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Modeling and Control of the WPT System Subject to
Input Nonlinearity and Communication Delay

Shijun Zhao*”, Chunsen Tang

Abstract—Wireless power transfer (WPT) systems are a kind of
high-order, highly nonlinear, time-delay systems. The conventional
circuit theory-based methods for modeling the system result in
high-order models, so it may not be efficient in digital implementa-
tion, especially on cost-sensitive microcontrollers. Besides, the time
delay will impair the feedback performance of the system, and even
lead to closed-loop instability under incorrectly compensated. To
solve the abovementioned problems, this article proposes to infer
a low-order model for the system based on sampled data and then
use this model to design the control system. More precisely, the
proposed methodology consists of two steps. In the first step, a
parsimonious modeling method is proposed to yield a low-order
model of Hammerstein type plus time delay, which makes it possible
to simulate the model response in a cost-sensitive microcontroller.
Then, based on the model obtained in the previous step, the internal
model control (IMC) is adopted to design the closed-loop control
system. Benefiting from the accurate prediction provided by the
model, the closed-loop controller can mitigate the effect of the
time delay and track the set value quickly. Finally, experimental
and comparative results are given to verify the effectiveness of the
proposed method.

Index Terms—Data-driven modeling, Hammerstein model,
internal model control (IMC), nonlinear system, time delay,
wireless power transfer (WPT).

I. INTRODUCTION

considerable attention due to their abilities to obtain
electrical energy without physical contact, thereby improving
the safety, reliability, and flexibility of the power supply [1], [2],
[3]. These advantages have made it widely applicable in many
fields, especially in electric vehicles, oil drilling, biomedical,
aviation, and marine industries [4], [5], [6], [7], [8], [9], [10].
In most WPT systems, a closed-loop control is necessary
to ensure the stability of the system output voltage and the
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Fig. 1. Architecture of the wireless power transfer system under consideration.
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safety of power devices [11], [12]. Since an accurate model
can help in controller design so as to improve the control
system performance, it is necessary to obtain a model that
accurately describe the input and output behavior of the system.
Conventional modeling methods for the WPT system include
generalized state-space averaging (GSSA) [13], expansion func-
tion description [14], discrete time mapping [15], ac impedance
analysis [16], etc. It should be noted that the abovementioned
methods concentrate on circuit-level modeling, and most of
these yield steady-state models, while the system-level model
(dynamic modeling), which is helpful for control system design,
has been considered less important. Due to the high nonlinearity
of the WPT system, the process of traditional modeling method
is usually complex, including high-order modeling and model
reduction [15], [17]. Then, the uncertainty of various circuit
topologies, system parameters, operating states, and control
methods can result in the traditional model obtained by tra-
ditional methods being unable to reflect the real system in
specific scenarios. Besides, the WPT system forms a closed
loop through the communication link between the primary side
and the secondary side, as shown in Fig. 1, where the wireless
communication, data sampling, processor calculation and model
reduction in the system will lead to a time delay [18]. The time
delay may lead to instability of the system and failure of the
closed-loop system if it has not been accurately handled. Due to
the high-order models, and that time delays cannot be accurately
estimated by traditional modeling methods, it is necessary to
find a new method that is able to yield a simple model with
a time delay for the WPT system and, on this basis, design
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a controller with delay compensation to further improve the
control performance.

A Hammerstein model is composed of a static nonlinear
function and a linear time-invariant model, which has been
used to describe a buck converter [19], an insulated gate bipolar
transistor (IGBT) [20], and a dc/dc converter [21]. It represents
a direct way to incorporate prior information about static non-
linearity into the converter model and can better describe the
nonlinear system model [22]. The Hammerstein model can be
identified via data-driven modeling, which has been widely used
in industry. With this method, the structure, parameters, and
time delay of the model are determined from sampled input and
output data according to the specified performance indicators,
rather than the circuit topology and parameters [23], [24]. The
sampled input and output data required for model identification
are very easy to obtain. These show that data-driven modeling
is superior to the traditional modeling method from a control
perspective, and has attracted more and more attention in the
field of power electronics [25], [26].

