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Abstract—The traditional stroboscopic mapping (SM) only fo-
cuses on the behaviors in periodic time instants, which will lose
the details of multiple state changes during an operating period
and cannot be used to analyze the characteristics of the studied
system accurately. In this article, an improved full-power SM
(IFSM) model is proposed for high-order wireless power transfer
(WPT) systems and dc—dc converters, which have generality and
high accuracy. The dual-side LCC compensated WPT system for
electric vehicles is taken as an example to present the derivation of
the discrete-time model. Based on the proposed model, the possible
zero current switching points of the system are calculated and
compared for the optimal power transfer ability. The process of the
boundary calculation of the output current operating in continu-
ous conduction mode (CCM) and discontinuous conduction mode
(DCM) is proposed, which aims to provide guidelines for adopting
different control strategies when the battery packs are charged in
different modes. It is found that the CCM/DCM boundaries are
highly related to the operating frequency and equivalent resistance
of the battery packs, while the coupling coefficient of coils has
little influence on it. A dual-side LCC WPT prototype is built, and
both the simulation and experimental results match well with the
theoretical analysis.

Index Terms—Continuous conduction mode/discontinuous
conduction mode (CCM/DCM) boundary, dual-side LCC, electric
vehicles (EVs), improved stroboscopic mapping (SM).
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1. INTRODUCTION

ITH the rapid development of electric vehicles (EVs),
W wireless power transfer (WPT) system has attracted
extensive attention of researchers due to its advantages such as
safety, high reliability, and convenience. Dual-side LCC com-
pensation circuit has been widely used for EV wireless chargers
because of the following characteristics.

1) The resonant current of the converter is linearly related
to the dc bus voltage. When the dc bus voltage increases
from 400 to 800 V, the resonant current of the receiving
coil and the output power can be doubled [1].

2) The two serial inductors on the primary and secondary
sides can be used to adjust the output power for various
operating conditions [2].

3) The compensation network can operate at a constant
switching frequency, which is independent of the coupling
coefficient [3].

However, the operating state of the EV charging system is
not always constant. For example, the equivalent resistance of a
48 V lithium-ion battery is different in constant-current (CC) and
constant-voltage (CV) charging modes, which varies from 3.2 to
241.7 © [4]. The EV charging system will operate in CC mode
when the battery pack is to be filled [5], during this period, the
equivalent impedance will increase, causing the output current
of the compensation network to enter discontinuous conduction
mode (DCM) operation. Besides, for the dynamic wireless EV
chargers, the coupling coefficient changes as the car moves [6].
When the current enters DCM, it will cause problems such as
high total harmonic distortion (THD), and fluctuations of output
voltage or current [7], [8]. Consequently, the secondary side
is equivalent to the ideal current source, the calculation result
will deviate much from the actual result. Moreover, there is no
algorithm suitable for DCM operation because of the difficulty in
output voltage estimation [9], especially for high-order systems.
Thus, it is necessary to get the boundary of the output current
of the compensation network for adopting different control
strategies. And there is little literature talking about the rela-
tionship among load resistance, operation frequency, continuous
conduction mode (CCM)/DCM, etc.

For the further understanding and parameter design of dual-
side LCC compensated WPT system, mathematical modeling is
one of the most effective solutions. The dominating method is
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based on mature physical laws such as Kirchhoff’s law, which
can well reveal the system characteristics [10]. AC impedance
analysis is used to calculate the sinusoidal ac circuits [11].
However, the compensation networks in WPT systems are often
connected to a dc output, which makes ac impedance analysis
not applicable. Alternatively, the generalized state-space av-
erage (GSSA) can be used to model the converter behaviors
[12], where the Fourier series is used to represent the state
variables in the process of modeling, and the transformation
from the time domain to frequency domain analysis is real-
ized. However, many variables need to be considered under the
high accuracy requirement of GSSA. Similarly, the extended
describing function (EDF) [13] decomposes the signal into
sine, cosine, and dc components, using the coefficients of the
decomposed signal to build a mathematical model. The cou-
pled mode theory (CMT) [14], [15] and parity-time (PT) [16],
[17] symmetry have limitations due to their assumptions. The
methods mentioned above suffer from low accuracy, high order,
and difficulty in analytical solutions when modeling high-order
systems. To reduce the switching losses, compensation convert-
ers need to operate in zero voltage switching (ZVS) or zero
current switching (ZCS). Thus, it is important to find the soft-
witching region of the inverter in the WPT system and achieve
the ideal power transfer efficiency based on the mathematical
modeling.

The application of the discrete-time modeling method to the
converters can effectively simplify the calculation and achieve
high accuracy. Discrete-time synchronization modeling is used
to derive a small-signal model and achieve synchronization
control for the series-series WPT system [18]. A discrete-time
model of the distributed power systems in the time domain is
presented in [19], which aims to simplify the problem caused
by the interaction between the subconverters. To describe the
dynamic behaviors of the LCC-compensated WPT systems, a
discrete-time model is used to analyze the nonlinear inverter
and rectifier in [20]. To design the dual-loop control for the
seven-level rectifier, a discrete small-signal model is established
in [21], which can accurately predict the dynamic response of
the converter in a small signal. Stroboscopic mapping (SM) is
proposed to analyze nonlinear dynamic phenomena in dc—dc
converters [22]. However, the discrete-time models mentioned
above are either complex or not accurate enough and only focus
on the performance of the systems that operate in a specific
operating state. Currently, little literature is concentrating on the
accurate solutions of high-order WPT systems in the full-power
range. And the CCM/DCM boundary in a wide load range is
also poorly studied by discrete models.

Different from the traditional SM, a discrete-time improved
full-power SM (IFSM) model, which has high accuracy and can
be used to analyze the boundaries of high-order WPT systems
without limitation of parameter selection is developed in this
article. The characteristics of the CCM/DCM boundary of the
LCC-LCC WPT system are analyzed in the full-power range.

The main contributions of this article are as follows.

1) An IFSM model, which considers the information of all

state changes and is suitable for all dc—dc converters, is
proposed for high-order WPT systems.
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2) The possible ZCS operating frequencies of the system are
calculated based on the proposed model, and the optimal
one of which is selected.

3) The analysis process of the CCM/DCM boundary of the
WPT system with respect to the coupling coefficient,
operating frequency, and equivalent load resistance is
proposed, which aims to provide guidelines for adopting
different control strategies.

The rest of this article is organized as follows. Section II
gives a brief review of the existing discrete-time modeling
methods. The reasons why the existing methods do not apply
to high-order WPT systems are explained. Section III presents
the core idea and derivation of the proposed discrete-time model.
Section IV presents the possible ZCS frequency calculation and
selection based on the proposed model. Section V analyzes the
CCM/DCM boundaries and constraints of the LCC-LCC WPT
system. Section VI presents the experimental results. Section VII
concludes this article.

