12728

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 12, DECEMBER 2020

Affine Nonlinear Control of a Multivariate Inductive
Power Transfer System With Exact Linearization

Chen Cheng

Abstract— In this article, an exact linearization algorithm and
nonlinear control scheme of the inductive power transfer (IPT)
system for electric vehicles (EVs) are proposed, considering a
variation in system operating point. For ease of modeling, the
secondary side of IPT system is equivalent to a reflected reactor
and resistor on primary side at different operating frequencies.
By utilizing the exact linearization method, the nonlinear model is
accurately transformed into a linear one at whole operating points.
Besides, to acquire constant current\voltage (CV/CC) charging
and zero voltage switching (ZVS) operating for EVs, the controllers
are designed and optimized in the linear space, and then inverse
mapped to the nonlinear space. This avoids designing different
controllers for each operating point. Compared with a traditional
PI controller, the nonlinear control scheme suggested in this article
enables the system to obtain a fixed dynamic response even if the
operating point of the IPT system changes. Finally, practical results
obtained from a hardware prototype are included. They confirm
the performances of the system and indicate that the proposed non-
linear control scheme can automatically maintain CC\CV output
and ZVS operation with a constant response time of 10 ms.

Index Terms—Affine nonlinear control, exact linearization,
inductive power transfer (IPT), zero voltage switching (ZVS).

I. INTRODUCTION

NDUCTIVE power transfer (IPT), which accomplishes
power transfer via an alternating magnetic field without me-
chanical contacts is a safer, more convenient, and flexible energy
delivery method compared with conventional methods. Such de-
sirable features of IPT systems present numerous advantages like
electric isolation and safe operation in harsh environments, mak-
ing them suitable for a large number of applications, including
electric vehicles (EVs) [1]-[4], home appliances [5], biomedical
implantable devices [6], and other industrial areas [7], [8].
In these applications, the control of the IPT systems is a major
research target of interest. To prevent degradation of battery
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life and reduce system switching loss, the IPT systems need to
maintain constant current\voltage (CC\CV) charging and zero
voltage switching (ZVS) operating. However, a common chal-
lenge for the control system is that the dynamic performances are
sensitive to parameter perturbation and disturbances, especially
when the load of the system or the set value of the control loops
changes [9].

In the previous literature, most of the solutions to this prob-
lem are directly using proportional integral derivative control
(PID) [1], [2], [10], Phase-locked-loop control (PLL) [6], [11],
[12] and other algorithms to regulate the charging current,
voltage, and ZVS angle [13], [14]. Authors in [1] and [2] have
investigated aZVS operation closed loop and two CC\CV output
closed loops, which consisted of PID controllers. PLL regulation
plans are introduced in [11] and [12] to adjust system operat-
ing frequency and achieve ZVS operating. However, although
both the output voltage/current and ZVS angle in these papers
can reach desired states with the help of the proposed control
schemes, the parameters of the control loops are not optimized.

In order to tune a frequency controller through proportion-
integral (PI) action, an empirical method for IPT systems is
employed in [3], [15], and [16]. Besides, the neural network
method is used to optimize the controller parameters [17], [18].
Since the dynamic model has not been studied in detail, the char-
acteristics of IPT systems are neither analyzed nor considered in
the controller design process, resulting in inaccurate parameters.
To optimize the controller, a dynamic multivariable state-space
model [19]-[21] and a two-port network model [1], [22] are
proposed, respectively. However, the nonlinear effect of these
models still becomes a major obstacle hindering the controller
design process [23], [24]. Based on the coupled-mode theory
(CMT) [25], a dynamic nonlinear model covering the phase
angles and amplitudes of the coupling network is suggested [8],
[26] and linearized by utilizing the small signal linearization
method [27]. Similarly, in order to achieve CC/CV charging
and ZVS operating for IPT systems, a lower linear fractional
transformation model [9] and a small signal linear model [4],
[28], [29] are proposed to optimize the dynamic performances
in terms of the requirements. For example, in [4], the parameters
of controllers are designed by calculating the time constant of the
closed-loop dominant poles. However, a phenomenon has been
observed that the dynamic performances of these traditional PI
controllers that based on the simplified small signal linear model
are sensitive to the changes of the system operating point caused
by the load perturbations and set value modification. When the
system load or set value of the control loop changes, the dynamic
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Fig. 1.  Structure of the proposed IPT system.

performance of the controller will deviate its designed value.
This is not friendly to those industrial applications, where the
control system is required to be designed tightly in terms of the
performance requirements.

