IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received August 18, 2018, accepted October 5, 2018, date of publication October 11, 2018, date of current version November 8, 2018.

Digital Object Identifier 10.1109/ACCESS.2018.2875413

Modeling and Decoupled Control of Inductive
Power Transfer to Implement Constant
Current/Voltage Charging and ZVS

Operating for Electric Vehicles

CHENG CHEN"!, (Student Member, IEEE), HONG ZHOU “', (Member, IEEE), QUUN DENG -2,
WENSHAN HU"“'2, (Member, IEEE), YANJUAN YU3, XIAOQING LU,
AND JINGANG LAI“4, (Member, IEEE)

!School of Power and Mechanical Engineering, Wuhan University, Wuhan 430072, China
2Wuhan University Shenzhen Research Institute, Shenzhen 518057, China

3School of Electrical Engineering, Wuhan University, Wuhan 430072, China

4School of Engineering, RMIT University, Melbourne, VIC 3001, Australia

Corresponding authors: Qijun Deng (dqj@whu.edu.cn) and Wenshan Hu (wenshan.hu@whu.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 51677139 and Grant 61873195 and in
part by the Basic Research Project of Shenzhen Science and Technology Commission under Grant JCYJ2017081811280674.

ABSTRACT To prevent the degradation of battery life and reduce switching loss in inductive power
transfer (IPT) systems for electric vehicles (EVs), it is vital to realize constant current/voltage (CC/CV)
charging and zero-voltage-switching (ZVS) operation. However, due to the existence of couplings between
the charging and ZVS operating control loops, the controllers are neither optimal nor robust. In this
paper, a model-based decoupled control method is proposed to improve the performance of the charging
and ZVS operating controllers. Since the operating point of the CC and CV modes are different, two
dynamic models for the corresponding charging modes are built and linearized. Besides, the couplings
between the charging and ZVS operating control loops are analyzed, and in turn, decoupled by designing
compensators. To optimize the system performance, we chose PI controllers, and their parameters are
obtained by calculating the settling time and overshoot of the close-loop dominant poles according to the
control performance requirements. In the experiment, a 500-W series—series IPT system prototype is built and
tested to verify the improvement of the control performance. Compared with the coupled control method and
the traditional closed-loop control feedback method, the recorded response curves and transient waveforms

demonstrate that the proposed decoupled control method brings a better performance to the system.

INDEX TERMS Inductive charging system, modeling, zero voltage switching; decoupled control;

I. INTRODUCTION
Inductive power transfer (IPT), or wireless power trans-
fer (WPT) is a highly-regarded technology that makes the
energy transfer process safer, more reliable, and more user-
friendly [1], [2]. For the application of the wireless charging
systems (WCS) for electric vehicles (EVs), since the power
can be directly picked up from the parking spaces or roads,
the WCS are considered as one of the practicable meth-
ods to increase the competitiveness of EVs for thermal
vehicles [4]-[7].

In order to reduce the switching loss and to pre-
vent the degradation of the battery’s lifespan, the
WCS is usually expected not only to provide constant

current/voltage (CC/CV) charging [6], [7] but also to real-
ize zero-voltage-switching (ZVS) operation [7], [8], [10].
However, there is a common challenge for the WCS, that
is, the CC/CV charging and ZVS operating are easily fluc-
tuated by the changes in the battery resistance during the
charging process [5]-[7], which leads to neither optimal
nor robust charge process for EVs. Therefore, numerous
controllers or strategies in previous works are designed to
mitigate the perturbance.

The proportional-integral (PI) control method is adopted
in [7] and [10]-[14], while phase-locked-loop (PLL) [8], [10],
proportional—differential (PD) controller [13], algori-
thms [14], [16] and sliding-mode controller [18], [19] are
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developed to regulate the charging current, voltage and
ZNS angle. In these studies, the duty cycle [7], [8] and
the operating frequency [7]-[10] of the inverter are usually
selected as the controlled quantities to form a charging and a
ZVS operation control-loops, respectively. Although a ZVS
angle [7], [10] can be accurately calculated by considering
the whole time delays synthetically, the parameters of the PI
and PLL controllers are not optimized, resulting in a volatile
control performance of the output current or voltage. Con-
sidering that the primary current and the secondary output
voltage are easily adjusted by the power source and DC-DC
converters [11]-[18], the PI or PD controllers [11]-[14],
customized algorithms [14], [16] and sliding-mode con-
troller [18] are used to controlling the outputs of the pulse
width modulation (PWM) regulators or active rectifiers.
To tune the parameters of the controllers, an empirical
Ziegler—Nichols (ZN) method is adopted in [11] and [12].
Furthermore, the above researchers mainly focus on the
steady state of the system rather than the dynamic perfor-
mance like overshoot and settling time. Thus, the dynamic
performance of the control-loops is neither analyzed nor
considered in the design of the controllers [14]-[18].

