.

TABLE III
FIT RATIOS FOR THE ESTIMATED MODELS (55) AND (56)

Method Model fit
Analytical modeling 2nd-order model (55)  78.85%
Data-driven modeling ~ 2nd-order model (56)  80.21%

Fig. 6. With this in mind, however, if the switching frequency
is not equal to the resonant frequency, the resonant tank will
be inductive if f; is larger than the resonant frequency. In this
regard, the whole circuit is equivalent to an LC'R oscillator.
This is the reason why (54) suggests a second-order model for
approximation, and why oscillation is observed in Fig. 7.

In the presence of operating-resonant frequency mismatch, it
is seen from Table III that the performance of the analytical mod-
eling method declines, while the data-driven scheme remains
still very good, giving rise to an improvement of 1.36% in the fit
ratio compared to the analytical modeling method, which is bet-
ter than the case of f, = 80 kHz. These results confirm that the
data-driven modeling method is able to provide accurate models
even if the operating conditions have slightly drifted from the
nominal ones.

V. EXPERIMENTAL VALIDATION

Let us now consider validation of the proposed data-driven
modeling methods based on real data. The prototype of the WPT
system used to generate experimental data is depicted in Fig. 8.
Further details on the hardware configuration are given as fol-
lows.

1) Controller: To achieve improved reliability, the measure-
ment and control are implemented on an NI CompartRIO
system, which consists of a cRIO-9030 controller, an NI-
9201 analog input module to sample the output voltage,
and an NI-9401 high-speed digital input—output module
to generate the control signals.

2) Inverter: The full-bridge inverter consists of four Infi-
neon BSBO56N10NN3 G MOSFETs and is powered by a
15-V dc voltage source. Each half-bridge leg is connected
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TABLE IV
MAIN PARAMETERS OF THE EXPERIMENTAL APPARATUS

Parameter ~ Explanation Value

Ly Inductance of the sending resonator 261.2 uH
Lo Inductance of the receiving resonator 258.4 uH
M Mutual inductance between L1 and Lo 3.242 uH
C1 Capacitance of the sending resonator 1.000 nF
C Capacitance of the receiving resonator 1.050 nF
Cy Capacitance of the output filter 471.2 uF
R1 Equivalent resistance of the L1, C'; branch ~ 0.941 Q
Ro Equivalent resistance of the Lo, C'2 branch ~ 0.959 2
Rs On-state resistance of the switches 0.005 Q2
R, Load resistance 10Q2

Vi Forward voltage of the diodes 05V

Va Voltage of the DC source 15V

fs Switching frequency of the inverter 300 kHz
o7 Dead band 75 ns

in parallel with a capacitor of 4.7 uF to suppress high-
voltage spikes during MOSFET switchings. The timing
sequence of MOSFET switchings are generated by the built-
in field-programmable gate array of cRIO-9030.

3) Resonant tank: The two coupled coils, encapsulated in
epoxy resin for waterproofing, have the same design
parameters. Specifically, the number of turns is 19, the
diameter is 40 cm, and the coil width is 7 cm. To allevi-
ate the skin effect, the coils are made by Litz wire of 500
strands, each having a 0.1-mm diameter. The coils are axi-
ally aligned, with the gap distance being 60 cm. The equiv-
alent resistances and the self- and mutual inductances of
the coils are measured by an Agilent E4980A LC R meter
at 300 kHz (see Table I'V). Each coil is connected in series
with a ceramic capacitor to compensate for the leakage
inductance. Ideally, in order to have a resonant frequency
of 300 kHz, the capacitors of the sending and receiving
resonators should be 1.078 and 1.089 nF, respectively.
However, due to the parasitic capacitances of the MOS-
FETs and rectifiers, experiments show that C; = 1.00 nF
and C'; = 1.05 nF are enough.

4) Rectifier bridge: The rectifier bridge consists of four SS34
Schottky barrier rectifiers. In order to attenuate various
types of ripples in the output voltage, three types of ca-
pacitors, namely, an electrolytic capacitor of 470 uF, a
polypropylene capacitor of 1 uF, and two ceramic capac-
itors of 100 nF, are connected in parallel with the rectifier
bridge.