The feedback control of the WPT system is subject to param-
eter uncertainty, nonlinearity, time delay, etc. In these circum-
stances, the traditional proportional-integral-derivative (PID)
control is insufficient to achieve satisfactory control perfor-
mance. At the same time, the tuning of controller parameters
often depends on engineering experience, and the process of
parameter tuning is nontrivial. For a time-delay process, in order
to ensure the closed-loop stability using a PID controller, it is
necessary to reduce the integral effect, which will slow down
the closed-loop response and degrade the control quality [27],
[28]. The internal model control (IMC) is simple to design and
it can greatly improve the robustness and disturbance rejection
performance of the system, especially in large time-delay sys-
tems [29], [30], [31], which motivates its research to address
the above problems in the WPT system. In our previous re-
search works, the data-driven modeling of SISO and MISO
WPT systems, using continuous-time or discrete-time transfer
function models with time delays to explain the behavior of
input—output systems, has been investigated. The method is
based on the refined instrumental variable (RIV) to estimate
the model parameters and time delay at a static operation point,
and it shows that a first- or second-order model can explain
very well the input—output behavior of a system [23], [24], [32].
Due to the nonlinear characteristics of the WPT system, the
model parameters at the different static points can be different.
In this case, a Hammerstein model could be a better choice
to take the nonlinearities into account. Therefore, our previous
research will be improved and extended in this article to estimate
the Hammerstein model. On this basis, IMC is designed to
improve the control quality in the presence of time delays and
nonlinearity. The contributions of this article are as follows.

1) The Hammerstein model is used to describe the LCC-S
compensated WPT system, and the method of data-driven
modeling is applied to simultaneously estimate system
parameters and time delay of a Hammerstein model.

2) Based on the identified Hammerstein model, the IMC
method is adopted to improve the control quality consider-
ing input nonlinearities and communication time delays.
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Fig. 2. Example of the PS control and inverter output voltage.

The rest of this article is organized as follows. In Section II,
the Hammerstein model is established to describe the nonlinear
behavior of the LCC-S WPT system, and a data-driven modeling
method is proposed to estimate the parameters of this model. In
Section III, the Hammerstein-model-based IMC design method
is introduced. Simulation and experimental results are shown
in Section IV to demonstrate the effectiveness of the proposed
method. Finally, Section V concludes this article.

II. SYSTEM STRUCTURE AND MODELING METHOD

A. System Description

As shownin Fig. 1, the commonly used LCC-S WPT system is
studied. The LCC composite compensation mode on the primary
side is adopted, while the LC series compensation mode on the
secondary side is adopted. w,p, represents the first harmonic
of the inverter output voltage. R, Rs, and R3 represent the
resistances of the compensation inductor L¢, transmitter coil
Ly, and receiver coil Lg, respectively. M represents the mutual
induction between the transmitting coil and the receiving coil.
Ry, denotes the equivalent load of user equipment. f denotes the
operating frequency of the system. Generally, the output voltage
is fed back to the primary side through wireless communication,
and then the controller adjusts the phase shifting of the inverter
to regulate the output voltage. The signals in phase-shift (PS)
control of the inverter are shown in Fig. 2, where d represents
the duty cycle of the PS angle. « represents the angle at duration
which switches S; and S4 (or Sy and S3) are opened at the same
time. Through the error between the output voltage and the set
value, the duty cycle d is calculated. The previous studies have
shown the nonlinearity of the system in Fig. 1 [33]; see Fig. 3,
where the output characteristic curve of the system described
in Fig. 1 at different duty cycles is shown. In Fig. 3(a), the
steady-state output voltages of the system under different duty
cycle differs from each other: they increase with the increase
of the duty cycle along a nonlinear trajectory. In Fig. 3(b),
the step responses of the system at the different steady-state
operating points are shown, where a small duty cycle disturbance
is superimposed on the input. The response trend is similar
at different steady-state operating points, except for the gain.
Inspired by this, it is reasonable to describe the WPT system by
a Hammerstein model [34]. In the rest of the article, the modeling
process will be introduced and analyzed in detail.
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Fig. 3. Static nonlinearity. (a) Steady-state outputs as a function of duty cycle.

(b) Output responses to a 2% increment in duty cycle at different static points.
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Fig. 4. Equivalent circuit diagram of Fig. 1.

B. Circuit Theory-Based Modeling

A large-signal model of the WPT system can be established
according to the simplified circuit as shown in Fig. 4, where w,
and ¢, represent the voltage and the current of the rectifier bridge,
respectively. According to Fig. 4 and Kirchhoff’s theorem, the
system can be described by the following:

di
Lf£ + Ryig + Uef = Uap
du, . .
Cfo +1p =1t
duey,
Pt = p
di dig
Lp£+R2ip+ucp Mé = Ugs 1)
dig . dip
_L(;E — Rgls Ues + ME = Uy
uCS
CVs = g
ddt
Uo Uo
C - — Ur
d N + i )

where u, and 7, can be calculated based on energy conservation.
According to [17] and[32], u, and 7, can be expressed as follows:

2
i = = Ji24 2,
78" e, 2

8 Uyl

Uy = .
w2 i,

where ig 4 and i  represent the real and imaginary parts of i,
respectively. The GSSA model of system can then be obtained
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as

{:’c(t) = Az(t) + Bu(t) )

y(t) = Cx(t)

where z(t) represents the generalized state variable vector,
which contains the real and imaginary parts of the state vari-
ables in (1). u(t) = u,p represents the control input that can be
obtained by (4). y(t) = u, represents the output of the system.
A, B, and C represent the system, input, and output coefficient
matrix of the large-signal model, respectively

Unpy = Wae o (Wd> . )
s 2

For the purpose of control system design, linear models are
one of the objectives of conventional modeling methods [18],
[33], so one can linearize equation (3) at the given set point
to obtain a small-signal model that is linear in the variables. By
perturbing and linearizing the state-space equation of the system
as (5), the small-signal model can be obtained. Z;, Wap, 3, and
v represent the perturbation performed around the steady-state
operating point. U ,1,, U, and D denote the input voltage, output
voltage, and duty cycle at stable operating point, and Y = U,

Uab an}i + aab (5)
y=Y+y
d=D+d

where capital letters stand for steady-state values, which can be
calculated by setting the derivative in (3) to zero. U 51, and %y,
can be calculated as

— 4 D
O = Ve g <7T) 6)
™ 2
. OUap ~ 7D\ ~
= d= 2o cos (2 ) d. 7
Uab 5d . dcos(Q) (7

Therefore, the state-space equation of the small-signal model
is established as

Z(t) = AZ(t) + Bi(t
{5> a(t) + Ba(t) )
7 z
where u(t) = d and y(t) = u, represent the input and output
variables of the state-space model. A, B, and C represent the

coefficient matrices of the small-signal model. Through (8), a
transfer function form of (8) can be derived as

Cuu(s) = gi; ~C(sI-A) B ©)

where I represents an identity matrix of appropriate dimension,
and G, (s) denotes the small-signal transfer function. U (s) and
}Af(s) represent the input and output in the frequency domain.
Then, by using the parameters in Table I, a 13th-order transfer
model function can be derived. One can apply the balance
theory and Hankel singular value truncation method to reduce
the model order [17], [35]. The singular value distribution of
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TABLE I
MAIN CIRCUIT PARAMETERS

Items Symbol Value
DC Input Voltage Uge 150 V
Operation frequency fo 100 kHz
Parallel compensation capacitor Ck 102.54 nF
Primary series compensation capacitor Cp 16.86 nF
Secondary series compensation capacitor Cs 13.42 nF
Filter capacitor Ca 470 uF
Compensation inductance L¢ 24.77 uH
Transmitting coil inductance Ly 173.93 uH
Receiver coil inductance L 186.47 uH
Mutual inductance M 37.49 pH
Compensation inductance impedance Ry 0.02 Q
Transmitting coil impedance Rs 0.18 Q
Receiver coil impedance Rs 0.19 Q
Output power range Pout 0~1.3 kW
Load Ry, 64 Q
4
3l J
221 1
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Order
Fig. 5. Singular value distribution of of the full-order model.
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Fig. 6. Bode diagram of reduced-order models. (a) First-order model.

(b) Second-order model.

the full-order model is shown in Fig. 5, which indicates that a
second-order reduced-order model could be the best. The bode
diagrams of the original model and the reduced-order model
are shown in Fig. 6. In the frequency range of [0, 10°] radss,
the gain and phase curves of the second-order model and the
original model almost coincide. Therefore, it is reasonable to
use multiple second-order models to approximate the nonlinear
behavior of the system, as discussed in [36]. However, this
treatment will increase the complexity of the controller. The
Hammerstein model, consisting of a static nonlinear function
followed by a linear model, can accurately characterize the
behavior of the system with input nonlinearity. Through analysis
of the large-signal and small-signal models of the WPT system,
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the Hammerstein model shown in Fig. 7 can be a reasonable
alternative to replace the original circuit theory-based model. In
the Hammerstein model, f(d) is the static nonlinearity function,
d is the duty cycle (control variable), and G, (s) is a linear
time-invariant model. The relationship between u,, and d can
be simplified as follows:

uo = Gp(s)f(d).

Obviously, if we use GSSA to generate the linear model
Gp(s), the resulting model will be of very high order, and
the model accuracy may not be guaranteed if the component
parameters are not accurately known. To avoid this problem,
the data-driven modeling method will be used to identify the
Hammerstein model in the next section.