Itis well known that the dynamic performance of the model
is essential for designing controllers because the steady-state
model is incapable of providing an accurate insight into the
transient behaviours of the system and evaluating the max-
imum stresses during startup and shutdown processes [20].
Thus, in many industrial applications, the settling time and
overshoot of the controllers should be optimized according to
the performance requirements. Moreover, because the WCS
with the charging and ZVS operation controllers are mul-
tivariable systems, the couplings between the model inputs
should be clarified. Therefore, there is a need for dynamic
modeling, which can be used to analyze the dynamic per-
formance and couplings during the design process of the
controllers.

In addition, it is necessary to take into account the fact
that the operating point of the system changes as the charg-
ing mode switching while designing controllers for both
CC and CV modes. To deal with this problem, two closed
control-loops with PI controllers for CC/CV modes based
on the first harmonic equivalent models are proposed in [21]
and [22] to regulate the charging process and to maintain the
ZVS operation. The output gain and phase of each charging
mode are analyzed in the frequency domain. Unfortunately,
although the control performance can be improved, these
models are static and, as such, they are inconvenient to ana-
lyze the dynamics and couplings of the system during the
design of controllers. Therefore, different modeling methods
are proposed in [20] and [23]-[32] to find an appropriate
dynamic model. For example, a model based on the Laplace
phasor transform theory [23], [24] is adopted to analyze
the dynamics of the circuits. The LCL circuit [20], [25],
LCC circuit [26], converters [27] and S-S compensation cir-
cuits [28]-[31] of the IPT and WPT system are modeled
using generalized state space averaging (GSSA) method.
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Typically, based on [20] and [29], authors in [31] propose two
transfer function models for control-to-output corresponding
to the CC and CV modes. Compared to [21] and [22], these
models provide good insights on the envelope of charging
current and voltage and give a numerical analysis on the
dynamic performance such as the magnitude-phase charac-
teristics of the CC and CV control-loops. However, it is
difficult to describe the state of the ZVS operation by the
proposed state variables, resulting in an additional current
stress optimization controller on the primary side to maintain
the ZVS operating. In [32], a Coupled-Mode theory [34]
based model, covering the ZVS angle, charging current and
voltage, is proposed for analyzing and controlling the output
voltage. Since the state variables of the dynamic differential
equations of the circuit can be replaced by the phase angle and
amplitude of the coupled modes, it is more suitable to design
a controller to regulate the charging and ZV S operation of this
model. Also, based on this modeling method, the couplings
between the inputs of the multivariable WCS models can also
be decoupled by evaluating the static gain of each control
loop.

The main purpose of this paper is to improve the perfor-
mance of the WCS throughout the whole charging period
by proposing a decoupled control method. To overcome the
perturbance of the system operating point, two dynamic mod-
els for CC and CV modes are constructed and linearized,
to analyze the dynamic performance of the system. More-
over, the couplings between the inputs of the charging and
ZVS operating controllers are quantified using static gains.
By introducing decoupled compensators and PI controllers,
the decoupled control method for IPT system is proposed
and implemented to regulate the charging process and ZVS
operation. Compared to the coupled control methods and
the traditional closed-loop control feedback methods, the
recorded response curves and transient waveforms demon-
strate that the proposed decoupled control method brings
better performance. Differentiating from the existing works,
the contributions of this paper are as follows:

(1) Considering that the dynamic models are different in
CC and CV modes, a fourth-order and a fifth-order
models are developed, respectively, to prevent the
weakening of the performance of the system.

(2) The static gains are used to evaluate the couplings
between the inputs of the charging and ZVS operat-
ing controllers. By designing decoupled compensators,
the multivariable CC and CV models are equivalent to
two single variable models and, in turn, they become
easier to design controllers to regulate the dynamical
behaviours of the decoupled systems.