In order to reduce the sensitivity of the system performance to
the operating points, this article proposes an exact linearization
algorithm and a nonlinear control scheme for IPT systems. In
order to facilitate system modeling, the main circuit of the IPT
system is simplified at different operating frequencies. Based
on the equivalent circuits, a low-order nonlinear model is ob-
tained. After the conditions for exact linearization is proved,
the nonlinear model is transformed into a linear one at whole
operation points. Moreover, to achieve CC/CV charging and
ZVS operating, a nonlinear controller is designed and optimized
in the linear space, then inverse mapped to the nonlinear space.
Differentiating from the existing works, the contributions of this
article are as follows.

1) Utilizing the proposed exact linearization algorithm, the
dynamic nonlinear model of IPT systems can be accurately
transformed into a linear one. This avoids designing dif-
ferent controllers for each operating point.

2) Compared with the traditional PI controller, the nonlinear
control scheme adopted in this article enables the IPT
system to obtain a fixed dynamic performance even if the
operating point changes.

The rest of this article is organized as follows: Section II
analyzes and simplifies the circuit of the system. In addition,
a nonlinear control scheme is proposed. Section III focuses
on the dynamic nonlinear modeling and coordinate mapping.
Section IV designs the parameters of the controller, and analyzes
the transmission efficiency. A simulation circuit and a hardware
prototype are set up in Section V to verify the proposed nonlinear
controller and its performance. Finally, Section VI concludes
this article.

II. ANALYSIS AND SIMPLIFICATION OF A SERIES—SERIES
COMPENSATED IPT SYSTEM

A. System Structure

A comom series—series (S—S) compensated topology of the
IPT system is shown in Fig. 1, which consists of a dc input
voltage Vi, a controllable Class D full-bridge inverter, two
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Fig. 2. Control diagram of the nonlinear control scheme.

symmetrical resonant tanks, a Class D current-driven rectifier,
and a load Ry,. Each resonant tank comprises a series capacitor
C,,, inductor L,, and its equivalent series resistor (ESR) R,
(n =1, 2), respectively. Ct is the filter capacitor of the rectifier.
M 1is the mutual inductance between two coils. The symbols 71
and 79 are the resonance currents through the coils; v; and v
are the voltages across the capacitors.

Fig. 2 shows the control diagram of the nonlinear control
scheme. To achieve CC/CV charging and ZVS operating, the
operating angular frequency ws and phase shift angle ¢ of the
Class D full-bridge inverter are adjusted by a nonlinear control
scheme. By detecting the charging voltage/current and ZVS
angle, the IPT system can reach the set values with a fixed
dynamic response speed.

B. Circuit Equivalent and Analysis

The analysis and equivalent of any circuit is necessary for
developing a dynamic model, especially in the controller design
process. In this section, the equivalent circuit for a S—S compen-
sated IPT system is derived based on the following assumptions.

1) The resonant current ¢; and %o through the resonance
network are nearly sinusoidal.

2) The filter capacitance of the full-bridge rectifier is large
enough so that the ripple of the output voltage can be
neglected.

Based on these assumptions, the equivalent resistance of the

rectifier load can be derived as [30]

Req = 8Ry, /7. (1
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For Class D full-bridge inverter, the phase shift angle ¢ of
the pulsewidth modulated (PWM) signal can be regulated form
0° to 180°. Accordingly, the output voltage of the inverter can
be changed by the adjustment of ¢y as follows:

4
Vg = — COS ﬂVI sin (wgt) . 2)
T 2
Thus, the resonant currents 7; and i, are
11 = Uab/ (Zl + Z2reﬂect) (3)
iy = jwsMiy | Zy

where Z; and Z5 are the primary and secondary side impedance,
respectively. Zoyeflect 1 the secondary side impedance reflected
to the primary side. From (3), the gains of Iy s/ I and It/ Vo
for different wg can be found as

Iel _ DLims 7w (Z2+Rcq)
TIrms /1o I, 2V2  jwsM (4)
G — Tirms — M Zo+Rea
Trms/Vo v, T jwsM Req
where Iy, is the rms value of ;. Plots of Gy, /1, and
G'1,,00 /v, against wg for various values of R, are depicted in
Fig. 3(a) and (b). Assuming that the system parameters and load
resistance are constant, the gain curves Gy, . /7 and Gp,, . /v,
are only related to the operating angular frequency ws. In other
words, the system output current and voltage can be controlled
by adjusting the primary current i1 [10], [31].
The reflected impedance Zs,efiect can be expressed as

1
Z2reﬂect = ; ((UJSC2) (R2 + Rcd) +] (1 — (JJSQLQCQ))
Q)]
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Fig. 4. Primary side equivalent circuit for different operating angular fre-
quency ws. (a) for ws < wa. (b) for wg = wa. (c) for wg > wa.

where

(WSM)Q (WSCQ)
(Ry + Req)*(wsCs)* + (w2LyCy — 1)?
Observation of (5) indicates that the reflected impedance

Zoretlect consists of real part and imaginary part, which are
determined by ws. Thus, (5) can be rewritten as follows:

eq = (6)

Rrefbel + jwsLimag7 Wy < w2
Rrefequ7 Wg = W2
Rre_abo + 1/ (.jwscimag) , Ws > W

(N

Z2reﬂect =

where w, is the resonant angular frequency of the secondary side.
Thus, the secondary side of the IPT system can be equivalent to
a reflected reactor and a reflected resistor on the primary side
circuit for different wy as shown in Fig. 4.