(10)

C. Data-Driven Modeling

By using the method of data-driven modeling, it is easy to
estimate the parameters of the Hammerstein model as shown
in Fig. 7. In this article, the static nonlinearity corresponding
to a full-bridge inverter is f(d) = sin(wd/2). In addition, this
nonlinear function can also be identified from static input—output
data (measured after all transients have died out). The dynamic
linear model can be identified from the dynamic input and output
data, which is related to the transient response generated by an
appropriate excitation signal, such as the pseudorandom binary
sequence (PRBS). The block diagram of the linear model is
shown in Fig. 8, where a time delay is added to account for the
communication delay. The Hammerstein model can be written
as follows [24]:

z(t) = G(s,0) f(ut — 7)) =
y(te) = 2(ty) + v(te)

in which 7 represents the total time delay of the system, v (¢ )
represents the output measurement noise, and t; = k7T’ repre-
sents the sampling time (with 7" the sampling period). B(s, 6)
and A(s, 0) are the following polynomials:

(1)

B(s,0) = bgs™ +bys™ 4 £ by, (12a)

A(s,0) = 8™ +a;s™ + -+ a,, (12b)
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where § = [ay,...,an,, b0, .,bn,]" is the vector of unknown
parameters, with n, and ny (n, > ny) being polynomial de-
grees. The previous circuit modeling analysis suggests a second-
order model to describe the system behavior, so here, we can set
n, = 2 and ny, = 1.

Let’s make the following assumptions. 1) B(s, 0) and A(s, 0)
have no common factor. 2) The roots of A(s,0) lie in the
left-half plane. 3) n, and ny, are known. 4) u(t) is generated
from a discrete sequence u(y) via a holding device, which is
designed to be independent of other input parameters of the
system, and has enough information to ensure the identifiability
of the model. The objective of this article is to estimate the
vector of parameters 6 and the time delay 7, from the sampled
input—output data {y(¢1), u(tx)}4_,, where N is the number of
samples.

The following optimization problem is defined to estimate the
unknown model parameters:

5,?: argrglinJ(G,T) (13)
J(0, 1) = arg mlTn ﬁ Z e*(tk) (14)
e(tr) = y(te) — 2(tk) (15)

where J(6,7) is the cost function and (¢ ) is the output error
at the kth sampling time. Newton’s steepest gradient descent
method has the characteristics of fast convergence, so it is
used here to iteratively estimate the parameters 6 and 7. For
convenience in the notations, let us define

0
p= [ ] (16)
T
the iterative estimation of p is given as
-1
pri=p - ( J(P)) VJ(P)L;:@' )

where p is the step length, V.J(#) and V2J(p) denote the
gradient vector and approximated Hessian matrix, respectively

N T
VJ(p)=Z<ai9(2k)> () (18)
k=1
N 0(t)\ " [ Oe(ty)
V2J(p) = . (19)
r ;( 20 > ( 20 )

The proposed algorithm is summarized as Algorithm 1. First,
the initial values of parameters are set, such as model parameters,
time delay, minimum error increment, etc. Then, the unknown
parameters are estimated by Newton’s iterative search, and the
iterative calculation is repeated until the optimal parameter
estimates are obtained.

III. CONTROL DESIGN

A. Hammerstein-Model-Based IMC Scheme

The Hammerstein-model-based IMC is shown in Fig. 9. When
the nonlinear component f (-) of the system is fully compensated

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 11, NOVEMBER 2023

Algorithm 1: Newton’s Iterative Searching Method.

Input:
o Sampled data: {y(ty), u(tk)}ivzl;
o Polynomial degrees: {n,, np};
o Number of training data and iterations: Ng, Niter;
o Initial parameters of time delay {TO, ATimin, Tmax};
o Tolerances: Sgun, Spar-
Output: p*;
1 based on 7Y, estimate #° via a linear model estimation
method;
2 p* <+ [09%70;
3 for j < 1 to Niter do

4 w1
5 | compute Ap* = (VQJ(p*))AVJ(p*);
6 implement the following:
7 for i < 1 to Njier do
8 compute p = p* — uAp*;
9 if J(p) = J(p*) or T # [Tmin, Tmax| then
10 o )2
1 if [[1Ap./p7|| < Spar then break;
12 else
13 | p* < p: break;
14 end
15 end
16 | Af[AJT(p")/J(p*)| < Stun or |udp./p" || < Spar
then break;
17 end
v
D(s)
et +_E(s) + . i) + % Yu
) — 1) — B 2T >
M(s) Hammerstein
M(s)e™ system
Fig. 9. Block diagram of the IMC scheme based on the Hammerstein model.
o
C(s) D(s)
Ut * o EG) + Uis) | P + % Yu
- O(s) P 2T
M(s)
M(s)e™
Fig. 10.  Block diagram of the equivalent IMC scheme.