(3) To optimize the system performance, we chose PI con-
trollers, and their parameters are obtained by calculat-
ing the settling time and overshoot of the close-loop
dominant poles according to the requirements of
the control performance, which is especially useful
when the control system is required to be designed
tightly.
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The rest of this paper is organized as follows: Section II
analyses the input impedance, ZVS angle and outputs of the
WCS and proposes a decoupled control strategy. Section III
focuses on the dynamic modeling and linearization of the CC
and CV modes. To optimize control performance, a decou-
pled control method including compensators and PI con-
trollers are proposed in section IV. A physical prototype is
set up in Section V, and the recorded response curves and
transient waveforms demonstrate that the proposed decou-
pled control method brings better performance to the system.

Il. ANALYSIS OF THE SYSTEM STRUCTURE

A. STRUCTURE OF THE BASIC S-S WCS

A common series—series (S-S) compensated topology for
WCS, as shown in Fig. 1, is composed of a controllable DC
source, a high-frequency half-bridge inverter, a symmetrical
S-S resonant network, a full-bridge rectifier and a battery
equivalent series resistance (ESR). The DC source converts
a three-phase AC voltage into a controllable DC voltage
source Vi by regulating the driver of the converter. Then, the
resonant network and the full-bridge rectifier are activated by
the high-frequency half-bridge inverter to charge the battery
wirelessly. Each resonant tank includes a series capacitance,
an inductance and its ESR, respectively. The symbol i, and
is are the resonance current through the coils; v, and vs are
the voltage across the capacitors. M is the mutual inductance
between two coils.

To realize the charging control and the ZVS operation
control, the controllable V1 and the operation frequency f; are
adjusted by the proposed decoupled control method, as shown
in Fig.1. In detail, by detecting the zero-crossing of i, and
the rising edge of the gate-driving signal of the inverter,
the phase difference between i and vy, can be obtained to
predict the state of the ZVS operation In order to imple-
ment the CC and CV charging mode, the output current
and voltage are detected to form a current and a voltage
feedback control-loops, respectively, by using a common
wireless communication module. The parameters of the PI
controllers in CC and CV modes are optimized based on the
respective dynamic models and performances to overcome
the perturbance caused by the change of the operating point.
In addition, the control performance of the controllers is
improved because the couplings between the ZVS control-
loop and the charging control-loop is cancelled by the decou-
pled compensators.

B. ANALYSIS OF THE CIRCUIT
Assuming that:
(1) The resonant currents, i1 and i, are pure sinusoidal.
(2) The filter capacitance of the full-bridge rectifier is big
enough.
The fundamental components of the inverter output volt-
ages vy, and the ESR R4 of the full-bridge rectifier can be
replaced by

vab = (2Vicos wst) /7, (1)
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where ws and Ry are the angular switching frequency of
the bridge inverter and the ESR of the battery, respectively.
Therefore, the main circuit of the WCS can be equivalent
to a fundamental harmonic equivalent circuit, as depicted
in Fig. 1. The charging voltage and current of the battery are
labelled as V,, and I, respectively. The input impedance Zj,
of the equivalent circuit can be expressed per:

Zin = Zp + (0sM)* | (Zs + Req), )

where Z;, and Z; stand for the primary and secondary resonant
network impedance, respectively. According to [7], the ZVS
angle ¢,y¢ can be depicted as

G

Im [Zin]> _ (=D

= Agp — = arctan
Pzvs ¢ — Qd (Re (Zin] )

where Ag is the phase angle of the input impedance Z;;, ¢q
is the phase angle of the dead-time of the inverter, and Djpy
denotes the duty cycle of the square wave drive signal of the
inverter.

According to the equivalent circuit, one obtains that the
equivalent input voltage source v¢q of the full-bridge rectifier
[35] is as follow:

. Vab .
Ved = JosM — + isZ
Zin

= sign (i) - V. (5

It can be observed that the magnitude of vq is equal to the
charging voltage V,, and the direction is decided by the sign
of i. In addition, the equivalent DC current source I of the
Rpagtery — Ct circuit input is a function of the rectifier input
AC current i [35], which can be represented by the following
expression:

Iy =1Ip — it = |is| — lcf. (6)

Considering (1)-(6), one can draw a conclusion that the
charging voltage V,, and the current /, can be controlled by
adjusting V1. Meanwhile, the ZVS angle ¢,ys can remain a
constant by regulating the angular switching frequency wy.
Notably, due to the couplings of the multivariable systems,
the charging voltage and current are fluctuated with w, at this
time. Therefore, the decoupled control strategy for the battery
charging and system ZVS operation is proposed in Fig. 2.
The parameters of the PI controllers in CC and CV modes
are optimized based on the respective dynamic models and
performances to overcome the perturbance caused by the
change of the operating point. Besides, the compensators
are designed based on the static gains and are utilized to
neutralize the couplings of the system.