In this article, the startup operating frequency is designed
to be slightly lower than the resonant frequency of secondary
side to achieve an inductive reflection impedance. In addition,
the proposed nonlinear control scheme can ensure that the sys-
tem always obtains ZVS operation by adjusting the operating
frequency. Thus, the following sections will take Fig. 4(a) as
an example to introduce the exact linearization algorithm and
nonlinear control scheme.

III. MODELING, EXACT LINEARIZATION, AND NONLINEAR
CONTROL OF THE SYSTEM

A. Dynamic Model of a Primary-Side Equivalent Circuit

Referring to Fig. 4(a), the dynamic behaviors of the IPT sys-
tem can be described by the following second-order differential
equations:

{ % = m (vab - Z.1 (Rl + Rre_bel) - Ul) (8)

% =cu

where Liy, ¢ and R, 161 are, respectively the reflected resistance
and inductance obtained from (7). Besides, in order to realize
ZVS operating control, the description of the ZVS angle also
needs to be included in the equations. Therefore, according to
the CMT [25], the state variables 77 and v; are represented by
the mode amplitude a; and mode phase angle 6, of the primary
side as [8], [27]

i1 = /ﬁhm - ay cos (wst + 61) ©

- aq sin (wgt + 61) .

Ul:\/Cl
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This together with (8), adynamic nonlinear state-space model,
which can describe the primary side current and phase angle is
given in

Ri+Rre be
dd% = ——2L Yy cos(xy) - 21 (I 4 P pel)
g v/ 2(L1+4Limag) Tr v/ 2(L1+Limag)
dxy
dt

1 L 2V5 4y sin ()

—ug + V(14 Limag)Cr ©17/2(Li+Limag) ™
(10)

where = = [x1, 3]T= [a1, 61" is the state vector, and u =
[u1, u2]T = [cos(t/2),ws]T is the control vector. In order to
adjust the primary current ¢, and then get controllable outputs,
the following output functions are defined as:

{}h(x) = \/mxl — Jiget

(11)
hg(.ﬁ) = T2

- szsset

where I7¢ and 0,ysset, respectively are the set values of [q
and ZVS angle 6,. It can be observed from (10) that the IPT
system is linear with respect to u vector. Therefore, combined
with hq (z) and ho(z), the model (10) can be written in the form
of an affine nonlinear model as follows:

&= f(z) + g1(x)ur + ga(z)ug

y1 = ha(x) (12)
Y2 = ha(z).
The symbols f(z) and g(z) are the smooth vector fields,
namely
Ri+Rre be
- ()
v/ (L1+4Limag)C1
B acos (x2) (13)
gi(w) = (—Zasin (z2) /21
wio=(%)
where
o= 4 (14)

(m /2(L1 + Limag)) '

B. Analysis of Exact Linearization Conditions

In this section, the exact linearization conditions for the
proposed IPT system are analyzed and verified based on the
feedback linearization theory.

Theorem 1: Consider a multivariate affine nonlinear system
with n variables, suppose that the number of the inputs is equal
to the order of the system. The system can be exact linearized
into a Brunovsky-standard linear system if, and only if, there
exists a function () such that the following conditions hold:

1) The matrices of the vector fields

D, = [91(x) g2() ... gn(2)]

are linearly independent at all operating points.

5)
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2) The set

D = [g1(2)]

D; = [g1(x) g2()] (16)

D, = [01(#)2(z) - gu ()]

is involutive.
This controllability condition and the involutivity condition
are proved in [32]. For a IPT system in this article, the matrixes
of the vector fields can be written as follows:

D1 = n@llso = | gt ] ()
D2 = [01(0) 2@l = | oot o -
(18)

Equations (17) and (18) indicate that the ranks of D and D
are equal to their dimensions. In other words, the matrices of
vector fields for the system are linearly independent. In addition,
the Lie bracket of g1 () to g2 () is

- —asin (x2)
adgl(w)QQ(x) - {2@ (sin (z2) /x1 — cos (z2)) /xl} 19

Combining (17)—(19) yields the augmented matrix as

[91(x) g2(2) adg, (2)g2(x)]

acos(xz2) 0 —arsin (22)
= | _ 2asin(z2) 1 2a (sin(wg) — cos (1'2)) . (20)

1 Z1 1

This also shows that the rank of the augmented matrix is equal
to its dimension. According to the F'robeniusT heorem [32],
the set of g1 («) and [g1 (), g2 ()] is said to be involutive. There-
fore, the conditions of the exact linearization for IPT system at
ws < wo are satisfied. By observing (17)—(20), it should be noted
that the controllability condition and the involutivity condition
are independent of ws. This implies that the modeling and exact
linearization methods studied in this article are also applicable
to a resistive or capacitive impedance reflected in Fig. 4.