for, the control system in Fig. 9 is equivalent to the one shown in
Fig. 10, which is the standard internal model control structure.
Q(s) denotes the internal model controller. P(s) denotes the
WPT system. M (s) denotes the mathematical model of the plant
obtained by the data-driven method. e denotes the error between
the output voltage y,, and the set voltage u,c. U($) represents
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the output of the feedback controller, and D(s) denotes the dis-
turbance transfer function. C'(s) denotes the feedback controller
(the shadowed part of Fig. 10). The control objective is to force
the output voltage ¥, to track the set value u,.¢. The closed-loop
transfer function can be written as follows:

__QePe
T+ QG)(P(s) — M) "

(1 = Q(s)M(s))D(s)
14+ Q(s)(P(s) — M(s))

and the error is expressed as

(1—Q(s)M(s)) »
5 0() (P(s) = M(s)) et ~ 1) 2D

Remark 1: If the plant P(s) is stable and P(s) = M(s).
Q(s) = M~'(s) can be computed. The disturbance uq # 0 and
the step input u.er # 0. According to (20), the system output
is maintained equal to the set value as y, = uyer, and the ideal
control performance can be obtained.

Remark 2: The closed-loop system is stable. Q(0)M(0)
= 1, where Q(0) denotes the steady-state gain of the controller
and M (0) denotes the estimated model gain. The disturbance
uq # 0 and the step input ugq # 0. According to (21), even if
P(s) # M(8), Yu = Uref-

Unlike the above ideal situations, the following practical
issues need to be considered. 1) Communication delays are
inevitable and they will introduce a pure delay in M ~1(s),
then M ~1(s) is physically difficult to realize. 2) If the model
contains RHP zeros, the controller )(s) will have RHP poles
and the controller itself will be unstable, which will lead to
the instability of the closed-loop system. 3) The model M (s)
is strictly rational, but the ideal controller is not rational, i.e.,
the n-order differentiator will appear in the controller. 4) If the
closed-loop system is composed of an ideal controller, the output
of the closed-loop system is sensitive to the model error, i.e.,
P(s) # M(s), and then the robustness of the closed-loop system
may not be guaranteed.

Therefore, the process model needs to be decomposed: only
the part containing stable zeros and stable poles is used to design
the controller.

Yu

uq (20)

€ = Uref — Yu =

B. IMC Control Design

1) Parameter Design: The IMC controller design has two
steps. 1) A stable ideal controller is designed without considering
the robustness and constraints of the system. 2) A filter f(s) is
introduced, and the desired dynamic robustness is obtained by
adjusting the structure and parameters of the filter.

1) The model M (s) is decomposed as follow:

M(s) = M. (s)M_(s) @2

where M (s) contains the time delay and the nonmin-
imum phase part (e.g., RHP zeros), and M_(s) is the
minimum phase part of the model.

2) To ensure the stability and robustness of the closed-loop
system, a filter is introduced. The controller is defined as

Q(s) = f(s)/M_(s) (23)
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F(s) = 1/(1+2s)"

where f(s) is a low-pass filter of order n, which ensures
that Q(s) is rational. A is the time constant of the fil-
ter, which could balance the tracking performance and
robustness of the controller. Since the WPT system can be
described by a second-order plus time delay, n can be set
to 2. The feedback controller C'(s) can be obtained as

(24)

_Uls) _ Q(s)
OB T TN
B M=1(s)
= T — ML (5) 2
and the controller output is
-1
Us) M= (s)E(s) 26)

f7Hs) = My (s)
Remark 3: M (s) and P(s) generally do not match. Accord-

ing to the robustness theorem, the closed-loop stability condition
of IMC is

(M (s)f(s)] < 1/lm Y 27)
where [, is the upper bound of model uncertainties
P(s) — M(s)
En(s) =|—=——"| <ln. 28
()= |~ (8)

Assuming that |M (s)| = 1, when E,(s) increases, |f(s)]
needs to be selected smaller. Since we have M (0)f(0) = 1 in
IMC, the feedback error e satisfies

. |1 — M, (s)[(s)| |ttpet — gl
ST M (3)f(s)Em(s)]

e < [1—=My(s)f(s))| Ir —d| = [s] [txet —ual . (30)

When w < 1/, we have My (s)f(s) ~ 1 and e = 0. When
w = 1/A, then |f(s)] is very small, and | My (s)f(s)Em(s)| =~
0. This means that (29) and (30) could be identical. For both
high- and low-frequency dynamics, A should be large enough to
ensure that the closed-loop response is sufficiently close to the
response of the nominal M (s)f(s).