Ill. DYNAMIC MODELING OF THE SYSTEM

In this section, the dynamic models of the CC and CV charg-
ing modes covering the states of the ZVS angle, charging
current and charging voltage are developed and linearized.
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A. THE DYNAMIC DIFFERENTIAL EQUATIONS

According to the fundamental harmonic equivalent circuit of
the system in Fig. 1, the electric behaviours of the IPT sys-
tem can be described by the following fourth-order dynamic
differential equations:

diy(t dis(t
Vab = ipRp + vp + Lp—p( ) s
dt dt
. dvp(t)
ip = Cp—r™
. . 7
diy(t) , dig(1) (
M—tzvcd—vs—zsRS—LS o
C dvs(1)
le =
S S d[

Similar to the models in [23]-[30], these equations cannot
be used to analyze the dynamic performance of the ZVS
operation directly. Therefore, it is necessary to establish the
relationship between state variables in (7) and the phase angle
of the coupled network. According to the suggestion in [32]
and [33], the dynamic characteristics of the system can also
be described by the Coupled-Mode theory [34]. To acquire
a dynamic model covering the ZVS angle, charging current
and voltage, the state variables of the coupled circuit in (7)
are represented by the amplitude ap s and phase angle 6, s of
the coupled modes [32], [33] as

{ip,s = /2/Lps - ap, cos (st + Op) ®

Vps = /2/Cps - Gps Sin (a)st + GP’S).
Thus, one obtains a nonlinear time-invariant averaged
model of the WCS given as following:

X=f@+gxu ©)
y=nh(),

where x = [ap, Op, as, 61T and u = [fo, V11T are the state
vector and inputs of the model, respectively; h,ys(x) is the
output of the ZVS angle ¢,ys; hec(x) and hcy(x) are the outputs
of the charging current and voltage, respectively, which will
be detailed subsequently in the next subsections; f (x) and g(x)
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Circuit diagram of the S-S compensated wireless charging system.

are smooth nonlinear functions given by

K1 (—K381x3 + KsMS>x3 — MKgLgx1)

wp, K
> T4 (K382x3 + KsMS1x3 — K7x1)
x) = P ,
f K> (K4Slxl + KeSox1 — K5Lp)C3)
ws K>
— — — (K4Sox1 — KgS1x1 — Kgx3)
2 ag
(10)
K|Lgcosxp
KiLs . 0
|~ sinxe _1
_ 1 _
gy (¥) = x| —KoMcosxs |’ 8wy (¥) = o |
sin x4 -1
x3
(1)

respectively, where S1, .S, and the variables K -Kg are listed in
the Appendix. For the control of the ZVS operating, the angle
¢@zvs should be a constant no matter the system is in the
CC or CV charging mode, so the output of ZVS angle can

be defined as
( ( 1nv) 7 )

2
Since the operating point of the system will change as the
charging mode switches, the dynamic models of the CC and
CV charging modes need to be derived, respectively.

180

hzvs (x) = i (12)

B. CCAND CV NONLINEAR DYNAMIC MODEL

Taking the average values during a switching period,
the equation (6) yields the DC component of the charging
current [35]:

2

2
isd (wot) = ;Ism,

I, =

=5/ (13)

which is proportional to the amplitude I, of the secondary
current. The output of the charging current in the CC mode
with the state vector xcc = [dccp, Occp» ecss Oees]T can be
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defined as

2 /2
hce (xec) = —, [ 7 Gecs- (14)
w\ L

Thus, the nonlinear dynamic model of the CC mode can be
derived by combining (9)-(12) and (14). Moreover, the energy
storage element Cr in Fig. 1 can be described by an additional
differential equation

dv, Vo
=IF——. 15
” TR (15)

By substituting (14) into (7), a fifth-order nonlinear time-
invariant averaged model of the CV mode is obtained as
follow:

Ct

F=f@)+g@u

dxs 1 (2 /2 Xs (16)
i e A )

where the state vector of the CV mode is xcv = [dcvp, Ocvp,
Aeys, Oevs, VO]T, and the output of the charging voltage in the
CV model with the above state vector can be defined as

hev (xcv) = V. )

C. MODEL LINEARIZATION

The nonlinear time-invariant averaged models of the CC and
CV modes represent the envelope of the charging current,
voltage and ZVS angle of the WCS. In other words, these
models contain both the steady-state operating points and
the small-signal models. Thus, each state variable in (9)-(12)
and (14)-(16) can be written as the sum of the steady-state
value and a small perturbation around it [29], [36]

X = Xo + Ax. (18)

Therefore, the nonlinear models can be linearized at the
steady-state operation point and written in the state-space
form as follows:

Ax=A -Ax+B-Au

19
Ay = C- Ax, (19)

where A, B and C are the partial derivative matrices
of (10)-(12) and (14)-(17). To obtain the linearized small-
signal models, the steady-state operating point should be
calculated by setting the derivative terms in (9) and (16) to
zero.