C. Exact Linearization Algorithm of the IPT System

Fig. 5 depicts the diagram of the coordinate mapping algo-
rithm. First, a set of linear independent vector fields in terms
of (17) and (18) are selected to describe the IPT system in
the nonlinear x space. Second, based on the principle of the
intergralcurve [33], the coordinate mapping x = F'(y), which
is from the v space to the z space is deduced by solving the
differential equations. Then, according to the coordinate inverse
mapping, the mapping relationship R,,_;, which is from the
~ space to the linear z space are defined. Therefore, the final
composite mapping 7', which is from z space to a linear z space
is obtained by combining F~' and R,, ;. Moreover, using the
composite mapping 7, the vector fields of the affine nonlinear
model f(z), g1(x), and g1(z) can be exact linearized into a
Brunovsky-standard linear model.
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Fron} (17) and (18), two simple linear independent vector
fields D1 € Dy and Dy € D are selected as

D, = [2tanx2]
B 0 2D
D~ 1]
to satisfied
D + k! (@)gi () = 0 ”
- @) @) _ 22)
Dy + k7" (2)g1(x) + kg ' ga(w) =0

where k:gl) = —11/acos(x2), k;§2) () = 0 and kém () =1.
Based on the principle of the intergralcurve [33], the coordi-
nate mapping « = F'(+) can be expressed as
F (y1.72) = ®21 0 ®D2 (a°) (23)
where 2¥ is the initial operating point of the IPT system. The left
term of (23) denotes the intergral curve of D, and D5, which
can be obtained by solving the following differential equations
one by one. For the intergralcurve @g 2(z), the differential
equation is

d X1 — 0
i =D, = . 24
L) =22~ 1 @
According to (9), the initial set value of (24) is
0 Li1+Limag
20 — |:37(1):| _ |‘Ilset\/12‘| . (25)
1'2 Osvsset T
180
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This yields the solution

1| x(l)
xa| |2 tal |’
Similarly, the intergralcurve @2 1o ‘I>,?22 (20) is obtained by
solving the differential equation

d _ _
2" =D, = 71
dyi | w2 2tan o
with the initial set value 2° = [29, v, + 23] T. Therefore, one
obtains the coordinate mapping xz = F'(~), that is

x?e*'h :|

arcsin (sin (72 + 36(2)) 6271)

(26)
27)

F(71,72) = [ (28)
Correspondingly, the inverse coordinate mapping of
F(71,72), namely, the mapping relationship from z space to
~ space can be calculated as
n (i)
1

F! (1‘1, .132) = .
arcsin M -
(«9)

(29)

In general, according to the export mapping of F~'(zy, x5),
one can obtain the definition of the mapping that from ~ space
to a linear z space. In this article, however, due to the number of
the inputs is equal to the order of the system, the export mapping
does not exist. Thus, the mapping relationship R,,_; is given by

H=m
2 =7
From Fig. 5, the composite mapping 1" can be expressed as

in(3)
1

(30)

T=R, F'= el (31)
arcsin <(11)2 bmz(“)) -
(1)
Correspondingly, the inverse mapping T~ is
1 e
T (Z) = [arcsin (sin (ZQ + l'g) 62Z1):| (32)

Based on the Jacobian matrix of the coordinate mapping T,
the vector fields of the original affine nonlinear IPT system f(x),
g1(x), and go(x) can be transformed into linear vector fields of
f(x), gi(z) and go(x). From (31), one obtains the Jacobian
matrix

9v1 O
_ 6211 aaiz _
Jr = Ov2 Oy |

61?1 6(1?2

_1
[ - ! 1 (33)
B2sin (z5) —8 cos (x2)

where

(34)