II. BRIEF REVIEW OF THE EXISTING DISCRETE-TIME
MODELING

In this section, the existing discrete-time modeling methods
will be briefly reviewed, and the difficulties in modeling for
high-order WPT systems with multiple operating states using
these methods are explained.

For dc—dc systems, the state equation can be described as

dx (t)
dt

= Ax (t) + B;u (t) (1)
where A; and B; are the state matrix and input matrix of the
system in different subintervals, respectively. x(¢) is the state
vector, and u(?) is the input voltage vector.

A. Existing Discrete-Time Modeling Methods

1) Small-Step Discretization Method: As shown in Fig. 1,
a small-time interval T, is defined to discretize the continuous
time sequence in [30], the operating state only changes once in
one-time interval. Then, the state variables between the ith and
Jjth operating states of the system are calculated by the Euler
method, which is

Tejn+1= (Aj ((Ai:c,ﬁ—Bin) dT€+we‘n) +Bin) (1— d) T,
+ (Al.’Ba =+ BlVd) dT, + Te|n

2 H;; (z,d) )
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where H; ; is the discrete function, and d presents the duty cycle
of ith operating state. x|, and x.|,41 are the initial and final
values of a whole discrete-time mapping cycle.

2) Approximate Discrete-Time Model: When the sampling
instants are fixed at the interactions of the control signal and
carrier, an approximate discrete-time model is proposed in [31].
Three basic dc—dc converters: buck, boost, and buck-boost con-
verter are analyzed and there are only two operating states during
a switching period.

For the leading-edge modulation, one can obtain

z[(n+1)Ts+ Ty = eA2Tap AL (Te—Tep) 5. (nTy + Tsp)

T,~T,p
+ eAQT‘”’/ A Biogdr
0

Tsp
+ / 22" Bovy,dr (3)
0

where T'; represents the operating period. 7', is the duration from
the start of the period to the sampling instant. For the trailing-
edge modulation, one can obtain

T [(n + 1) T, + Tsp] — A1Top o A2(Ts=Tsp) 4. (nTS + Tsp)

Ts
+ AT / BAQTBQUindT
0

Tsp
+ / e By vy dr. 4)
0

The approximate expressions of eA*? and e4/"*75") are ob-
tained by using the Taylor series (only the first-order term is
considered).

3) Two-Time Scale Modeling: To mitigate the zero average
state variable problem, a full-order discrete-time model using
two-time scale is developed for the hybrid system that consists
of slow and fast variables in [32]. The inductor current on the
primary side and the output voltage of the system are considered
as the fast state variable and slow state variable, respectively.
Based on the two-time scale theory, the steady-state solution of
the system is obtained.

B. Limitations in High-Order WPT Systems

The limitations of the model in [30] are the difficulty in
achieving discretization in both CCM and DCM, and the lack
of uniform criteria for 7, selection. When the Euler method
is adopted in high-order systems such as the LCC-LCC WPT
system, strong coupling of variables will lead to the failure of
the modeling.

The approximate discrete-time modeling proposed in [31] is
only applicable to low-order systems. Besides, the sampling time
is fixed at a point in the switching period, which leads to poor
scalability of the application scenario.

The full-order discrete-time model in [32] can mitigate the low
accuracy of the small-signal average modeling at high frequency.
However, the model consists of two reference variables, it is not
applicable to dc—dc converters that operate at a low frequency.
Besides, the two-time scale model is limited to phase-shift
control.
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Dual-side LCC compensated WPT system [1].
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Fig.3. Waveforms of the dual-side LCC compensated WPT system. (a) CCM.
(b) DCM.

III. PROPOSED IFSM MODEL

In this section, the core idea of the [FSM model is explained.
Due toits high-order characteristics, the LCC-LCC compensated
WPT system is taken as an example to present the derivation
process of the proposed model. The accuracy of the proposed
model is verified and compared in time-domain simulations.

A. Analysis of the Dual-Side LCC Compensated WPT System

Fig. 2 shows the circuit of a dual-side LCC WPT system.
Ly and L, are the coil inductances of the transmitting and
receiving coils, respectively. L, Cp, Cy and Lg, Cs, Co are
the compensation inductors and capacitors, respectively. Ryt
is the equivalent resistance of the battery packs. Vy is the dc
input voltage. The full-bridge inverter consists of four power
MOSFETS S1—S4, and the rectifier consists of four diodes D1—D.
The quality factors of capacitors and inductors are high enough
thus their parasitic resistances are neglected.

B. Core Idea of the Discrete-Time Modeling

Fig. 3 shows the waveforms of the output voltage of the
inverter u;, the input voltage of the rectifier u,, and the output
current of the compensation network i in CCM and DCM.
There are four operating states in CCM and six operating states
in DCM. ftc1—tcs and tp1—tpg are the duration time of each
operating state. It is obvious that Ty = tc1+tce+tos+tcs =
tp1+tp2+ip3+ipat+ips+ips-

Fig. 4 takes two operating periods T as an example to il-
lustrate the differences between the traditional SM model and
IFSM model. In Fig. 4, the inner green circles and the outer
purple circles represent the mapping sequences of the IFSM and
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Fig. 4. Comparison of mapping points of traditional SM and IFSM. (a) CCM.
(b) DCM.

SM models, respectively. Time ¢ increases with the direction of
the arrows. Each green and purple dot represents a discrete-time
mapping point. In the steady state, the discrete-time mapping
points of SM and IFSM repeat periodically.

One of the improvements of the IFSM can be concluded in
the selection of discrete-time mapping points.

In CCM, which is shown in Fig. 4(a), the mapping
time instants of the SM are t,, t,+7Ts, t,+27Ts, ..., and
the discrete-time mapping results of the SM model can
be expressed as x, = x(ty), Xnt1 = X(th+7Ts), Xpio =
x(t,+2Ty), .... The discretization of the SM model is achieved
according to the operating period Ts, which means that the
step size remains constant as the period 7. Different from
the periodic mapping, the IFSM model maps according
to the operating states of the WPT system. It can be seen
from Figs. 3(a) and 4(a) that there are four states of the
system in CCM, and the durations are tc1—fc4. The mapping
time instants of the IFSM are t,, t,+fci, tht+tci+tco,
th+tci1+tce+tcs, tn+TS7 tn+Ts+tC17 tn+Ts+tCl+t02’
th+Ts+tc1+too+tos, th+2Ts, . The mapping results of
the IFSM model can be expressed as x,, = x(t,), x(tn+7c1),
X(ty+toi+tce), X(tat+tcit+tcet+tcs), Xny1 = x(ta+7T5),
X(ty+Ts+tc1), X(ta+Ts+tc1+to2), x(th+Ts+tc1+tce+1c3),
Xpt+o = x(t,+27),.... What is more, the discretization step
sizes of the IFSM model are variable based on the operating
states of the system. The problems mentioned in Section II such
as the selection of discretization step size are avoided.