The experimental apparatus is a computer-controlled system,
whose input, i.e., the phase shift of the inverter «, is specified
by the experimenter and thus is a priori known. In this frame-
work, the only signal that needs to be sampled through analog-
to-digital conversion is the output voltage V. For simplicity of
experiment design, sampling of the output voltage is done on
the host computer side, rather than a remote device with data
transferred to the host computer via wireless communication.
As a result, the time delay will be relatively small due to the
absence of communication delays.

The experimental data for data-driven modeling are collected
along with a procedure similar to that in Section IV. Letting
o = 0.78797 rad, the steady-state output voltage is obtained
as V, = 2.5453 V. The small signal & is chosen as a PRBS of



CHEN et al.: CONTROL-ORIENTED MODELING OF WIRELESS POWER TRANSFER SYSTEMS WITH PHASE-SHIFT CONTROL

2131

CompactRIO

| . DN

Coll laulior S
of the receiving resonator

Fig. 8.  Prototype of the WPT system.
Output V,
=
- 3f i
g
2 o5}
6 L L L
0 0.05 0.1 0.15 0.2
Time (s)
Input
28} ! :
E
£ 25¢ -
£ 24t 1
Ay
0 0.05 0.1 0.15 0.2
Time (s)
Fig. 9. Portion of input—output data obtained from NI CompactRIO.
Tek Run

Trig'd
T T

21.0MHz _Moise Filter
T T

; ; i ; ; ;
200mY A J[10.0ms & . 400my < 10 Haf1:36:34

Fig. 10.  Snapshot of the output voltage V,, captured by an oscilloscope.

amplitude switching between £0.0303 7 rad, which is generated
from a six-stage shift register of clock period 1.584 x 1072 s.
The output voltage is sampled at time instant ¢, = k', where
k=1,...,10240 and T'=9.9 x 107° s. The data can be ac-
cessed via LabVIEW (version 2018) on the host computer; see
Fig. 9 for a portion of the sampled input—output data. The sig-
nals in the circuit are also observed by a Tektronix DPO2004B
oscilloscope; see Fig. 10 for a snapshot of the output voltage V,
which corresponds to the one in the top panel of Fig. 9 up to

«Coil and capacitor
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Fig. 11.  Snapshot of the signals in the resonant tank for o ~ 0.57 rad. Curves

1-4 denote, respectively, the input voltage v1, the input current ¢1, the output
voltage v2, and the output current i9 of the resonant tank.
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Fig. 12.  Snapshot of the signals in the resonant tank for o ~ 0.8 rad. Curves
1-4 denote, respectively, the input voltage vy, the input current ¢1, the output
voltage v2, and the output current ¢5 of the resonant tank.

t = 0.1 s, and Figs. 11 and 12 for a snapshot of the signals in
the resonant tank: the input voltage v; and current 71, and the
output voltage vo and current 5.

To show the statistical properties of the parameter estimates,
a Monte—Carlo (MC) experiment of 30 runs is conducted, which
gives rise to 30 different datasets. For the TFFSRIVC and TFF-
SRIV methods, the hyperparameters are chosen as: 7 =0 s,
7 =10.001 s, A = 10 rad/s, and ryn = Spar = 10~%. To reli-
ably initialize the time delay, a set of 40 initial values uni-
formly distributed in the interval [0,7] is used. The transfer
function estimation (TFEST) routine from the MATLAB system
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TABLE V
ESTIMATED CT MODEL PARAMETERS