Assume that the model of the WPT system has been reduced
to the following one:

M(s) =

where K represents the open-loop process gain, wp represents
the natural frequency of the WPT system, ¢ represents the
damping coefficient, and 7 represent the time delay. M (s) can
be decomposed as

(29)

K —TS

—-——e 31
§2 + 28wos + w3 D

Mi(s)=eT°
K (32)
M_(s) = ¥———F—.
(5) 52 4 2€wos + w3
Owing to a large time delay existing in the closed-loop system,
the controller output is decomposed as follows:

f(s)

Ve =30

E(s) + f(s) My (s)U(s)
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= Ul(S) + UQ(S).

Note that only Us(s) contains the time delay. The analytical
expressions of U; (s) and Uz (s) are

(33)

1(6) = s B
1 2 2
= m(s + 28wps + wi) E(s) (34)
1 —TS8
Ua(s) = f(s)M4(s)U(s) = me U(s). (35)

The decomposed Ui (s) and Us(s) can be computed sepa-
rately. For digital simulation, they can be expressed in state-
space form

1(t) = Az (t) + Bie(t)
{y1(t) = Cy21(t) + Dies(t) (36)
and
ia(t) = Agza(t) + Bay(t — 7)
{92 (t) = Cama(t). 37)

The control output is then the sum of the outputs of the above
models

y(t) = y1(t) + ya(?). (38)

The state equations in (36)—(38) should be discretized when
they are implemented in a digital controller. For (38) where a
pure time delay appears, conventional methods usually use Padé
approximation or Taylor series expansion to approximate the
pure time delay. However, if the time delay is large, the accuracy
of approximation could not be guaranteed. At the same time,
the order of the series expansion will be very high for large time
delays, which is not expected in control system implementation.
To avoid this problem, we present a method that is able to
explicitly address the fractional time delay in digital simulation
in a computationally efficient manner (see Appendix).

2) Choice of A: Sensitivity quantitatively indicates the sen-
sitivity of the closed-loop transfer function to the change of
process parameters. The smaller the sensitivity, the stronger the
robustness of the control system to the model mismatch. The
maximum sensitivity, denoted by Mj, is a robust performance
index of a closed-loop system. A can be obtained by solving
the nonlinear equation between My and the open-loop transfer
function of the containing controller. Mj is defined as

1
1+0(s)P(s)|
By combining (24) with (30), C(s) is derived as follows:
Us) QL)

E(s)  1-Q(s)M(s)
82 + 28wos + w?

= . 40
K(A2s2 4215+ 1—e77%) “0)

Mg = max (39)

C(s) =

If the time delay in the above equation is relatively small, the
approximation of e™7® ~ 1 — 7s could be accurate, and then M
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Fig. 11.  Experimental setup.
becomes

k2(jw)2 + 2A(jw) + T(jw)
A2(jw)? 4+ 2A(jw) +1 |

S

(41)

m
O<w<Loo

Note that A is the only adjustable parameter in IMC, and it
plays a role in balancing the tracking speed and robustness. M
as the performance index can help us find an optimal value of A to
achieve the desired control performance and its empirical value
meets My < 2. Usually, the A resulted from the optimization of
M5 can only be used as an initial value and, starting from this, A
is subsequently adjusted until the robustness index of the system
response is met [29], [30].

IV. EXPERIMENTAL RESULTS

In this section, experimental results are provided to verify
the effectiveness of the proposed modeling and control method.
Fig. 11 shows the prototype of the WPT system. On the primary
side, a control board with STM32H?7 is adopted to realize the
IMC control, the signal processing, and the communication
function. On the secondary side, STM32F407 is used to realize
the sampling and communication functions. The main param-
eters of the system are shown in Table I. The experimental
results of the model parameter estimation and IMC control are
illustrated as follows.

A. Validation of Data-Driven Modeling

To show the static input nonlinearity of the system, the steady-
state input and output data at multiple static operation points are
acquired. The steady-stage outputs as a function of the duty cycle
are plotted in Fig. 12(a), where an obvious nonlinearity close
to 225 - sin(wd/2) can be observed. The steady-state operating
points (m7, mg, ms3, my) shown in Fig. 12(a) are superimposed
with a 2% duty cycle disturbance, and the dynamic responses
to these disturbances (with static values removed) are shown
in Fig. 12(b). Clearly, all the dynamic responses have the same
trend of variation, but the gains differ from each other. This
concretes the static nonlinear characteristics of the system. In
Fig. 12(b), a disturbance with a very small change in duty cycle
(2%) was superimposed to perturb the system. The resulted
load voltage variation is small compared with the static output
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Fig. 12.  Static nonlinearity. (a) Static outputs as a function of duty cycle.