2
0\2 (zl)z sin(a;2)>
T 11— | ==——=
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FoN = - TABLE I
Hence, the vector fields f(x), §1(2). and g2(x) can be calcu MAIN PARAMETERS OF THE PROPOSED IPT SYSTEM
lated as
f(x) = Jr f(.%‘) Symbol Explanation Value
Ri+Rre bel L Parimary side resonant inductance 33.1 uH
. 2(L1+Limag) L, Secondary side resonant inductance 343 uH
- B - (R1+Rrc pe)z1sin(@a) cos(z2) > C Parimary side resonant capacitance 104.2 nF
Li+Limag V/(L1+Limag) C1 C, Secondary side resonant capacitance 98.5nF
i1(z) = Jrgy(z) = _g% cos (z2) R; ESR of the primary L-C network 0.04Q
9 = JT9 B 0 R, ESR of the secondary L-C network 0.04Q
B 0 M Mutual inductance 7.33 uH
ga(r) = Jrga(x) = B cos (z2) Vi DC input voltage 350V
(35) MOS On resistance of the full bridge inverter 0.04Q
~ Vb Forward voltage of the rectifier diodes 0.7V
Leta(x) = f(a:), b(x) = [gl (:Z:), [ (IE)], the nonlinear control Tef Parasitic resistance of the filter capacitor 0.005Q
law can be defined as Rp ESR of the diodes filter capacitor 0.005Q
1 1 t Raising time of the MOSFET 28ns
u=———a(z) + —v, (36) T ,
b( CC) b(l’) t Falling time of the MOSFET 8ns
. o kpl s kp2 Proportional coefficients 0.02,0.03
where v, is the controller of the system in linear z space. Com- kit kin Integral coefficients 9.15
bining (35) and (36), one arrives the final nonlinear controller @ Range of the phase shift angle 0-180°
in Eq. (37) as shown at the bottom of this page. fs Range of the operating frequency 75-86.5kHz

It should be noted that the nonlinear control law obtained
above can be directly applied to the affine nonlinear IPT sys-
tem. In addition, utilizing the inverse coordinate mapping T~ *, 5000

the original affine nonlinear IPT system can be written in the =
Brunovsky normalized linear form as E )
3 Gain increases
2=A,z+ B,v. (38) = *
£ 0 e
where e
0 1 B
Az:|: 0:|7Bz: |: 1:| (39) _‘g
This shows that the exact linearization of the nonlinear IPT 500050 -15 -10 -5 0 5
system at ws < wy has been achieved. Real Axis (seconds™) x10*
IV. CONTROLLER DESIGN AND EFFICIENCY ANALYSIS @
_ _ 5000
A. Design of the Nonlinear Controller ~
Based on the main parameters in Table I, a transfer function % e
. . o« eys . . Q 1nerease;
matrix of the linear model at the initial operation point can be J o
achieved as £ 9 €
3.2¢4 ‘é
G, = | 28t g5 |- (40) 2
s+1.8Ted é‘)
The unity feedback root locus of the transfer function matrix at - ;

different gains is plotted in Fig. 6. By analyzing the closed-loop S000 L T o 4 42 o0 a2
zero-pole distribution, the following conclusion can be obtained.
1) As the gain changes, the poles of the transfer functions
gradually move to the right side of the s-plane. ®
2) The stabilities of both output current loop and ZVS angle Fig. 6. Unity feedback root locus of the transfer function matrix for different
loop are available because the closed-loop poles are all  gains. (a) Output current loop. (b) ZVS angle loop.
located in the left s-plane.

Real Axis (seconds™) x10*

x1 Ri+Rre pel
(2(L1 +Limag) + Ul*)

CTw] " acoszs 37
u = Us - 1 <B <_ (R1+Rye bet)z1 sin(wa) _ cos(z3) 5 ) + UZ*)

Li+Limag \/(L1+Limag
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matrix for different proportion and integration coefficients. (a) Output current
loop. (b) ZVS angle loop.

In this article, a linear controller v, is designed to enable
the output current I, output voltage V,,, and ZVS angle 0, of
the IPT system to track their set values. Thus, according to the
principle of the proportional integral control method, the linear
controller v can be defined as

_ {km-i-ku/s]

kp1+kiz/s “h

where kp; and ki;(i = 1 is for output current loop, i = 2 is for
ZVS angle loop) are the proportion and integration coefficient.

Substituting (41) in to (40), one obtains the closed-loop trans-
fer function matrix consisting of v, as

2
281 wn1s+wly
52428 wn1 stw?,

(I)Z(S) - 26swnastw?, 42)
52+2€2W112$+UJ32
where the damping coefficients of the function matrix are
2.85¢4+3.2e4K 1
§ = ", wn1 = V3.2edK5
2\/3.2edK; (43)

br = 23 pm ™ Wiy = V2587 K.

It can be seen from (42) that the proportion and integration
elements of * are equivalent to add a new closed-loop zero
and a new dominant pole to each control-loop. Fig. 7 depicts
the unit step response performance of the closed-loop transfer
function matrix. One can see that as the proportion and inte-
gration coefficient increases, the response time of the curves
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gradually decreases, which indicates that dynamic performance
of the controller can be further improved.