Method (Na, np) Estimated CT model parameters (mean (+£std)) fit Niter Te
dl [7.2 B() Bl 7
TFEST (1,0) 756.18 — —3478.7 — 0.000297 92.55% 10.0 1.33s
(£0.87) — (£6.1) — (+0)
2,0) 2761.0 1.9142 x 10° —8.5050 x 10° — 0 94.08% 9.3 1.27s
(£72) (£4.6 x 10%)  (£2.55 x 10%) — (£0)
2, 1) 4248.1 3.0730 x 10° 1977.3 —1.3605 x 107 0 96.45% 7.1 1.14s
(£30.3)  (£2.27 x 10%) (4£30.7) (+£8.9 x 10%) (0)
TFFESRIVC (1,0) 816.08 — —3672.8 — 0.00036216 94.38% 1.0 0.10s
(£0.94) — (£6.4) — (£1 x107%)
2,0) 4291.5 3.1361 x 10° —1.3949 x 107 — 0.00014504 96.00% 1.1 0.12s
(£13.8)  (£1.06 x 10%) (5.8 x 10%) — (£5.5 x 1077)
2, 1) 4380.6 3.1891 x 10° 1503.9 —1.4161 x 107 44110 x 102 96.29% 1.7 0.16s
(£49.1)  (£4.22 x 10%) (£141.9) (£1.73 x 10%)  (£1.2811 x 1077)
fit—Mean fit value. N;tor—Mean iteration number. 7' .—Mean computing time for a single run.
TABLE VI
ESTIMATED DT MODEL PARAMETERS
Method (Ne,ng) Estimated DT model parameters (mean (+£std)) fit Niter Te
é1 Co dAl dA2 T
TFEST (L, 1) —0.92815 — —0.33085 — 0.000297  92.54% 3.0 0.29 s
(£8 x 1077) — (£0.00057) — (£0)
2,1 —1.7675 0.78221 —0.065285 — 0 92.99% 5.8 0.22s
(£0.0005) (£0.00048)  (£0.000169) — (£0)
2,2) —1.6348 0.65917 0.095901 —0.20377 0 96.46% 4.0 0.24 s
(£0.0021) (£0.00197)  (+0.001938)  (40.00245) (+0)
TFFSRIV (1, 1) —0.91935 — —0.35802 — 0.000396  93.92% 2.0 0.13s
(£9 x 1077) — (£0.00062) — (£0)
2, 1) —1.6206 0.64618 —0.11369 — 0.000198  96.02% 3.8 0.16 s
(£0.0011) (£0.00100) (£0.00037) — (£0)
2,2) —1.6346 0.65897 0.096128 —0.20405 0 96.46% 4.6 0.17 s
(£0.0021) (£0.00197)  (£0.001938)  (£0.00245) (£0)

fit—Mean fit value. Njje,—Mean iteration number. T .—Mean computing time for a single run.

identification toolbox is also tested to provide a comparison
study. TFEST can be configured to estimate either CT or DT
models with time delay. To enable the CT model estimation
function, the following commands are used:

opt = tfestOptions;

num = ones(1,nb) x Nal;
den = [1,ones(1,na) x NalJ;

sys0 = idtf(num, den, I0Delay’, NaN);
sys = tfest(data, sys0, opt);

To enable the DT model estimation function, the commands are
the same except for sys0, which should be generated as

sys0O = idtf(num, den, T, I0Delay’, NaN);

where T is the sample time.

Based on the circuit component parameters available from the
manufacturer’s data sheets (see Table IV), the Gramian of the
small-signal model is obtained as

g = [0.24,0.01,0.01,0.00, 0.0,

0.00,0.00,0.00,0.00] " (57)

indicating a first-order model for approximation. However, to
show how accurate the first-order model can be, several pairs of
degree values for (n,,ny) and (n., ng) are compared.

The mean values and standard deviations of the parameter
estimates, computed from the 30 MC realizations, are listed in
Tables V and VI, showing that all the estimated models are very
accurate (fit > 92%). As the output voltage is sampled by cRIO-
9030 directly, there is no communication delay, and thus, the
estimated time delays are relatively small. For example, in the
first-order CT model generated by TFFSRIVC, we have 7 =
3.622 x 10~* s, which is only 3.658 times of the sample time
T =9.9 x 1075 s. More remarks regarding these experimental
results are presented in the following.

1) When the number of model parameters increases, the fitra-
tio becomes higher (from 94.38% to 96.29% in the TFFS-
RIVC case), and the estimated time delay becomes smaller
(from 3.6 x 104 to4.4 x 107" sin the TEFSRIVC case).
The first phenomenon is quite reasonable since a model
of more parameters provides more freedom to fit the data.
For the latter, it should be noted that a small time delay
can be approximated by a rational transfer function [18],
and in view of this, the required amount of pure time delay
can be reduced if the model order becomes higher.
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2) TFEST yields a time delay that is an integer number of
the sample time. From the MATLAB help document, we
should be aware of the rationale behind TFEST to esti-
mate the time delay—it first compares an autoregressive
exogenous model with different integer time delays and
then picks the best as the final time delay estimate. Sub-
sequently, a nonlinear LS method is adopted to iteratively
update the linear model parameters by setting the time
delay to the previous estimate. In addition, since the time
delay is fixed and known in estimating the rational model
parameters, the associated parameter estimation error co-
variances can be reduced. This explains why the standard
deviations of TFEST are smaller than that of TFFSRIVC.