Another improvement is that when the operating state
changes, the IFSM model contains more information of the
system than the traditional periodic mapping, ensuring higher
accuracy.

Fig. 5 presents the operating state transition information of the
LCC-LCC WPT system contained in the SM model and IFSM
model in CCM. To distinguish from the symbolic representations
in Section II, the matrices describing the LCC-LCC system are
denoted as M and N. The mapping points of the I[FSM model
are the time instants when the operating state changes. Thus, the
information of each operating state needs to be considered in
the model to ensure accuracy. Specifically, during one operating
period Ty, the information of four operating states is indicated
by using the matrices Mc1, Mc2, Mcs, Moy and Nci, N,
N¢3, and Ny in the IFSM model. However, it can be seen in
Figs. 4(a) and 5(a) that the traditional SM model only contains
information of the first and last state during one operating period
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Fig.5. Difference of the operating states contained in the SM and IFSM model.
(a) SM. (b) IFSM.

7,

T

(©

Fig. 6. Equivalent circuits for different intervals in DCM. (a) tp1. (b) 2.
(©) tp3. (d) tp4. (¢) tD5. () D6 -

Ts, which are indicated by the system matrices M1 and My,
input matrices N and Nog. The omission of state information
leads to low accuracy of the traditional SM model.

In conclusion, the traditional SM model only focuses on the
behaviors in periodic time instants n7s, which will lose the
details of multiple state changes during one operating period.
The IFSM model reveals all the operating states of the system
in the whole operating frequency and load range. As shown
in Fig. 5, the improved discrete-time model has at least two
and four more sampling points than the traditional mapping
in CCM and DCM, respectively. Moreover, different from the
discrete-time sequences with fixed step size, the IFSM model
samples according to state changes of the system, and then maps
uniquely to points in the time domain.

C. Derivation of the Proposed Model

For the dual-side LCC compensated WPT system, the current
is will be discontinuous when the load resistance R}, is large to
a specific value. Fig. 6 shows the equivalent circuits of different
operating states in DCM. In this part, the proposed IFSM model
that focuses on all the different operating states is established
according to the waveforms of the system shown in Fig. 3.
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TABLE I
FOUR OPERATING STATES IN CCM

Subinterval tci tc2 tcs tca
u; P P N N
i, P P N N
Uy N P P N
is P N N P

P: positive; N: negative.

When the system operates in the CCM shown in Fig. 3(a) and
the reference directions of the voltages and currents are defined
in Fig. 2, there are four states during one operating period, which
are presented in Table I. And the switching behaviors (on and
off times) of the diode in CCM can be obtained according to the
phase relationship analyzed in [1].

To present the derivation of the proposed model, the operating
state in the subinterval #¢ is analyzed in detail. The differential
equations of the system can be obtained as

dip 1 1 duc 1 . 1
— = ——uc, + —Va,—— = Fip— i1 )
dt L, L, a G, " G,
ducl 1 . duC2 1
= — - - 6
T T o ©
duc. 1. 1. dig 1 1
= = iy — s, = — 7 Uuc, + — 7
dt oo a - Lt ee @
di L M
& = A (e, —ue) = 5 (uo, —uc,) ®)
di L M
d7t2 = Kl (uc, —uc,) — N (uc, —uc,) )
duCO 1 . 1
= — —is + =——="uc, (10)
dt Co RbatCo “
where A = Ly Ly — M?2.
Choose x = [ip ucp uct i1 o uca Ucs is Uco] as the

state variable of the system, and the input vector can be set as
u(t) = u;(t). According to (5)—(10), the state-space model will
be described as

Z(t)=Mc, x(t)+ Nc,-u(t) (11)
where i represents the ith operating states in CCM.
The solution of (11) is
x () = ®c, (t) mo + Mg} (Bc, (t) — E)Nc,Va  (12)

where xo = x(1)|; = 10, fo can be set to any time instant, and
®c, (1) = eMaite (i=1,2,3, 4), E is the identity matrix, M,
and N are given in the Appendix.

The waveforms of u;, u;, and iy are symmetrical, i.e., state
intervals ¢y = fc3, toe = o4, System matrices Mo = Moo =
M3 = My, and control matrices Nog = Nco =-Nc3 =-Ncy.
The matrix M¢; is only determined by the switching states of
the rectifier and N, are both relevant to the states of the inverter
and rectifier.

The initial sampling time is #yp = nTg and Ty = fc1+tcs
+tce+1cy4, one can obtain the analytical solution of the IFSM
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TABLE II
SIX OPERATING STATES IN DCM
Subinterval o) 5%} 3 Ipa s Ipe
u; P P P N N N
ip P P P N N N
Uy N P P P N N
Is P Z N N Z P
P: positive; N: negative; Z: zero.
model during one operating period T
-1
xz(nTy +tc1) = Par(t)x|, = nTs + Moy (Pci(?)
—E)Nc 1V (13)

@ (nTy +tor +to2) = o)l —pr 4o, + Moy (Rca(t)
“E)NosVa (14)

1
T <<n + 2) T +tC3> = q)cg(t)w‘t:(n+%)75
+ Mgz (®os(t) = B) NosVa

(15)
z((n+1)Ty)== ((n-i- ;) Ts +tcs +tc4>
= @01 () |z (04 1)1 10, + Mch (Pos (1) = B) NoaVa.
(16)

In (12)—~(16), the matrix ®¢, (t) = eMci’Cican be rewritten

by 'i’ci (t) = E4+tc,M ¢, ¥, where ¥, is expressed as
1 1 2 1 n—1
‘IJH:E—FEMCitCiJ'_?(MCitCi) +- '+E(Mcitci)

! ! ! (17)
and ¥o, = Mc,; ' (P, - E). By selecting a proper n, (17) can
provide arbitrary accuracy in numerical calculation.

Similarly, when the coupling coefficient k decreases dramat-
ically or the equivalent resistance R}, of the battery packs
becomes large to a specific value, the compensation network
will operate in DCM, which is shown in Fig. 3(b). And there
will be six intervals fp1—fpg, which are presented in Table II.

The solution of one discrete-time mapping period T can be
obtained as

Tpi1 = Jx, + Ku(t) (18)
where
J = eMpstps o Mpstps o Mpatps ,Mpstps o Mp2tp2 , Mp1tp1 ,
K = ¢Mpetpe o Mpstps o Mpatpa ,Mpstps , Mp2in2 M;il
x (eMpiior — E) Ny,

4 eMDﬁtDGeMDstDS eMD4tD4eMD3tD3

tp2
x / eMp2(tD2=7) N, dr
0

+ eMDetDseMDstDs eMD4tD4M]—D§ (eMD3tD3 _ E) Nps

Mpet Mpst —1 Mpat
+ ¢Mpstps D5D5MD4(6 D4D4_E)ND4
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tps
+ eMpstpe / 6MD5(tD5*T)ND5d7-
0

+ Mpg (eMPo're — E) Npg.