IV. SIMULATION ANALYSIS AND DESIGN OF THE
DECOUPLED CONTROLLERS

In this paper, the reference constant charging current and
voltage are set as 10 A and 50 V, respectively. Considering
the analysis of the total loss [7] and the minimum phase
angle [35] of the system, the reference ZVS angle is selected
to be 20°. Since the battery resistance changes from 2.5 Q
to 5 © in the CC mode, and from 5 @ to 15 Q in the CC
mode [5], the range of the load resistance in the CC and
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of the system.

TABLE 1. Main parameters of the system.

Symbol Quantity Value
L, Resonant inductance on primary side 33.1 uH
G, Resonant capacitance on primary side 122.1 pF
R, The ESR at primary side 0.5Q
Ly Resonant inductance on secondary side 34.3 pH
Cs Resonant Capacitance on secondary side 121.9 pF
Ry The ESR at secondary side 0.5Q
M Mutual inductance between two coils 7.33 uH
Cy Filtering capacitance 300 uF

Diny The duty cycle of drive signal for inverter 45 %
fo The range of the operating frequency 75-90 kHz
14 The range of the input DC voltage source 50-750 V

CV dynamic models are selected as 3.5-10 €2. In order to
achieve the expected charging curve and maintain the ZVS
angle at the reference angle of 20°, the initial DC input
voltage and operating frequency of the WCS in the CC and
CV modes are set to be: 55 V and 88.5 kHz, 66 V and 82 kHz,
respectively. According to the main parameters of the system
in Table 1, one can obtain the operating points for the CC and
CV charging modes as

—-0.35 0.04
-0.35 0.03

—29]"
—2.13  50]

xcco = [0.05

xevo = [0.07 o
By substituting (20) and Table 1 into the CC and CV non-
linear models, the partial derivative matrixes for the linearized

small-signal state-space models are obtained:

C_7856 2332 —4.led 1568
_9¢5 8025  7.5¢5  —33ed
AcC=| 3904 _2346 —5.1e4 2210 |0 @D
L 1.1e6 3.9¢4 —1.3¢6 —5e4
T 7856 382 —Sded S48 —36
744 —8059 13¢5 —27ed —239
Acy = | 54e4  —939 _7604 442 —81 |
45 125 —42¢5 —13e5 0
0 0 397 0  —2504
(22)
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0 384
0 38.4
BCC = 0 85 s BCV = 0 4.7 ,
: —628.3 —231
| —628.3 —59.8 : 2
(23)
Coo_ [0 =573 0 0
“=lo o 1542 0/
[0 -573 0 0 0
Cev = 0 ) o 1]' o

Note that there is a limitation for these linearized models.
When the load changes, the operating point of the system will
deviate from the point at which the controller is designed,
so the control performance of the controller will be weakened.
More precise linearization of the system is interesting for
future work.

A. DECOUPLED COMPENSATOR DESIGN
Since the linearized models developed above are multivari-
able models, the couplings between the inputs need to be
clarified. Because if the coupling effect exists, when the
inverter input DC voltage or operating frequency changes,
the charging current, voltage and ZVS angle will all suffer
from the perturbance. This mutual influence will weaken the
control performance of the controllers, so it is necessary to
evaluate and compensate this negative factor to improve the
control performance.

For a MIMO system, the static gain p;;, which represents
the gain from the j-th input to the i-th output with the other
inputs u, (r # j) remain unchanged, is defined as

dyi
Pij= —

ou; (2)

Uy

The greater the value of p;;, the more serious the cou-
pling of the model will be. By using MATLAB, one can
achieve the static gain matrices of the CC and CV linearized
models (19)-(24) as follow:

[133  lle-5
PCC=1_007  0.158

[063 18—4
PCV=1 _023 071

Obviously, the CC and CV linearized models are all semi-
coupling because the static gains from u; to y; are small
enough to be ignored. The unit step responses of the CC and
CV linearized models without decoupled are plotted in Fig. 3.
It can be seen that the input u, has little static deviation on
the output yj, while the output y, fluctuates with the step
change of u;. Notably, although the static deviation from DC
input voltage to ZVS angle is small enough, the dynamic
fluctuation in CV mode cannot be ignored. To eliminate these
deviations and fluctuations, the feedforward compensators
are adopted in this paper. The block diagram of the decou-
pled system is shown in Fig. 4(a). Based on the diagonal

(26)
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FIGURE 3. Unit step responses of the linearized MIMO CC/CV models
with/without the decoupled compensators.

matrix method, the compensation matrices Wy(s) can be cal-
culated per

Wa (s) = G ()" NL (s), 27)

i

¢ +
[ Wan(s)
N

“t

U o
i [T

u 2
“1®—{Gu0)

(a) (b)

FIGURE 4. The block diagram of the (a) decoupled compensator and
(b) decoupled system.

where G(s) is the transfer function models of the CC and CV
modes, and NV (s) is the diagonal elements of G(s). Due to the
high order of Wy(s), the balanced truncation method [36] is
used to reduce the order of the compensators. Hence, the com-
pensation transfer functions from u; to y», and from u; to y;
for the CC and CV linearized models can be obtained as

—1163s + 1.2¢10

|14 = '
dec21 (5) s2 + 2.8eds + 1.3e10
—1163s + 1.2¢10
W _ 28
dect2 (5) 52 + 2.8¢4s + 1.3¢10 s
W ) —7.15% + 6.7¢9 + 1.3¢14
S =
dev2l §3 4+ 4.6e452 + 3e9s + 2.4e13
—7.15% +6.7¢9 + 1.3e14
Waevia (8) = @

§3 + 4.6e452 4+ 3¢9s + 2.4¢13°

The unit step responses of the CC and CV linearized mod-
els with the decoupled compensations are plotted in Fig. 3.
Compared to the curves without the compensators, one can
see that the fluctuations and the static deviation are sup-
pressed and compensated to zero. Therefore, the multivari-
able models are simplified to two single variable models with
the diagonal elements of G(s) as shown in Fig. 4(b).
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B. DESIGN OF THE EV CHARGING AND ZVS

OPERATING LOOP CONTROLLERS

The diagonal transfer function models N (s) of the CC and
CV linearized models are

Nirccii (8)
3.6e4s% +2.7¢9s* + 3.7el4s + lel9
T 5% 4 1.2¢553 + 1.5¢10s2 + 8elds + 1.3¢19
Nirccaz (s)
131553 1.5¢8s% 4 4.6¢13s + 1.5¢18
T s+ 1.2¢553 4+ 1.5¢10s2 + 8.1elds + 1.3¢19
Nicvii (8)
3.6e4s* + 5¢953 + 4elds? + 3e19s + 423
T 85+ 2e55% + 1.6e10s3 + 1el5s2 + 4el19s + 5.5¢23
Nircvas (s)
1.8¢8s> + 9.5¢13s% + 1e19s + 4.2¢23

T 85 4 2655 + 1.6e10s3 + 1el5s2 + 4el19s + 5.5¢23°
(30)

where Npcci1(s) and Nyccpo(s) are the transfer functions
of the CC charging mode from u; to y;, and from up
to yp, respectively; Npcvii1(s) and Npcvao(s) are the trans-
fer functions of the CV charging mode from u; to y;, and
from u; to y, respectively. The unity feedback root locus
of (30) is plotted in Fig. 5. By analyzing the distribution of
the closed-loop zero-pole, the following conclusion can be
obtained:
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(1) The stability of (30) is available because the
closed-loop poles are all located in the left s-plane.
However, the plural poles of Nycy22(s), as depicted
in Fig. 5 (d), indicate that the stability of the charging
voltage in the CV mode is conditional.
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(2) Since the dynamic performance of the model mainly
depends on the real part and attenuation rate of the
dominant pole, a dipole can be ignored if the distance
between its zero and pole is much smaller than its
distance from the origin.

(3) The proportion and integration elements of the PI con-
trollers in each control-loop are equivalent to add a
new closed-loop zero and a new dominant pole to the
models. Therefore, the parameters of the controllers
can be calculated by arranging the distribution of the
closed-loop dominant pole with reference to the perfor-
mance requirements of the settling time and overshoot.