3) The proposed frequency-domain algorithms converge
very fast, typically within 0.17 s and five iterations. This
reason can be explained as follows: as the sampled data
have a low noise level, evidenced from Fig. 9, the initial
model obtained by the LS estimator in the initialization
step of Algorithm 2 can be accurate if the time-delay grid
is sufficiently dense (the example considered falls into this
situation). Starting from such an accurate initial model, the
rate of convergence can be accelerated.

VI. CONCLUSION

Inferring mathematical models for WPT systems has been in-
vestigated in this paper. Two methods to handle this problem
have been considered. One is the analytical modeling method,
which has been well known in the field of power electronics. It
has been shown that the resulting small-signal model can provide
good insights into the system behavior at a steady-state point,
if the true circuit parameters are exactly known. Otherwise, the
model accuracy may decline. To relax the dependence on the
knowledge of the true circuit parameters, a data-driven model-
ing method has been proposed, with the main idea being to esti-
mate model parameters by minimizing the mean-squared error
between the sampled output and the model output. This method
is based on sampled input—output data, which are easy to obtain
and, therefore, is more suitable for dynamic model tracking.
However, in the application of this data-driven approach, one
needs to specify the model order. As the circuit topology and
nominal component parameters are normally a priori known, a
new procedure has been proposed that is a combination of the an-
alytical and data-driven modeling methods, i.e., using the former
to determine the model structure while using the latter to esti-
mate the model parameters. Numerical simulation has shown
that the proposed method is very accurate: for the considered
simulation example, it achieves an 80.78% fit ratio for a 15-dB
SNR, whichis very close to the upper performance bound 82.5%.
Experimental results have shown its fast convergence rate: for a
dataset of 10240 samples with a 1.0138 s duration, the algorithm
converges within 0.17 s in second-order modeling, yielding a fit
ratio up to 96.46%.

REFERENCES

[1] S. Ahmed, B. Huang, and S. L. Shah, “Parameter and delay estimation of
continuous-time models using a linear filter,” J. Process Control, vol. 16,
no. 4, pp. 323-331, 2006.

2133

[2] B. L. Cannon, J. F. Hoburg, D. D. Stancil, and S. C. Goldstein, “Mag-
netic resonant coupling as a potential means for wireless power transfer
to multiple small receivers,” IEEE Trans. Power Electron., vol. 24, no. 7,
pp. 1819-1825, Jul. 2009.

F. Chen, H. Garnier, and M. Gilson, “Robust identification of continuous-

time models with arbitrary time-delay from irregularly sampled data,” J.

Process Control, vol. 25, pp. 19-27, 2015.

F. Chen, H. Garnier, M. Gilson, and X. Zhuan, “Frequency domain iden-

tification of continuous-time output-error models with time-delay from

relay feedback tests,” Automatica, vol. 98, pp. 180-189, 2018.

[5] F.Chen,H. Garnier, A. Padilla, and M. Gilson, “Recursive IV identification

of continuous-time models with time delay from sampled data,” I[EEE

Trans. Control Syst. Technol., to be published.

F. Chen, M. Gilson, H. Garnier, and T. Liu, “Robust time-domain output

error method for identifying continuous-time systems with time delay,”

Syst. Control Lett., vol. 102, pp. 81-92, 2017.

F. Chen, X. Zhuan, H. Garnier, and M. Gilson, “Issues in separable identi-

fication of continuous-time models with time-delay,” Automatica, vol. 94,

pp. 258-273, 2018.

[8] D.Czarkowski and M. K. Kazimierczuk, “Phase-controlled series-parallel

resonant converter,” IEEE Trans. Power Electron., vol. 8, no. 3, pp. 309—

319, Jul. 1993.

D. Czarkowski and M. K. Kazimierczuk, “Single-capacitor phase-

controlled series resonant converter,” IEEE Trans. Circuits Syst., vol. 40,

no. 6, pp. 383-391, Jun. 1993.