(b) Step responses to a 2% increment in duty cycle at different static points.
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Fig. 13.  Portion of the perturbed output voltage and inverter current.

(4 versus 200 V), or with the switching noise introduced by
the MOSFETs. So, the “zooming” effect of Fig. 12(b) makes
switching noise spikes are quite significant. However, if we
increase the amplitude of the excitation signal, then these spikes
will not be so obvious. It should be mentioned that the difference
between the experimental and theoretical (i.e., 225 - sin(wd/2))
results shown in Fig. 12(a) is attributed to the omission of
higher harmonic components. To accurately describe the input
nonlinearity, the lookup table (LUT) method is a good option.
The data for rational parameter estimation of the Hammerstein
model are generated at the steady-state operating point of D =
0.8. The steady-state output at this operating point is measured
to be 210 V. After that, a PRBS input with an amplitude of
1% duty cycle is superimposed on the steady-state input and,
subsequently, a total of 3300 input—output data are sampled.
The dynamic output response of the system to the PRBS input
excitation is shown in Fig. 13. The average output is 209.92 V,
and the amplitude of perturbation on the output is about 5 V. The
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Fig. 14.  Comparison of the measured output and estimated model output.
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Fig. 15. Input and output of system under different set voltage and load.
(a) Uper =161 V and Ry, =64 Q. (b) uyer =181 V and Ry, =64 Q.
(¢) Uref = 201 V and Ry, = 64 Q. (d) uyer = 201 Vand Ry, = 32 Q.

TABLE II
ESTIMATED PARAMETERS AT STEADY-STATE OPERATION POINTS

Estimated parameter values

Order @ s by 7(s) fit (%)
1 1.037 - 10° 4.438-10° 4.8-107% 83.31
2 1.936-10° 2.849-10% 849-10° 4.9-107* 90.32

small perturbation will not affect the running of the system too
much.

A comparison between the measured output and the estimated
second-order model output is shown in Fig. 14.

The ratio of fitness, computed via the compare routine in
the control system toolbox in MATLAB, reaches 90.32%, which
concretes the accuracy of the data-driven modeling method. The
estimated model parameters are shown in Table II, where the
second-order model achieves a higher fitness ratio than the first-
order model. This illustrates that the second-order model is more
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accurate than the first-order model for the WPT system under
consideration. Besides, the time delay (measured approximately
as 4.9 - 1073 s in experiment) has been estimated as 4.8 - 1073
s (first-order model) and 4.9 - 1072 s (second-order model)
through the proposed identification method. The estimated time
delay is inconsistent, which is caused by the different phases
between the first- and second-order models.

B. Validation of Hammerstein-Model-Based IMC Scheme

To verify the good performance of the proposed Hammer-
stein-model-based IMC controller, transient response tests and
load variation tests have been carried out. All the tests have
the same trajectory: they consist of two set point changes, i.e.,
Uret = 161 — 181 V and wu,er = 181 — 201 V, and one load
change, i.e., Ry, = 64 — 32 Q). The control period is 1 ms. The
set point and load are changed after the system output reaches
a steady state. The power transfer efficiency is measured by a
power analyzer (HIOKI PW6001). The steady-state values of
input power and output power are shown in Fig. 15. Ugc1, I4c1,
and Py represent, respectively, input voltage, input current,
and input power on the dc power supply input side. Uqca, Ldc2,
and Py represent, respectively, output voltage, output current,
and output power on the rectifier side of the WPT system. Fig.
15(a)—(c) shows the test results under different set voltages
Uref, and 15(d) shows the test result under load changing with
urof = 201 V. Throughout the entire testing process, the trend of
output power variation is P,y = 0.398 — 0.504 — 0.623 —
1.253 kW within the rated output power of 1.3 kW and the
power transfer efficiencies 77; have maintained above 93%. The
performance of the Hammerstein-model-based IMC control is
shown in Fig. 16, where two values for A have been tried, i.e.,
A =06.6-10"%*and A = 4 - 10~3. Note, based on the abovemen-
tioned method, when the sensitivity Mg = 2, A is calculated as
6.77 - 10~*. After adjustment, A is set to 6.6 - 10~%. Similarly,
when My = 1,1 = 4 - 1073. As acomparison, the results of PID
control are also presented; see Fig. 17, where k;, k; represent
the proportional gain and integral gain of the PID controller,
respectively. The static nonlinear gain part of the PID controller
in the experiment has been optimized and compensated through
the LUT method [21], [37]. The parameter design method of PID
isintroducedin [38] and [39], and the time delay is considered. In
both experiments, the CH3 of the oscilloscope records the wave
form of the output voltage, while CH4 records the waveform of
the inverter current.