The PI controller has the following form:

1
G.(s) =K, <1 + T—S) (31)

where K, and T; are the proportional coefficient and the inte-
gral time, respectively. According to the decoupled system,
as shown in Fig. 4 (b), the closed-loop transfer function with
the PI controller of each control-loop can be expressed as

& (s) = Ge@NL(®) oy  (s+2)
Ge (S)NL (s) + 1 z 242w, + 0’
where w, and £ are the natural frequency and damping ratio of

the closed-loop dominant pole brought by the PI controllers.
Thus, the closed-loop characteristic equation of (32) is

(32)

m
2 4+ 2w, + 0? ~ Kp(s+K,~)1—[(s—zi) +1=0, (33)
i=1
Assuming that the performance requirements of the settling
time and overshoot are g = 200 ms and 6 % = 5% with an
error band of 5%, the distribution of the dominant pole can
be calculated by

ty = 3.5/Ewn
0% = e TENVIZE L 100%. (34)

Using MATLAB, the final parameters of the CC and CV
PI controllers are calculated as: Kycc = 0.8, Ticc = 0.003;

Kycczvs = 0.1, Ticczvs = 0.03; Kycy = 0.1, Ticy =
0.003; Kycvzyvs = 0.15, Ticyzvs = 0.026.

V. EXPERIMENTAL RESULTS

A. THE WCS PROTOTYPE

Fig. 6 shows the physical experimental setup in terms of the
topology circuit in Fig. 1. The experimental setup consists
of a controllable DC source, a PCB including a half-bridge
inverter, MCUs and a wireless communication module,
an S-S resonant network, a full-bridge rectifier and four
switchable power resistors. The parameters of the compo-
nents are shown in Table 1. Two IPW65R041CFD MOSFETsSs
are used for the half-bridge inverter, and the controllers are
implemented with two MCUs, namely, an FPGA (XC6SLX9-
3TQG1441) and an ARM (STM32F407VGT). The type of
the controllable DC source is INFY POWER REG75030,
and it is given in the data sheets that the control interval
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FIGURE 6. Physical experimental setup of the S-S compensated wireless charging system.

and the settling time of the output voltage are about 40 ms
and 6 ms, respectively. The range of the output voltage is
listed in Table 1. The ARM is used to calculate the operating
frequency and input DC voltage of the inverter, while the
FPGA and DC source regulate the inverter driving signals
and input DC voltage with a control period of 40 ms and
20 ms, respectively, according to the ZVS angle and charg-
ing commands from the ARM. The wireless communication
for the charging current and voltage data are set up with
two nRF24L.01 modules. The dimensions of the two coaxial
coils are the same, whose rectangular outer ring is 90 cm
x 70 cm. The distance between the coils is 20 cm. Each
coil is built with four turns of Liz-wire. The diameter of
the Litz-wire consisting of 2000 isolated strands is 6 mm,
and the diameter of each strand is 0.1 mm. At the secondary
side, a class-D full-bridge rectifier is constructed using four
VS-UFB280FA40 diodes. For the load, different resistance
values are obtained by connecting four 10 € resistors in
series or in parallel with an air switch.

B. EXPERIMENT OF CC AND CV CHARGING

To validate the improvement of the control performance of
the system with the proposed decoupled control method,
three cases of experiments are set up in this paper, namely,
(i) decoupled control, (ii) coupled control, and (iii) traditional
closed-loop feedback control. According to the range of the
ESR of the lead battery during the charging process [S5]-[7],
two step changes of the load resistance for the CC and CV
charging modes, namely, from 2.5 Q2 to 5 © and from 7.5 Q
to 10 €, respectively, are considered as the disturbances in
the experiment.

By step change of the resistor bank, the dynamic responses
of the charging current and voltage in case (i) are captured by
an oscilloscope (Tektronix DPO 2004B) as shown in Fig. 7(a)
and (b). It can be seen that both the charging current and the
voltage can reach the constant references, namely, 10 A and
50 V, within 200 ms which are in good agreement with the
preset performance requirements. In addition, the dynamic
waveforms for case (ii) and case (iii) in each charging
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mode are depicted in Fig. 7(c), (d), (e) and (f), respectively.
In case (ii), when the load changes, the settling times of the
CC and CV modes are all 235 ms. Meanwhile, the charg-
ing current and voltage in case (iii) can reach the reference
within 435 ms and 420ms, respectively. What is worth men-
tioning, comparing with the case (i), the settling times of the
case (ii) and case (iii) are longer than the requirements.
In addition, the same tendency can also be observed in
the overshoots. Therefore, the following conclusions can be
obtained:

(1) The charging current and voltage in both CC and CV
modes can reach the reference with the above control
methods, namely, cases (i)-(iii).