[10] Q. Deng et al., “Edge position detection of on-line charged vehicles with
segmental wireless power supply,” IEEE Trans. Veh. Technol., vol. 66,
no. 5, pp. 3610-3621, May 2017.

[11] Q. Deng et al., “Frequency-dependent resistance of Litz-wire square
solenoid coils and quality factor optimization for wireless power trans-
fer,” IEEE Trans. Ind. Electron., vol. 63, no. 5, pp. 2825-2837, May 2016.

[12] Q. Deng et al., “Modeling and control of inductive power transfer sys-
tem supplied by multiphase phase-controlled inverter,” IEEE Trans. Power
Electron., to be published.

[13] Z.Fang,J. Wang, S. Duan, K. Liu, and T. Cai, “Control of an LLC resonant
converter using load feedback linearization,” IEEE Trans. Power Electron.,
vol. 33, no. 1, pp. 887-898, Jan. 2018.

[14] G. Ferretti, C. Maffezzoni, and R. Scattolini, “On the identifiability of
the time delay with least-squares methods,” Automatica, vol. 32, no. 3,
pp. 449453, 1996.

[15] H. Garnier, “Direct continuous-time approaches to system identification.
Overview and benefits for practical applications,” Eur. J. Control, vol. 24,
pp. 50-62, 2015.

[16] H. Garnier and L. Wang, Eds., Identification of Continuous-Time Models
From Sampled Data. London, U.K.: Springer-Verlag, 2008.

[17] H. Garnier and P. C. Young, “The advantages of directly identifying
continuous-time transfer function models in practical applications,” Int.
J. Control, vol. 87, no. 7, pp. 1319-1338, 2014.

[18] P. J. Gawthrop and M. T. Nihtild, “Identification of time-delays using
a polynomial identification method,” Syst. Control Lett., vol. 5, no. 4,
pp. 267-271, 1985.

[19] M. Gilson, J. S. Welsh, and H. Garnier, “A frequency localizing ba-
sis function-based IV method for wideband system identification,” IEEE
Trans. Control Syst. Technol., vol. 26, no. 1, pp. 329-335, Jan. 2018.

[20] S. Y. R. Hui, W. Zhong, and C. K. Lee, “A critical review of recent
progress in mid-range wireless power transfer,” IEEE Trans. Power Elec-
tron., vol. 29, no. 9, pp. 4500-4511, Sep. 2014.

[21] M. K. Kazimierczuk, D. Czarkowski, and N. Thirunarayan, “’A new phase-
controlled parallel resonant converter,” I[EEE Trans. Power Electron.,
vol. 40, no. 6, pp. 542-552, Dec. 1993.

[22] A. Kurs, A. Karalis, R. Moffatt, J. D. Joannopoulos, P. Fisher, and M.
Soljacié, “Wireless power transfer via strongly coupled magnetic reso-
nances,” Science, vol. 317, no. 83, pp. 83-86, 2007.

[23] H. Li, K. Wang, L. Huang, W. Chen, and X. Yang, “Dynamic modeling
based on coupled modes for wireless power transfer systems,” IEEE Trans.
Power Electron., vol. 30, no. 11, pp. 6245-6253, Nov. 2015.

[24] L.Ljung, System Identification—Theory for the User. Upper Saddle River,
NJ, USA: Prentice-Hall, 1999.

[25] L. Ljung, “Identification for control: Simple process models,” in Proc.
41st IEEE Conf. Decis. Control, Las Vegas, NV, USA, Dec. 2002,
pp. 4652-4657.

[26] F. Musavi and W. Eberle, “Overview of wireless power transfer technolo-
gies for electric vehicle battery charging,” IET Power Electron., vol. 7,
no. 1, pp. 60-66, 2014.

[27] R.Pintelon and J. Schoukens, System Identification: A Frequency Domain
Approach. Hoboken, NJ, USA: Wiley—IEEE Press, 2012.

[3

[t}

[4

[l

[6

—

[7

—

[9

—



2134

[28] A.P. Sample, D. A. Meyer, and J. R. Smith, “Analysis, experimental re-
sults, and range adaptation of magnetically coupled resonators for wireless
power transfer,” IEEE Trans. Ind. Electron., vol. 58, no. 2, pp. 544-554,
Feb. 2011.