By analyzing the performance of the unit step response curves,
the relationship between the settling times and the damping
coefficients are plotted in Fig. 8. It can be seen that the set-
tling time is directly proportional to the damping coefficient.
Thus, the parameters of v, can be optimized by calculating
the damping coefficient £&; and & according to the performance
requirements.

In this article, because the obtained nonlinear control law
is computationally complex, the full-bridge inverter is imple-
mented with four MOSFET switches (IPW65R041CFD), and
triggered by two micro control unit (MCU) controllers, namely,
an advanced reduced instruction set computer machines (ARM)
(STM32F407VGT), and an field programmable gate array
(FPGA) (XC6SLX9-3TQG144I). Besides, the wireless commu-
nication link is set up with two nRF24L.01 modules. Therefore,
considering that the MCUs and wireless communication mod-
ules of the experimental prototype need time to compute and
transmit data [28], the requirements of the settling time for each
control loop are selected as 10 ms. It should be noted that the
dynamic speed of 10 ms is based on our laboratory prototype, and
the parameters of the controllers are designed as fast as possible.
Using MATLAB, the final parameters of the proportion and
integration coefficient are calculated as:kp1= 0.02, ki = 281,
kp2= 0.2, and kijp= 3010 .

B. Efficiency Analysis of the System

The transmission efficiency of the system can be calculated
by where P,.q is the power obtained from the load that can be
achieved by measuring the current flowing through the load [34].
Ploss = Ppioss + Psioss 1S the overall loss of the both sides. The
power loss of the primary side Ppjoss consists of the conduction
10ss Ppconduct and the inverter switching loss P;,,. The primary
side conduction loss is

I? (R1+2rv0s)

PPconduct = f'

The most dominant loss present in the system is switching
losses, which is generally more than conduction losses. In
this article, the proposed nonlinear controller can automatically
maintain ZVS operation. Therefore, the turn-ON switching loss
can be ignored and only turn-OFF switching loss is calculated

(44)
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Fig. 9.

Dynamic response curves of a controlled and uncontrolled IPT system for a step charging load. Ry, changes from 5 to 10 2 at ¢ = 0.04 s. R}, changes

from 10 to 20 2 at t = 0.08 s. (a) Response curve for /. (b) Response curve for V4. (¢) Response curve for 6,ys.

per

. tr tf
P =4f W1 —+— 45
fsViia ( 3 + 3 ) (45)
where ¢, and ¢¢ are the rising and falling time of the MOSFET,
respectively, [28], [30], [35].
For the secondary side, the overall power loss Pgjogs cOnsists
of the secondary side conduction loss Psconduct and rectifier

power loss P,...The secondary side conduction loss is

I3R
PSConduct = 22 2 . (46)
The rectifier power loss can be calculated by
2R ot) I2 2
Prcc=2V2Vp I, + % (7; - 1> @7)

where Vp is the forward voltage of the rectifier diodes, Rp is
the ESR of the rectifier diodes, and r; is the parasitic resistance
of the rectifier filter capacitor.

V. SIMULATION AND EXPERIMENTAL VERIFICATION
A. Effectiveness Simulation

In this section, the dynamic response curves of the IPT system
with and without control are investigated by the means of MAT-
LAB/Simulink toolbox. To verify the effectiveness and superior-
ity of the control performance, the proposed nonlinear controller
is compared with the traditional PI controller. Referring to the
charging curve of a battery load in [4], [28], [29], and [35], the
set values of the output current /, and output voltage V, are
selected as 10 A and 100 V, respectively. In order to reduce the
total power loss of the system [1], [4], it is necessary to ensure
the drain—source junction capacitor parallel to the MOSFET has
sufficient time to charge and discharge [30]. Therefore, the set
value of the ZVS angle is selected as —10° [4], [28]. Last, based
on the main parameters of the circuit, the corresponding dynamic
response curves are plotted in Fig. 9 by changing the load from
5 to 10 © and from 10 to 20 €.

One can see that the output [, Vj, and 6,4 are steady-state
stable regardless of the usage of controllers. However, without
controller, the output I, V,, and 6, (dashed line in Fig. 9) can
not achieve the desired output value when the load resistance
step changes. Conversely, although I, V;, and 6, (solid and

dotted lines in Fig. 9) in each set of experiments drop or rise
rapidly, they gradually return to the set values with the help of
the proposed nonlinear controller and traditional PI controller.
In addition, due to the traditional PI controller is designed
based on the simplified linear model, the performance of the
control loop is sensitive to the changes in load. Compared with
the traditional PI controller, the nonlinear control adopted in
this article enables the system to obtain a fixed response speed
in 10 ms even if the load resistance of the IPT system changes.