The proposed decoupled control method (case (i)) can
obtain a better control performance than other control
methods. This is because that the couplings between
the charging loop and the ZVS operation loop are
accurately calculated in the solving process of the
compensation transfer functions, therefore, the com-
pensators can eliminate the fluctuations and improve
the control performance. In contrast, the controllers for
case (ii) and (iii) need more time to deal with the
couplings of the system and the change of the operation
point.

In Fig. 7 (c) and (d), although the charging current
and voltage need more time to return to the reference
compared to case (i), they response faster than that
in case (iii). This proves that the PI controllers which
designed on the basis of the corresponding models are
more robust to the change of the operating point.

For ZVS operation control, the phase difference between
the output voltage and current of the inverter is measured
by the FPGA and current sensor. In this paper, the data of
the ZVS angle is calculated and saved by the MCUs and
RS232 communication circuit at a period of 20 ms. There-
fore, the waveforms of the ZVS angles in the CC and CV
charging modes with different control methods (case (i)-(iii))
are plotted in Fig. 8 (a) and (b). Although the ZVS angles
rise rapidly when the load changes, they gradually return
to the reference of 20°, and no overshoots are observed in

@

(€)
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FIGURE 8. Dynamic waveforms of the ZVS angle in the (a) CC and (b) CV charging modes when the load resistance

changes.

each case. Similar to the charging control-loop, the ZVS
angles of the CC and CV modes in case (i) can obtain
a better control performance, and reach the steady-state
within 200 ms.

Since the system is semi-coupled, compared with the
waveforms in Fig. 7, the proposed decoupled compensator
has less improvement to the performance of the ZVS oper-
ation. In addition, since the dynamic fluctuation in the CV
mode is larger than that in the CC mode, as depicted in Fig. 3,
the decoupled compensator plays a more significant role in
the CV charging mode. Furthermore, it can be seen that the

VOLUME 6, 2018

settling times of the case (ii) are shorter than the case (iii),
which also proves that the PI controllers based on different
dynamic models can prevent the degradation of the perfor-
mance caused by the change of the operating point.

The steady-state waveforms of the inverter output voltage
and current in the CC and CV modes are captured by an
oscilloscope and shown in Fig. 9 (a) through (d). One can
see from Fig. 9 (a) that the ZVS angle and operating fre-
quency in the CC mode are about 20° and 84.91 kHz, respec-
tively. When the load resistance step rises to 5 €2, as shown
in Fig. 9 (b), the steady-state ZVS angle can be maintained at
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from 2.5 @ to 5 ; (c) and (d) are the waveforms in the CV charging mode
when the load resistance changes from 7.5 2 to 10 €.

the reference of 20°, and the operating frequency is adjusted
to 89.43 kHz. The same tendency can be observed in CV
mode in Fig. 9 (c) and (d). When a disturbance is given to
change the load resistance from 7.5 Q2 to 10 2, the oper-
ating frequency is regulated from 80.71 kHz to 80.32 kHz
to maintain the ZVS angle at constant. The above two sets
of waveforms all illustrate that the ZVS operation can be
achieved by changing the operating frequency of the inverter.

VI. CONCLUSION

In this paper, we propose a decoupled control method to
improve the performance of the charging and ZVS operation
controllers in the WCS. Since the operating point of the CC
and CV modes are different, two dynamic models for the
corresponding modes are built and linearized. By analyzing
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the couplings and distributions of the zero-pole, the decou-
pled compensators are designed to neutralize the deviations
and fluctuations. Meanwhile, to optimize the system perfor-
mance, we chose PI controllers, and their parameters are
obtained by calculating the settling time and overshoot of the
close-loop dominant poles according to the requirements of
the control performance, which is especially useful when the
control system is required to be designed tightly. To verify
the improvement of the performance with the decoupled
control method, a 500W S-S inductive power transfer system
prototype is built and tested. The recorded response curves
and steady-state waveforms demonstrated that the charging
current, voltage and ZVS angle can reach the references in the
whole charging period. Furthermore, the proposed decoupled
controllers can achieve a better control performance com-
pared with the coupled control method and the traditional
closed-loop feedback control method.

APPENDIX
JLp/2
K| = L
LyLs — M?
Ky = VLs/2
LyLs — M?
M
K3 =
2Cs
% M
4 =
V2C,
Ks = (Rs + Red)
2L
MR,
K¢ =
2L
L
K; = i
2Cy
Kg = Lp
V2C
S| = sin (xp — x4)
Sy = cos (xp — xg)
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