Matrices Mp; and Np; (i =1, 2, 3, 4, 5, 6) are also given in
the Appendix, and Mp, = Mp3 = Mpy = Mpg, Mps = Mps,
Np1 =Np2 = Np3 = -Npy = -Np5 = -Npg.

In CCM, when given the system parameters, the analytical
solution of the IFSM can be easily obtained by the expressions
(13)—(17). But when the system operates in DCM, there are
integral elements existing in (18), which leads to irreversibility
and nonintegrability of the high-order matrix K and makes it
impossible to obtain the analytical solution directly. To make
the discrete-time IFSM model applicable to online calculation,
simplification for K with high accuracy is also expected.

The integral element F' = ng‘ eMpi7dr(i =2 and 5) can be
further expressed as

F=tpw,. (19)

And with the help of (17), the solution of IFSM in the steady

state can be calculated by
T = (E _ j) 'RV, (20)
where J and K are rewritten as J and K by using (17).

When the system runs into states (c)—(f), the polarities of the
voltage Vq and current i» are changed. Notably, because the
variables related to operating frequency and the operating states
are all considered in the IFSM model, the process described in
this part can be used for the full-power range and full-frequency
range of the system.

In DCM, the durations tp; and rp4 can be calculated according
to the phase relationship of the dual-side LCC compensation
network, which means the off time of the diode is obtained.
Before the determination of the on time, one can know that
Ip2 = tps, D3 = D6, D1+ID2+D3 = tpa+ips+ipe = Ts/2,
once tpo is obtained, rp3 will be expressed as Ts/2-tpa-tp1.
Finally, the only duration time of the subinterval needs to be
solved is rps. Based on (18)—(20), the solutions of the first two
subintervals tp1 and 7, (tpo needs to be solved, thus itis redefined
as t;) can be expressed as

Lss1 = L (nTs +tD1) =®p,; (t) w|t0:nTS + Mf)ll ((I)Dl (t)
_E)NoiVi @1
Lsso = Lgs (nﬂ +ip1 + t’I‘)

te
=®p2 (V) T|i—pr, 14 +/ M2t~ Ny Vadr
s 1 O
(22)

where 7., is an unknown variable.

According to the characteristic of the system in DCM, two
conditions of the switching behavior that occurs at the on time of
the diode are is|¢ = n7s+ tD2+ D1 =0and uy)y — n7s1 D2+ tD1 >
1 oo (the output voltage u, of the compensation network is always
lower than the load voltage uc, in DCM because of the voltage
distortion, once u, is higher than uc,, the diode will switch ON).
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Give the constraints:
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| Define tp,=tps=t.. |

END

Fig. 7.  Flowchart of on-time calculation of the diode in DCM.

Thus, the value of ¢, = fp2 can be uniquely determined only
when both conditions are met simultaneously. The boundary
conditions of the on-time calculation can be further expressed
as

Hlmssl =0 (23)
LsHla:ssQ + H2$552 2 ngSSQ (24)

where H; = [00 00 00 01 017, Hy = [00 00 00 10 0], and
H3 = [00 00 00 00 1]7.

The flowchart of the on-time calculation of the diode in DCM
is shown in Fig. 7. The time instant corresponding to the rising
edge of the inverter voltage is marked as #y. And the iteration
step size of At is defined as 20 ns (1/10 of the dead time #q in
the experiments). To ensure the validity of the results obtained
in Fig. 7, it is necessary to compare f,, with T4/4. If ¢, is greater
than T4/4, then it is essential to redefine 7y as to+75/4, which
is because the uniqueness of the operating state of the first
subinterval has changed.

D. Schematic Diagram of the IFSM Model Calculation

The IFSM model in DCM is taken as an example to explain the
calculation process, x,, and x,, 1 are the initial and final values of
one discrete-time mapping cycle, respectively. x(t,+d;Ts) (i =
1,2, ...,6,d;Ts = tp;) represents the value of ith stage, where
d; is the duty ratio of the ith stage shown in Fig. 8. The final
value of the first stage x(#,,+d; Ts) can be derived from the initial
value x(t,), and the value of x(t,+d Ts+d>T) can be derived
from x(t,+d; Ts). As expressed in (18), the final value of each
other subinterval can be derived from x,,.

Furthermore, different from the traditional approach of fitting
waveforms by using many discrete-time mapping points, for the
IFSM model within each discrete subinterval (i.e., each state
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Fig. 8. Calculation process of the IFSM model in DCM.

change process), the system response is solved by using state
transition matrices J and K, and the response for one mapping
period T is achieved through matrix iteration. In other words, us-
ing the state transition matrix e ?ipi to solve within a discrete
subinterval yields a piecewise smooth continuous waveform. For
example, the expressions of the first two continuous-time orbits
shown in Fig. 8 can be expressed as

®p (t) x|, +Mp) (®p1 (t) — E) Np1Va,
ty <t <t,+diTs (25)
Ppo (1) @y, ya,7, + Mpy (P02 (t) — E) Np2Va,
tn +diTs <t <t, +di Ty + do2Ts. (26)

In addition, for the selection of the initial mapping point
within one mapping period, it can be either the start or end
time of any operating state. For the convenience of analysis, the
rising edge of the inverter voltage is chosen as the starting point
for the full-power discrete-time mapping in this article.

E. Verification in Simulation

To present the superiority of the proposed IFSM model, a
comparative study of the dual-side LCC WPT system defined
by parameters listed in Table III is conducted by time-domain
simulations. Fig. 9 shows the waveforms of output voltage,
current of the inverter (u;, i,), and the input current of the rectifier
(uy, ig) in CCM and DCM.

To show how well the IFSM model can describe the re-
sponse of the system, the fitness ratio Qfiness between results
of different models A, and the true system output A is taken
as the performance index to quantize the model accuracy. In
this article, a total number of 10* model and time-domain
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TABLE III
PARAMETERS OF THE LCC-LCC WPT SYSTEM
Symbol Parameter Value Unit
L, Primary compensation inductor 23.5 pH
(8 Primary parallel capacitor 149.2 nF
C, Primary series capacitor 32.8 nF
L Secondary compensation inductor 232 pH
Cs Secondary parallel capacitor 150.1 nF
G, Secondary series capacitor 50.7 nF
L Self-inductance of transmitting coil 130.3 pH
L, Self-inductance of receiving coil 92.2 uH
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Fig.9. Comparison of the waveforms obtained by the SM model, IFSM model,
and simulations when Vq =400 V and fs = fa. (a) k = 0.1, DCM. (b) k = 0.15,
DCM. (c) k= 0.2, CCM.
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TABLE IV
FITNESS RATIOS OF DIFFERENT MODELS

Fitness Ratio (%)

Response k=0.1 k=0.15 k=0.2
SM IFSM SM IFSM SM IFSM
u; 98.40 9845 9879  98.88 9822  99.00
ip 49.46  98.10  70.05 9843 8456  98.32
Uy 86.12 9833  89.05  98.51 98.27  98.19
s 50.28 9829  71.66 98.44 8549 9832

simulation observations is used to present the accuracy index

Qiitness = | 1— 14— All, x 100%.  (27)
||A — mean{A}|] '

The fitness ratios of the traditional SM model, the IFSM
model, and the time-domain simulations are presented in
Table IV.