Figs. 16(b) and (e), and 17(b) and (e) are, respectively,
the zooming parts of the transient output responses shown in
Figs. 16(a) and (d), and 17(a) and (d). These waveforms demon-
strate that the control system is able to track the set point at
different steady-state operating points. The IMC scheme with
A = 6.6 - 10~ *achieves the best performance, i.e., it achieves the
dynamic characteristics of rapid response at different working
points, where the settling time is only 3 ms, while this value
increases to 16 ms when A = 4 - 102 is used. This shows the
efficacy of A in balancing the transient performance and robust-
ness. By contrast, the settling time of the PID controller with the
integral gain k; = 4.368 - 10~* is about 15 ms, which is much

14785

slower than the IMC controller (with a settling time of 3 ms) of
A = 6.6 - 107, because the IMC controller is designed based on
the identified model, which contains enough knowledge about
the system dynamics, and that the communication delay has
been compensated correctly. Fig. 17(b) and (e) shows that after
the integral gain of the PID controller is enhanced, the response
speed of the closed-loop system output increases, but significant
excessive overshoots of system output voltage and larger settling
time. On the other hand, the waveforms of the inverter current in
Figs. 16(a) and (d), and 17(a) reveal that fast transient response
can lead to overshoots of the inverter current. Therefore, A should
also be carefully chosen in order to avoid inverter damage.

Figs. 16(c) and (), and 17(c) and (f) show the output responses
after the load has been switched from 64 € to 32 Q. In all the
tests, the output voltage drops by approximately 6 V, while the
recovery times for the four control tests are, respectively, 13,
6.5, 13, and 19 ms. These indicate that the IMC controller of
A = 6.6 - 10~* can quickly come back to the steady-state under
external disturbances through optimizing A. Fig. 17(c) and (f)
shows that increasing the integral gain of the PID controller to
accelerate response speed may lead to overshoots of the system
output voltage and more recovery time.

In addition, it is worth mentioning that the proposed method
can be applied to WPT systems with other compensation type
besides the LCC-S topology. The proposed method is a universal
approach to identify the Hammerstein model of the WPT system
and design an IMC controller based on the Hammerstein model.
The models of WPT systems with various compensations can be
estimated by the proposed identification method in the same way.
WPT systems with different compensations are mainly reflected
in the model order and parameters, and these differences will not
affect the controller design process of the proposed method.

V. CONCLUSION

This article has considered the problem of identification and
control for the LCC-S WPT system. To address the high-order,
nonlinear characteristics of the system under consideration, as
well as the problem of large communication time delays, a
Hammerstein model is used and identified to describe the system
dynamics and a Hammerstein-model-based IMC controller is
designed for delay compensation control. The research out-
comes show that a Hammerstein model is a kind of global model
that can describe the WPT system in a wider range of operation,
and that the data-driven scheme for model identification results
in an accurate model of relatively low order. This solves the prob-
lems of conventional circuit-theory-based modeling approaches
where the resulting models always have a high order and they are
not able to estimate time delays. Compared with the traditional
PID controller, the proposed IMC controller can achieve faster
tracking performance and robustness, and one can conveniently
tradeoff between the tracking performance and robustness via
a single tuning parameter A. In addition, we have presented a
model simulation method that is able to handle fractional time
delays. Simulation and experimental results have verified the
good performance of the proposed data-driven modeling and
internal model control method.
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APPENDIX

Consider the following state-space model:

J?(tk) = A:L’(tk) + Bu(tk) (42)

Given the initial state z(ty) = =, the prediction of z(tx1)
can be calculated by the RK4 algorithm as (42)

where K,,n=1,...,

z(tys1) = 2(ty) + (K1 + 2Ks + 2K3 + K4)h/6

K, = Ax(ty) + Bu(tr)

Ky = A(z(ty,) + K1 h/2) + Bu(t, + h/2)

Ky = A(xz(ty) + Ko h/2) + Bu(ty, + h/2)
A(x(ty) + K3 h) + Bu(ty, + h) (43)

4, are the average slope and h is the

simulation interval. In the case of a fractional time delay, we
can dynamically change the value of h to ensure the fractional
time delay to be correctly handled.
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