J. Schoukens, Y. Rolain, and R. Pintelon, “Analysis of windowing/leakage
effects in frequency response function measurements,” Automatica,
vol. 42, pp. 27-38, 2006.

T. Soderstrém and P. Stoica, Instrumental Variable Methods for System
Identification. New York, NY, USA: Springer-Verlag, 1983.

T. Soderstrom and P. Stoica, System Identification (Series in Systems and
Control Engineering). Englewood Cliffs, NJ, USA: Prentice-Hall, 1989.
C. Song et al., “EMI reduction methods in wireless power transfer system
for drone electrical charger using tightly coupled three-phase resonant
magnetic field,” IEEE Trans. Ind. Electron., vol. 65, no. 9, pp. 6839-6849,
Sep. 2018.

A. K. Swain, M. J. Neath, U. K. Madawala, and D. J. Thrimawithana,
“A dynamic multivariable state-space model for bidirectional inductive
power transfer systems,” IEEE Trans. Power Electron., vol. 27, no. 11,
pp. 47724780, Nov. 2012.

V. Valdivia, A. Barrado, A. Lazaro, P. Zumel, C. Raga, and C. Ferndndez,
“Simple modeling and identification procedures for ‘black-box” behavioral
modeling of power converters based on transient response analysis,” IEEE
Trans. Power Electron., vol. 24, no. 12, pp. 2776-2790, Dec. 2009.
Z.Yang, H. Iemura, S. Kanae, and K. Wada, “Identification of continuous-
time systems with multiple unknown time delays by global nonlinear least-
squares and instrumental variable methods,” Automatica, vol. 43, no. 7,
pp. 1257-1264, 2007.

P. C. Young, Recursive Estimation and Time-series Analysis: An Introduc-
tion for the Student and Practitioner. Berlin, Germany: Springer-Verlag,
2011.

P. C. Young, “Refined instrumental variable estimation: Maximum likeli-
hood optimization of a unified Box—Jenkins model,” Automatica, vol. 51,
no. 1, pp. 3546, 2015.

P. C. Young and A. Jakeman, “Refined instrumental variable methods of
recursive time-series analysis: Part I, single input, single output systems,”
Int. J. Control, vol. 29, no. 1, pp. 1-30, 1979.

Z. U. Zahid et al., “Modeling and control of series—series compensated
inductive power transfer system,” IEEE J. Emerg. Sel. Topics Power Elec-
tron., vol. 3, no. 1, pp. 111-123, Mar. 2015.

K. Zhang, Z. Shan, and J. Jatskevich, “Large- and small-signal average-
value modeling of dual-active-bridge DC-DC converter considering power
losses,” IEEE Trans. Power Electron., vol. 32, no. 3, pp. 1964-1974,
Mar. 2017.

S. Zheng and D. Czarkowski, “Modeling and digital control of a phase-
controlled series-parallel resonant converter,” I[EEE Trans. Ind. Electron.,
vol. 54, no. 2, pp. 707-715, Apr. 2007.

[29]

[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Fengwei Chen was born in Chongging, China. He
received the B.Eng. and M.Eng. degrees from Wuhan
University, Wuhan, China, in 2009 and 2011, respec-
tively, and the Ph.D. degree from the Université de
Lorraine, Nancy, France, in 2014.

He was a Lecturer with the Dalian University of
Technology, Dalian, China, till 2016. He is currently a
Postdoctoral Researcher with Wuhan University. His
research interests include system identification, pa-
rameter estimation, and wireless power transfer.

Hugues Garnier has been a Professor of Control The-
ory and Applications with the University of Lorraine,
Nancy, France, since 2003. He was a Visiting Re-
searcher with the University of Newcastle, Australia,
in 2002-2003 and with the University of California,
San Diego, CA, USA, in 2012-2013. Since 2000, he
has been very active in promoting direct continuous-
time model-based approaches to system identifica-
tion. He was the Editor of two books and was the
Guest Editor for three special issues of international
journals. He is also behind CONTSID, a noncom-
mercial MATLAB toolbox for continuous-time system identification. His main
research interests include system identification. His current applications include
problems such as data-based modeling for battery management systems, satel-
lite attitude control, or large flexible space structure control.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 2, FEBRUARY 2020

Qijun Deng received the B.S. and M.Sc. degrees in
mechanical engineering in 1999 and 2002, respec-
tively, and the Ph.D. degree in computer applica-
tion technology in 2005, all from Wuhan University,
‘Wuhan, China.