When k = 0.2, the load is in CCM, both the SM model and
IFSM model feature the simulation results well. However, when
k = 0.15, the load is in DCM, the IFSM model shows high
accuracy and slight errors occur with the traditional SM model.
When k = 0.1, the IFSM model also features the simulation
results very well, while obvious errors occur with the SM model.
The longer the time in DCM is, the larger the errors of the
SM model are. As for the output voltage of the compensation
network, the SM model cannot feature the change in DCM.
These results show the improved model outputs provide a good
fitness to the system output (Qfitness >98%). The traditional
mapping points are located in the periodic time instants and the
several operating states are lost in the SM model. Thus, the errors
will occur when the system operates in DCM.

IV. ZCS POINTS ANALYSIS BASED ON THE IFSM MODEL

According to the analysis in Sections II and III, there is no
approximation in the IFSM model, which makes it possible to
calculate the ZCS points accurately. In this section, different
from the analysis in [27] and [28], the ZCS frequencies of the
inverter are obtained based on the IFSM model and ZCS curves
with respect to operating frequency and coupling coefficient are
analyzed.

A. ZCS Frequency Calculation Based on IFSM Model

If the system operates in CCM, for a steady sampling period,
the initial state x,, and final state x,,; satisfy the following
expression:

Tpy1= I (2, t01, tee, tes, toa)
= & (tcy) ® (tes) @ (tea) P (to1) 20
+ @ (t0a)® (tos) @ (tc2)M e (® (tor) —E) N Va
+ ® (tca) @ (tos) Moy (® (to2) — E) NeaVy
+® (tca) M s (® (tes) — E) N3V

+ Mgk (® (tes) — E) NaaVa. (28)
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Fig. 10.  Curve of fixed points of inverter current i, when k = 0.2 and Vg =
Vbat = 400 V.
TABLE V
INFORMATION OF THE FIRST FOUR ZCS POINTS
ZCS points A B C D
Time (us) 11.77 25.34 34.54 62.42
Frequency (kHz) 84.95 39.46 28.95 16.02
THD (%) 6.43 80.87 165.22 268.40

By defining M = Mcy = Mgy =Mcs =Mcy, N=Nc1 =
Nc2 = -Ncsg = -Nca, 01 = tc1 = fcs, 02 = fc2 = Ifca, When
Xn+1 = X, = Xx * (the system operates in the steady state), one
can obtain by solving (28)

' = (E+®(5) @ (5)) "

[®(62) M~ (E—® (61)) NVa+M ' (E—® (52)) NVq].
(29)

If only the inverter voltage and current are considered, there
are two half symmetry periods, and the structure of the circuit
does not change, (29) can be further simplified into the follow-
ing:

w=(pee(3)) (=-2(3)) M

Period 7 is taken as the independent variable in (30) instead
of time ¢, which is one of the advantages of the IFSM model. To
derive the ZCS points of the dual-side LCC compensated WPT
system, the function of inverter current i;, can be obtained as

o-ofeen (1)) (s-e(2))

(3D
where the response selection matrix G = [10 00 00 00 0]”.

By defining different selection matrices, one can obtain the
expressions of different variables. It can be also observed from
(31) that the solutions of different variables are independent of
each other.

The curve of (31) is printed in Fig. 10 when the parameters
used in this article are given. There are four ZCS points of current
ip, (the zero solution is not considered), which are marked as
A, B, C, and D. As illustrated in Table V, the corresponding
periods of four points are 11.75, 25.34, 34.54, and 48.08 us.
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Fig. 11.  Output voltage and current of the inverter operating at different ZCS

frequencies. (a) 84.95 kHz. (b) 39.46 kHz. (c) 28.95 kHz. (d) 16.02 kHz.
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Fig. 12. Comparison of power transfer ability and THD of the inverter output
current i, when k = 0.2 and Vg = Vpay = 400 V.

Thus, their corresponding frequencies are 84.95, 39.46, 28.95,
and 16.02 kHz, respectively.

B. Selection of the Optimal ZCS Point

Among the possible soft-switching points, it is important
to determine the one that has the maximum power transfer
capability. Fig. 11 shows the waveforms of output voltage and
current at the four ZCS points obtained in simulations. Given
the parameters listed in Fig. 10, the power transfer ability and
THD when the system operates at the four points are illustrated
in Fig. 12. When the system operates at frequencies B and D, if
the load is 400-V battery packs, there is little power transferred
to the load, which means they cannot be chosen as the operating
frequencies of the inverter.

The frequency range is limited from 79 to 90 kHz in standard
SAE J2954 of the EV WPT systems. Because of the lowest har-
monic contents and a good match with the resonant frequency,
point A is chosen as the reference operating frequency of the
system to analyze the full-power and full-frequency character-
1stics.
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Choose the state variable x(#) of the system.

v

Analyze the operating states of the system in
CCM&DCM.

v

Obtain the IFSM model based on the derivation in
Section lII-C.

Y

Calculate the possible ZCS points according to
(21)-(24).

v

Select the optimal ZCS point as the operating
frequency of the system.

END

Fig. 13.  Procedure of the optimal ZCS point selection.

It should be noted that the optimal ZCS point in this article is
quite close to the resonant frequency, which is because one of
the most important features of the WPT system is that it needs to
operate at the resonant point to achieve zero phase angle (ZPA)
and maximum efficiency [2]. In fact, there could be multiple
frequencies that meet the required range when studying other
compensation networks and nonisolated converters, and deter-
mining the optimal operating point requires further comparison.

Fig. 13 gives the selection procedure of the optimal ZCS
points of the studied system. When studying the noniso-
lated converters such as buck-boost, cuk, and cascaded boost
converters [19], the systems have relatively fewer variables,
which leads to an increase in the applicability of the solutions.
Besides, for the nonisolated converters, the resonant frequency
is often not required. Thus, point B, C, or D could be also the
optimal ones in different application scenarios.

C. ZCS Range Analysis

In practical applications, the positions of GA and VA are not
always relatively fixed and the coupling coefficient k£ will also
vary from 0.094 to 0.244 [25]. Moreover, during the charging
process, control methods such as phase-shift control will lead
to hard switching of the primary inverter without a cascaded
dc—dc converter [29]. To minimize the circuit’s reactive power
and improve the dc—dc efficiency of the charging system, it is
necessary to analyze the impact of the coupling coefficient on
the ZCS points.