B. Experimental Verification

An IPT hardware prototype is built for the wireless charging
system as shown in Fig. 10, which consists of a dc voltage source,
a full-bridge inverter, a symmetric S—S compensated resonant
network, a rectifier and several switchable loads. The main
parameters of the components are shown in Table I, where the
value of the mutual inductance is measured at a power transfer
distance of 20 cm. The ESRs of the primary and secondary
side resonance networks are measured using an LCR meter
(Agilent4263B). In addition, the diameters of the two coaxial
coils are the same, whose rectangular outer ring is 90 cm x
70 cm. Each coil is built with four turns of Liz-wire, whose
diameter is 6 mm and consisting of 2000 isolated strands.

Since the derived nonlinear control law is computationally
complex, the controllers of the control loop are implemented
with two MCUs, namely, an FPGA(XC6SLX9-3TQG144I) and
an ARM (STM32F407VGT). This is because the mathematical
library of STM32F407VGT can fully support the mathematical
computation that required by the nonlinear control law. Once the
MCUs complete the computation, the MOSFETs of the inverter
are driven by the driving circuit to implement feedback control
of the IPT system.

The objective of this article is to reduce the sensitivity of the
system performance to the operating points. In this section, the
authors compare the proposed nonlinear control scheme with
a traditional PI controller using the experimental prototype. In
addition, to imitate the changes of the operating point caused by
the set value modification, the set values of the output current
I, output voltage V,, and ZVS angle 6, are defined as the
following cases: 1) V,_set decreases from 100 to 50 V; 2) V;, set
rises from 50 to 100 V; 3) I, e decreases from 15 to 10 A; 4)
I set rises from 10 to 15 A; 5) 0,5 set decreases from 20° to
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Fig. 10. Hardware prototype of the proposed wireless charging system.
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Fig. 11. Dynamic response curves of a traditional PI controller controlled IPT system with varying set values. (a) Response curve of V;, for V,, set decreases

from 100 to 50 V. (b) Response curve of V, for V{, et rises from 50 to 100 V. (c) Response curve of I, for I, et decreases from 15 to 10 A. (d) Response curve

of I, for I, set rises from 10 to 15 A.

10°; and 6) 0,5 set rises from 10° to 20°. In the experiments,
the step changes of the set values are triggered by an additional
host computer through RS-485.

The dynamic response curves of I, and V,, with a traditional
PI controller at different cases are captured by an oscilloscope
(Tektronix DPO 2004B) and shown in Fig. 11. In addition,
Fig. 12 shows the dynamic response curves of I, and V, with
the designed nonlinear controller.

Figs. 11 and 12 show that both I, and V,, can realize tracking
control when the set values change. However, it can be seen that
the settling times of the traditional PI controller in Fig. 11 are
sensitive to the modification of V,, et and I, set. In Fig. 11(a)
and (c), when the set values V,, c¢ and I, ¢y decrease from 100
Vand 15 Ato 50 V and 10 A, the outputs V,, and I, need 22 ms
and 19 ms, respectively, to catch up with the new set values.
In Fig. 11(b) and (d), however, when the operating point of the
system changes, that is, the set values V, sct and I, st rise from
50 Vand 10 A to 100 V and 15 A, respectively, it will take 28 ms
and 29 ms for V;, and I, to reach the set values.

Therefore, the fluctuation ratio of the settling times for both
control loops with a traditional PI controller is 27.3% and

52.6%, respectively. The reason for this phenomenon is that the
parameters of the traditional PI controller are all designed based
on the simplified small signal linear model, which is obtained
at a static operating point. When the set value V, et OF 1o get
changes, the operating point of IPT system will deviate from
the point where the parameters were designed. Therefore, the
control performance of the controller is sensitive to the operating
point.

Utilizing the proposed exact linearization algorithm, the dy-
namic nonlinear model of IPT system can be accurately trans-
formed into a linear one. Therefore, with the proposed nonlinear
controller, the IPT system in Fig. 12 can obtain a fixed dynamic
performance even if the operating point changes. Referring to
Fig. 12, one can see that the settling times of Fig. 12(a)-12(d)
are 10, 11, 11, and 9 ms, respectively. Moreover, compared with
the traditional PI controller, the fluctuation ratio of the settling
times is optimized to 10% for the voltage loop and to 18.2% for
the current loop.

The same tendency can also be observed in the ZVS angle
control loop, as shown in Fig. 13. The dynamic waveforms of
11 and v,y, for a traditional PI controller are plotted in Fig. 13(a)
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Dynamic response curves of the proposed nonlinear controller controlled IPT system with varying set values. (a) Response curve of V;, for V{, et
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curve of I, for I, get rises from 10 to 15 A.
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Dynamic waveforms of ¢; and v,}, with varying set values. (a) Traditional PI controller for 6,y set decreases from 20° to 10°. (b) Traditional PI

controller for €,y _set rises from 10° to 20°. (c) Proposed nonlinear controller for 0,y sct decreases from 20° to 10°. (d) Proposed nonlinear controller for 0,y set

rises from 10° to 20°.

and (b). Fig. 13(c) and (d) displays the dynamic waveforms of
i1 and v,p under the action of the proposed nonlinear control
scheme. Besides, the steady-state waveforms of 7 and wv,y,
where 0,5 set = 10° and 6,5 set = 20° are plotted in Fig. 14(a)
and (b).