In June 2005, he joined the Department of Automa-
tion (which is now merged into the School of Electri-
cal Engineering and Automation), Wuhan University,
where he is currently a Professor. From 2013 to 2014,
he was a Visiting Scholar with the New York Uni-
versity Tandon School of Engineering. His research
interests include wireless power transfer, distribution automation, and electrical
power informatics.

Marian K. Kazimierczuk (M’91-SM’91-F’04) re-
ceived the M.S., Ph.D., and D.Sci. degrees in electron-
ics engineering from the Department of Electronics,
Warsaw University of Technology, Warsaw, Poland,
in 1971, 1978, and 1984, respectively.

From 1972 to 1978, he was a Teaching and Re-
search Assistant with the Department of Electron-
ics, Institute of Radio Electronics, Warsaw University
of Technology, where he was an Assistant Professor
from 1978 to 1984. In 1984, he was a Project Engineer
with Design Automation Inc., Lexington, MA, USA.
In 1984/1985, he was a Visiting Professor with the Department of Electrical
and Computer Engineering, Virginia Polytechnic Institute and State University,
Blacksburg, VA, USA. Since 1985, he has been with the Department of Electrical
Engineering, Wright State University, Dayton, OH, USA, where he is currently
a University Distinguished Professor. He is the author/co-author of 210 peer-
reviewed journal papers and 260 conference papers and holds eight patents. He
is also the author/co-author of seven books entitled Electronic Devices: A Design
Approach (Englewood Cliffs, NJ, USA: Prentice-Hall/Pearson, 2004), Labora-
tory Manual for Electronic Devices: A Design Approach (Englewood Cliffs, NJ,
USA: Prentice-Hall/Pearson, 2004), Resonant Power Converters (2nd ed. Hobo-
ken, NJ, USA: Wiley, 2011), Pulse-Width Modulated DC-DC Power Converters
(2nd ed. Hoboken, NJ, USA: Wiley, 2016), Laboratory Manual for Pulse-Width
Modulated DC-DC Power Converters (Hoboken, NJ, USA: Wiley, 2016), High-
Frequency Magnetic Components (2nd ed. Hoboken, NJ, USA: Wiley, 2014),
and RF Power Amplifiers (2nd ed. Hoboken, NJ, USA: Wiley, 2015). His research
interests include high-frequency high-efficiency switching-mode tuned power
amplifiers, resonant and pulsewidth modulated dc—dc power converters, dc—ac
inverters, high-frequency soft-switching rectifiers, electronic ballasts, modeling
and control of converters, new converter topologies, gate drivers, high-frequency
magnetics, wireless power transfer, renewable energy sources, power factor cor-
rection, and wide-bandgap power semiconductor devices.

Dr. Kazimierczuk has served as an Associate Editor for the IEEE TRANS-
ACTIONS ON CIRCUITS AND SYSTEMS and the Journal of Circuits, Systems, and
Computers, and serves as an Associate Editor for the [EEE TRANSACTIONS ON
INDUSTRIAL ELECTRONICS, the International Journal of Circuits Theory and
Applications, and IET Circuits, Devices, and Systems. He was the recipient of
the Best Paper Award from [ET Power Electronics in 2012. He has received
Presidential Research, Teaching, and Service Awards as well as the Trustee’s
Award from Wright State University.

Xiangtao Zhuan received the B.Eng. degree from the
Wuhan University of Hydraulic and Electrical En-
gineering, Wuhan, China, in 1999, the master’s de-
gree from Wuhan University, Wuhan, in 2002, and
the Ph.D. degree from the University of Pretoria,
Pretoria, South Africa, in 2007.

He s currently a Professor with Wuhan University,
where he is the Vice-Dean of the School of Electri-
cal Engineering and Automation. His research inter-
ests include modeling and optimal control involving
in power systems, heavy-haul trains, and industrial
processes.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