The ZCS current i, zcs is the input current of the compen-
sation network at nTy, according to the IFSM model, one can
obtain

Iy 208 = lp (nTS) =1 ((n + 1) Ts) . (32)

Fig. 14 shows the relationship between the frequency of point
A and coupling coefficient k, where the results obtained from
the traditional SM model, the IFSM model, and the time-domain
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Fig. 14.  Fitted curve of frequency A with respect to coupling coefficient k
when Vp,t = Vg =400 V.

simulations are compared. The accuracy of the improved model
is verified through the perfect match. The results of the tradi-
tional model deviate from the simulation result when k < 0.17,
which is because several operating states are lost in DCM. If
the operating frequency f; traces the curve, especially when the
charging current changes significantly in CV mode, the inverter
will always achieve ZCS. In other words, the ZVS current is
zero and the output voltage u; and current ig are in phase, ZPA
is also achieved.

V. BOUNDARIES OF CCM/DCM

In this section, the IFSM model is used to analyze the dis-
continuous boundaries of the output current ig by using the
LCC-LCC WPT system as an example. It is helpful to clarify
the applicability of the traditional SM model and IFSM model.
Besides, to mitigate battery aging costs in dynamic energy man-
agement, it is necessary to derive the boundaries of the charging
current for energy management of vehicle battery energy storage
systems [26]. The IFSM model characterizes the system through
matrices M; and IV;, which gives the possibility to derive accurate
solutions.

A. Boundary Constraints

To ensure the accuracy of the boundary analysis, some con-
straints on the IFSM model and system characteristics need to
be considered. The boundaries of CCM and DCM of the output
current ig with respect to the coupling coefficient k and battery
resistance Ry, will be obtained under the constraint conditions.

1) Constraints on the IFSM Model: The equivalent series
resistance of the passive components and active switches are
not considered in the discrete-time model for simplification. The
step size of the model calculation needs to be smaller than 1/10
of the dead time ¢4.

2) Constraints on the System Characteristics: Phase con-
straint: In the dual-side LCC WPT system, the phase of the
output voltage u, lags the input voltage u;, which is shown in
Fig. 3(a), thus the range of phase « between u, and u; needs to
be constrained within (0, 7/2). The phases among iy, i1, 2, and
i, are also required to meet the constraints in [1].
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Fig. 15.  Flowchart of CCM/DCM boundary calculation.

Time Interval Constraint: during the process of matrix solv-
ing, there are multiple results of #,,; (i = 1, 2, ...) when the load
condition and coupling coefficient are given. t,,; includes both
tp; and f¢,. All the time intervals need to satisfy the constraint
of the operating period Ty, which means Ty = ,;+f2+ ...

Boundary Condition Constraint: the inverter output current
i, needs to satisfy the following constraints to meet the ZCS
operation:

Fy (€1,20) = Gfrg, (x) =0
Fy (527513 :Bn) = Gf2’£2 (f17£1 (‘Bn)) =0

where F; and F are boundary functions, & and &, represent
the duration time of the inverter operating in the positive half
period and the negative half period, respectively.

(33)
(34)

B. Steps for Boundary Calculation

The boundary analysis procedures can be summarized as the
following four steps.

Step 1: Select the system variable and establish the IFSM
model of the studied system in CCM and DCM (e.g., dual-side
LCC compensated WPT system in this article), and obtain the
solutions of different operating modes.

Step 2: Give the CCM/DCM boundary and model calculation
constraints of the studied system, such as phase constraint,
period constraint, frequency constraint, etc.

Step 3: Choose the target boundary parameters and set the
ranges and iteration step sizes.

Step 4: Solve the matrices M; optim and N opiim according
to the flowchart shown in Fig. 15.

Fig. 15 gives the flowchart of the calculation process. The
iteration step sizes Ak and ARy, are required much smaller
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Fig. 16. Boundary voltage Viat_n and resistance Ryt With respect to cou-
pling coefficient k at different frequencies when Vq = 400 V. (a) Vhat'n-
() Rpat-

than the initial values. In this article, Ak, ARy,, and A« are
chosen as 0.001, 0.001 €2, and —0.001 rad/s, respectively. To
simplify the expression, the outputs of the flowchart are M optim
and N optim, Which contain the parameters mutual inductance
M and load resistance Ry, .

The characteristics of EV charging loads and equivalent re-
sistance of the conventional 400-V battery packs are analyzed in
[24]. Considering the parameters in this article, the range of load
resistance Ry, is limited from 2 to 90 €2, which can be treated
as the entire load range. And the range of operating frequency
is iterated from 75 to 95 kHz for a full demonstration. Based
on the IFSM model described in Section III-C, the CCM/DCM
boundaries with respect to load resistance R}, coupling coef-
ficient k, and operating frequency f; are analyzed. To intuitively
analyze the relationship between the discontinuous boundary of
the output current is of the compensation network and the battery
voltage V., Rbat 1 selected as the variable during the iteration
process. When the Ry, and k are obtained in Fig. 15, it is easy
to know the corresponding V54 based on the IFSM model.

The results of boundary calculation are shown in Figs. 16
and 17, where V.t is defined as V4,,:/400. For uniform rep-
resentation, regions above the curves are discontinuous zones,
otherwise, regions below the curves are continuous zones. As
shown in Fig. 16(a), the normalized boundary battery voltage
is positively related to the coupling coefficient k in the full-power
range when the load is 400-V or 800-V battery packs. Fig. 16(b)
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Fig. 17. Boundary voltage Vi,at_pn and resistance Ryt With respect to oper-
ating frequency fs when Vg =400 V. (a) Vpat'n. (b) Rpat-

shows the equivalent boundary resistance Ry, of battery packs
corresponding to the curves in Fig. 16(a). Ry, is almost constant
when the coupling coefficient k varies from 0.1 to 0.3, indicating
that the coupling coefficient & has little influence on the boundary
load resistance.

Fig. 17 illustrates the boundary of normalized battery voltage
Vbat'n and equivalent boundary resistance Ry,¢ with respect to
the operating frequency f;. As shown in Fig. 17(a), when the
range of frequency f; is from 79 to 90 kHz, which is required in
international standard SAE J2954, the boundary voltage Vi,atm
increases with the operating frequency. What is more, when the
coupling coefficients are 0.15 and 0.2, the point of inflection
appears on the curve near the operating frequency f; = 90 kHz,
indicating a significant decrease in the power transfer ability
of the system. When coupling coefficient k = 0.2 and f; =
84.95 kHz, the boundary voltage is 460 V, which is consistent
with the results in Fig. 16(a). When k decreases, the current ig
will enter the discontinuous region, otherwise, it will enter the
continuous region.