One can see that the ZVS angle 0, needs 19 ms for 6,y set
decreasing from 20° to 10° and 13 ms for 0,5 st rising again
to 20°, respectively, to reach the steady states, as shown in
Fig. 13(a) and (b). Thus, the fluctuation ratio of the settling time
for ZVS operating loop with traditional PI controller is 31.6%.
However, with the help of the proposed nonlinear controller, the
settling times in Fig. 13(c) and (d) are both 10 ms without any
fluctuation. This proves that the nonlinear controller can make
the ZVS angle control loop obtain a fixed response speed when
the operating point changes.

According to (44)—(48), one obtains the theoretical and ex-
perimental transmission efficiency of the proposed IPT system,
which are depicted in Fig. 15. We can see that the experimen-
tal transmission efficiency matches the theoretical curve. The
maximum transmission efficiency of 93.9% is observed at the
load resistance of 5 2. In addition, the transmission efficiency
gradually decreases to the load raising. This implies that the
transmission efficiency of the system can be optimized by the
proposed controller.

C. Comparison to Previous Control Methods

In recent years, different control methods for achieving
CC/CV charging or ZVS operating are reported. The control
strategy, parameter design method, and dynamic performance
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TABLE 11
COMPARISON OF THIS ARTICLE WITH PREVIOUS CONTROL METHODS
Control Refference @year Control Strate Parameter Design Dynamic Performance Sensitive to
Loop y ey Method y Operating Point
Zero-Pole @CV mode<420 ms
[4]@2018 Decoupled Control Configuration @CC mode< 435 ms YES
. . @CV mode<225 ms
ce/ey [1]@2019 Dual-Phase-Shift Control Empirical @CC mode< 440 ms YES
Charging [22]@2020 Dual-Phase-Shift Control Empirical <650 ms YES
.. @CV mode<25 ms
[16]@2018 Double Loop Control Empirical @CC mode< 30 ms YES
[9]1@2019 H-Infinity Robust Control MulFlO'?_]CCF e 5.3-19 ms Uncertain
Optimization
This paper Nonlinear Control Damping Coefficient =~ @CV/CV mode= 10 ms NO
[4]@2018 Decoupled Control Zero-Pole <200 ms YES
Configuration
7vs [11@2018 Accurate ZVS Angle Empirical <40 ms YES
Operating [29]1@2019 PI Control Amplitude and Phase <20 ms YES
[21]1@2019 Phase-Shift Control Empirical <500 ms YES
This paper Nonlinear Control Damping Coefficient =~ @CV/CV mode= 10 ms NO
100 T T — I B control methods, the parameters of the proposed control method
951 - 1 are optimized by designing the damping coefficient.
o B . .
> A Ty Although the usage of nonlinear control reduces the sensi-
= 90t g L . .
3 tivity of the system performance to the operating points, the
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Fig. 15. Theoretical and experimental transmission efficiencies of the pro- An exact linearization algorithm and nonlinear control

posed IPT system versus load resistance.

of their experimental prototypes are summarized and listed in
Table II. Due to different system parameters and circuit struc-
tures are used for each setup, a fair comparison among those
control methods is difficult to obtain. Then, the emphasis of
this article is focused on the dynamic response speed of the
controllers at different operating points.

Observation of the dynamic reposed speeds indicates that as
the system operating mode or load resistance changes, the set-
tling times in previous studies will fluctuate. Compared with the
advanced dynamic control above, the nonlinear control scheme
adopted in this article makes the IPT system to obtain a fixed dy-
namic performance, which is consistent with the requirements.
Furthermore, rather than the empirical method adopted by most

method were proposed in this article to reduce the sensitivity of
the system performance for CC/CV charging and ZVS operating
control loops when the operating point changes. The process
of the exact linearization algorithm consists of selecting vector
fields, solving the intergralcurve, and deriving the coordinate
mapping. By using the proposed algorithm, the dynamic non-
linear model of the IPT system can be linearized into a linear one
at whole operation points. Moreover, based on the linear model
and coordinate mapping, a nonlinear control law was obtained by
designing a linear controller in the linear space and then mapping
it to the nonlinear space. Simulation and hardware prototype
were established in this article to realize CC/CV charging and
ZVS operating. Compared with the traditional PI controller,
the nonlinear control scheme adopted in this paper enables the
IPT system to obtain a fixed dynamic performance even if the
operating point changes.
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