It can be seen in Fig. 17(b) that there is a positive correlation
between the equivalent boundary resistance R}, and the operat-
ing frequency f; when kis 0.1 and 0.15. However, when k is 0.2,
the curve deviates from this trend at a frequency of 93.7 kHz. In
correspondence with the curve of the boundary voltage variation,
it is observed that for the parameters designed in this article, the
operating frequency has surpassed the optimal range. Besides,
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Fig. 18.

Experimental prototype.

different from the relationship between R},,¢ and k, the boundary
resistance Ry, varies from 14.5 to 24 2 when the operating
frequency f; is from 75 to 95 kHz. The three curves overlap
within the frequency range of 75-93.7 kHz, further confirming
that the coefficient & has little effect on the CCM/DCM boundary
of ig.

C. Extension to Other Topologies

1) WPT Systems: The dual-side LCC WPT system for EV
charging is taken as an example in this article to present the
IFSM model. The establishment of the discrete-time model and
boundary analysis process can be readily extended to other high-
order compensation topologies in WPT systems. The differences
that should be considered are as follows.

1) When the inverter operates with an asymmetric period or
the load is a dc converter, additional operating states are
introduced. Some simplifications in the model derivation
process become ineffective in these cases, leading to an
increase in model complexity.

2) When the dual-phase-shift control and triple-phase-shift
control are adopted in the systems, constraints regard-
ing the inner and outer phase-shift angles need to be
incorporated. In addition, prior to boundary solving, it is
necessary to analyze and determine the ZVS operation
range to ensure that the boundary results comply with the
system’s ZVS operation. To improve the accuracy of the
boundary calculation, the iteration step sizes should adapt
to the operating frequency and time intervals during one
operating period.

3) When studying the two-stage WPT systems [33], it is cru-
cial to first select noncoupled independent state variables,
and then model the entire cascade system. When the output
capacitance is large enough, it is possible to decouple
the two-stage topology. Thus, the accuracy obtained by
modeling them separately also meets the requirements.

2) Nonisolated Converters: For a single low-order non-
isolated dc—dc converters, such as buck, boost, and buck-boost
converters, voltage-second and ampere-second balance princi-
ples are commonly used to derive the current expression. By
leveraging the criterion of zero current, the operating states of the
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Fig.20.  Waveforms of the output voltage u; and current i}, of the inverter and
the input voltage u, and current is of the rectifier when Vi, = Vot = 400 V
and fg = fao = 84.95 kHz. (a) k = 0.1, DCM and time: 4 ps/div. (b) k = 0.15,
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Fig.21. Waveforms of the output voltage u; and current i}, of the inverter and
the input voltage u, and current ig of the rectifier when Vi, = Ve =400V,
and k = 0.2. (a) fs = 83 kHz and time: 4 ps/div. (b) fs = 86 kHz and time:
4 ps/div.
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Fig. 24.  Waveforms of the output voltage u; and current i}, of the inverter and
Fig.22. Waveforms of the output voltage u; and current iy, of the inverter and the input voltage uy and current i of the rectifier when Vin = 400 V and f5 =

the input voltage u, and current ig of the rectifier when Vi, =400V, k = 0.2
and fs =fa = 84.95kHz. (a) Vbat'n = 0.75, Rpat = 11.32 Q, CCM and time: 4
ps/div. (b) Vpatn = 1.15, Rpat = 17.16 2, CRM and time: 4 ps/div. (¢) Vbat'n
= 1.25, Rpat = 18.68 2, DCM and time: 4 ps/div.
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Fig. 23.  Waveforms of the output voltage u; and current i, of the inverter
and the input voltage u, and current ig of the rectifier when Vi, = 400 V, k
= 0.2 and Vpatn = 1.15. (a) fs = 80 kHz, Rpat = 40.64 ©2, CCM, and time:
4 ps/div. (b) fs = 90 kHz, Rpat = 16.31 2, CCM and time: 4 ps/div.

converter can be analyzed, facilitating the determination of the
corresponding boundary parameter values. When state variables
increase in nonisolated dc systems, leading to difficulties in
solving, IFSM would be a preferable choice.

VI. EXPERIMENTAL VERIFICATION

To verify the IFSM model and theoretical analysis, as shown
in Fig. 18, a dual-side LCC-compensated WPT prototype is
built. Experimental parameters are given in Table III. The ZCS
frequencies obtained in Section IV and boundary analysis results
in Section V are verified in this section. Experimental waveforms
are measured by an oscilloscope (Tektronix MSO58 8-BW-500).
The inverter consists of eight SiC MOSFETs (C3M0021120Ks),
and the rectifier consists of four diodes (STTH75S12Ws).

A. ZCS Points Verification

Fig. 19 shows the waveforms of the output voltage u; and
current i}, of the inverter, and the input voltage u, and current i

fa =84.95kHz. (a) k =0.1, Vpatn = 0.575, Rpat = 17.20 2, CRM, and time:
4 ps/div. (b) k = 0.15, Vpat'n = 0.98, Rpat = 17.19 ©, CRM, and time: 4
ps/div. (¢) k =0.25, Vhat'n = 1.45, Rpat = 17.21 ©, CRM, and time: 4 ps/div.

of the rectifier when the inverter operates at different frequencies
obtained in (31). The dc input voltage and the voltage of the
battery packs are given as 400 V when k = 0.2. When f = fa,
fB, fc, and fp, the experimental results of current i, are highly
consistent with the simulation waveforms. When the dual-side
LCC compensated WPT system operates at frequencies f and
fc, the output current 7, is 26.4 A and 9.98 A. However, when
the system operates at frequencies fg and fp, the output current
is almost zero, which means that there is no power transferred
to the load. Thus, f and fp cannot be chosen as the operating
frequency of the system.

Fig. 20 shows the waveforms of the compensation network
when the operating frequency is fixed at f; = fa = 84.95 kHz.
The exact ZCS frequency is 84.95 kHz when Vi, = Vit =
400 V and k = 0.2. It can be seen in Fig. 20(a) and (b) that when
the coupling coefficient is 0.1 and 0.15, which is smaller than
0.2, the load will operate in DCM. The smaller the coupling
coefficient k is, the longer the time in DCM is. And the inverter
will operate in ZVS zones, the ZVS currents are -2.66 A and
-3.17 Awhenk=0.1and 0.15, respectively. As shown in Fig. 14,
a bifurcation will occur in the ZCS calculation results obtained
by the traditional SM model and the [IFSM model when V;,, =
Vbat = 400 V and k = 0.17, the experimental results confirm
the accuracy of the model calculation. Besides, the waveforms
presented in Figs. 19(a) and 20(a) and (b) have a good fit for the
results obtained from the IFSM model and simulations shown
in Fig. 9.

Fig. 21 shows the waveforms of the compensation network
when k is fixed at 0.2 and Vi, = Vpar = 400 V. When the
operating frequency f; is lower than the ZCS frequency fa, the
ZVS current of the MOSFETs is - 1.8 A. However, when f; is higher
than fa, the inverter will operate in a hard-switching zone. The
results and analysis above also prove that the [FSM model has
high accuracy when system parameters are given. Generally, to
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TABLE VI
COMPARISON OF DIFFERENT MODELING METHODS

Literature [12] [13] [14], [15] [16],[17] [22] This article
Modeling methods GSSA EDF CMT PT SM IFSM
Discretization method / / / / Yes Yes
Studied topology LCC-LCC SS SS SS Buck LCC-LCC
Order of the model 17" (High) 9™ (Medium) 4™ (Low) 4™ (Low) 2 (Low) 9™ (Medium)
Accuracy <97% Medium >99% Medium <90% >98%
ZCS calculation YES NO NO NO YES (CCM) Y;si (lg:gllt/[/l)
Applicability DC/AC input AC input DC input DC input DC-DC DC-DC
Complexity for high-order High High High High Low Medium

systems

reduce the switching losses, the ZVS is more important to the
MOSFETs, and the ZCS is crucial to the IGBTs. The inverter
consisting of MOSFETs is just used as an example to demonstrate
the model analysis in this article.

B. CCM/DCM Boundary Verification

Fig. 22 shows the waveforms of the compensation network
when the battery voltage changes. The boundary voltage Vit n
is 1.15 and the corresponding load resistance is 17.2 €2. It can be
seen in Fig. 22(a) that when Vi, = 0.75, which is below the
boundary voltage, is is in CCM. However, as shown in Fig. 22(c)
when the battery voltage is above the boundary voltage, i is in
DCM. The boundary equivalent resistance of the battery packs
presented in Fig. 22(b) is almost equal to the results shown in
Fig. 16(b). What is more, when the battery voltage is above the
ZCS voltage described in Fig. 19(a), the inverter will operate
in the hard-switching zone again. The analysis above is also
meaningful for the equivalent load resistance. The results shown
in Fig. 22 also describe the characteristics of the CC output of
the dual-side LCC compensation network.

Fig. 23 shows the waveforms of the compensation network
when the operating frequency changes. The boundary voltage
is 460 V when f; = fa = 84.95 kHz, the current becomes
discontinuous when the operating frequency is lower than fa,
which is shown in Fig. 23(a). To ensure the load operates in CCM
and reduces the THD of the load current of the WPT system, the
proposed IFSM model can give the accurate boundary results as
analyzed in Section V.

Fig. 24 shows the waveforms of the compensation network
when the operating frequency f; is fixed at f4 and the coupling
coefficient k changes. The boundary voltages Vi,¢, are 0.575,
0.98,1.15,and 1.45whenk=0.1,k=0.15,k=0.2,and k= 0.25,
obtained in Section V, respectively. According to the results
measured in experimental waveforms, the boundary equivalent
resistances Ry, are 17.20, 17.19, 17.16, and 17.21 2, which
match well with the theoretical results shown in Figs. 16(b)
and 17(b).

InFigs. 19(a), (b), and 22(c), different from the results of ideal
case and simulations, the current is is not strictly equal to zero
when the system operates in DCM mode. The deviation can be
attributed to nonidealities in the components used in the practical

experiments. The parasitic resistances and inductances intro-
duce discrepancies from the theoretically anticipated behaviors.
When the diode is in a nonconductive state, the interplay between
parasitic parameters and compensation components gives rise to
an oscillation circuit, resulting in a current bias.

Furthermore, the system operates in DCM for a short duration,
which is much shorter than the operating period 7y, which
presents a challenge in effectively counteracting the inertia of the
circuit. Consequently, the system experiences minimal voltage
distortion during these intervals. In fact, prolonged operation in
DCM will lead to oscillations in the current waveform, charac-
terized by zero crossings, accompanied by noticeable voltage
distortion.

C. Comparison and Discussion

Table VI compares the performance of different methods in
terms of modeling accuracy, model complexity, and applicabil-
ity. Unlike methods in [30], [31], and [32], the development of
the IFSM model in this article has clear discrete sampling points
and can be adjusted according to the different operating states
of the system. The difficulty in choosing the sampling step size
is avoided. Besides, the analytical solutions can conveniently be
obtained for high-order de—dc systems. According to the exper-
imental results presented in Section VI-A and B, the proposed
model in this article has high accuracy and medium complexity.
For high-frequency WPT systems where the ZCS and ZVS are
important for reducing switching losses, the IFSM model is a
better choice. Meanwhile, when the order of the studied system
is too high, a discrete reduced-order model can also be developed
based on the IFSM model, which will greatly reduce the analysis
complexity.

VII. CONCLUSION

To improve the accuracy and the extendibility of the discrete-
time model, an IFSM model is proposed in this article, which
contains all information when the operating state of the system
changes. Given the system parameters, the IFSM model can
be used to calculate the possible ZCS points of the inverter
and find the optimal one. Although only the input current of
dual-side LCC is analyzed, the discrete-time model is still valid
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if the load on the secondary side is a full-bridge inverter. The
optimal ZCS operating frequency is strictly related to the load,
and only the best operating frequency under certain conditions
is calculated to prove the correctness of the [IFSM model in this
article. Furthermore, based on the IFSM model, the CCM/DCM
boundary of the dual-side LCC output current in the full-power
and full-frequency range is analyzed. The discrete-time model
and calculation process can be extended to other WPT and dc—dc
systems, especially for high-order systems, and any parameter
can be chosen as a variable to analyze its influence on the
boundary.

APPENDIX

The matrices of the [FSM model in CCM and DCM are given
as follows:

T
1
Nci=(—00000000 35)
LP
1 T
Np;=(——00000000 (36)
L,
Nci=Nga=-Ngs=-Ngy (37)
Np; = Np2=Np3=—-Nps=—Nps=—Nps (38)
Mp; = Mp3z = Mpy = Mpg = M (39)
Mci =Mcey =Mcaz = Mcy
o -+ o 0 0 0 0 0 0
P
c% 0 0 *c%, 0 0 0 0 0
0 0 0 c% 0 0 0 0 0
0 %}2% 7;?2 0 0 ¥ -K o 0
=lo - X 0 0 - 37 0 0
0 0 0 0 == 0 0 0 0
0 0 0 0 —Cis 0 0 o 0
0 0 0 0 0 0o - 0 =
o0 0 0 0 0 R i e
0)
Mpo = Mps
0 -~ 0 0 0 0 0 0 0
P
c%, 0 0 70% 0 0 0 0 0
0 0 0 c% 0 0 0 0 0
oo %; 7;?2 0 0 7L% 7L% 0 0
=l o - X 0 o =2 = o 0
0 0 0 0 c% 0 0 0 0
0 0 0 0 e 0 0 0 0
0 0 0 0 0 0 0 0 0
1
0 0 0 0 0 0 0 0 e
(41)
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