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Unified Two-Time-Scale Modeling and Hybrid ZVS
Modulation of LCC-LCC Compensated IPT System
With Wide Input Voltage Range

Kai He ", Student Member, IEEE, Fei Gao

Xijun Yang

Abstract—The operating frequencies of the dc—dc converter con-
nected to the distributed energy resources and inductive power
transfer (IPT) systems are often different, which makes it difficult
to model the cascaded system accurately by using a single time
scale. In this article, a two-time-scale model (TTSM) consisting of
fast-time-scale and slow-time-scale state variables, which has high
accuracy and efficient calculation, is proposed for the cascaded
four-switch buck-boost IPT (FSBB-IPT) system. The full-mode
operation and zero-voltage-switching (ZVS) conditions of the cas-
caded system are studied based on the TTSM. To overcome the
failure of the traditional ZVS modulation strategies of the first-
stage converter in the FSBB-IPT system, a hybrid ZVS modulation
scheme in the new time scale is developed to reduce the root-mean-
square value of the inductor current and improve the efficiency.
An FSBB-IPT prototype with a wide input voltage range is built to
verify the effectiveness of the proposed modulation scheme.

Index Terms—Four-switch buck-boost (FSBB), hybrid
modulation, inductive power transfer (IPT), two-time-scale
model (TTSM), zero voltage switching (ZVS).

1. INTRODUCTION

ISTRIBUTED energy resources (DERs) such as photo-
D voltaics and battery energy storage systems play a critical
role in reducing carbon emissions and improving the resilience
of future smart grids [1]. Utilization convenience and wide distri-
bution are remarkable characteristics of the DERs. Besides, once
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Fig. 1. Typical structure of the cascaded system under study.

the distributed systems lose the support from the main grids and
become isolated, DERs can ensure the power supply continuity
[2]. Inductive power transfer (IPT) system has been applied
in diverse scenarios, such as electric vehicles [3], autonomous
underwater vehicles [3], [5], biomedical implant equipment [6],
[7], uncrewed aerial vehicles [8], and consumer electronics [9],
among others.

However, limited by the battery capacity, the endurance time
and cruising range are still too short for the applications, which is
one of the bottlenecks in the further development of IPT systems.
As shown in Fig. 1, a four-switch buck—boost (FSBB) converter,
which is used as an interface converter for DERs to power
IPT systems, has the voltage step-up and voltage step-down
ability and low voltage stress of power switches. Compared with
the conventional buck and boost converters, there exists three
degrees of control freedom in the FSBB converter, i.e., the duty
cycles d; and ds of the two switching legs and the phase-shift
angle o between the two duty cycles. In addition, different from
the buck—boost converter, the output voltage polarity is the same
as the input.

Therefore, it is an advantageous candidate for the microgrids
with various dc DERs [10], [11], [12]. When IPT systems are
directly powered by the DERs, the problems can be effectively
addressed. In Fig. 1, the first stage contains the DERs, FSBB
converter, and the bus capacitor C¢. The second stage is the IPT
system. S;—S, are power switches, and D1—D,4 and Cos51—Cossa
are the antiparallel body diodes and the output capacitances of
the MOSFETs, respectively. L is the inductor between the two
legs. Vi, is the output voltage of the DERs. Vi is the output
voltage of the FSBB converter.
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TABLE I
EXISTING MODELING METHODS FOR THE CASCADED SYSTEMS

Literatre  [131[15]  [16]  [171-[19]  [20] aftl:ge
Modeling - pryy ggm IBM SSAM  TTSM
method

Buck- Buck- FSBB-

Cascaded buck/boo Buck- buck/LCL- Buck- IPT
topology st-boost buck LCL buck system
Operating . =N . -,
frequencies Mu=h / MEN Fu# I Mt f
Time scale Single Single Single Single Two

Because of the two-stage structure, the characteristics of
the cascaded system are quite different from the single-stage
converter [13]. Specifically, the ripple interaction of the two
stages cannot be ignored for accurate modeling and may cause
the instability of the whole system. The operating frequencies of
the two stages are often different, which means that the system
depends simultaneously on a “fast” and “slow” time. In other
words, when the two stages are not completely decoupled by the
bus capacitor C, there will exist variables in two-time scales.

To investigate the characteristics of cascaded systems, as
presented in Table I, numerous works focus on the accurate mod-
eling, including discrete-time models (DTMs) [13], [14], [15],
[16] and continuous-time models [17], [18], [19], [20]. For a uni-
form expression, the operating frequencies of the first stage and
second stage are defined as f\1 and fx, respectively. Although the
effect of the load converter on the source buck converter is ana-
lyzed in [13] by establishing the discrete-time mapping model, it
fails to account for scenarios where the operating frequencies of
the two stages are different. A small-step discretization method
is developed to study the two-stage cascaded peak current-mode
controlled boost converter in [ 14]; however, it only accomplishes
the discretization of the system’s operating states within a single
switching period, without extending to map in the full-mode pe-
riod. Furthermore, it does not achieve mode rearrangement under
a unified discrete-time step. Similarly, the problem of modeling
the cascaded system with different frequencies is simplified to
modeling the system with the same operating frequency in [15],
while only the normalization of duty cycles is addressed. The
small-signal model (SSM) is established in [16] for n-stage cas-
caded dc—dc converters but it does not take into account multiple
time scales and only models the local behavior of the system. In
[17],[18], and [19], the stability and dynamic performance of the
cascaded dc—dc systems are studied by using impedance-based
models (IBMs). The open-loop characteristics of the cascaded
buck—buck converter in dc microgrid are analyzed based on the
state-space averaging model (SSAM) [20].

The aforementioned models either only consider cascaded
systems with the single-time-scale variables, or fail to achieve
discrete-time mapping under a unified time scale, or do not
address the mode rearrangement over the full-mode operating
period. When the cascaded systems are nonfully decoupled and
variables in two-time scales occur, the existing models either
become not applicable or suffer from low accuracy.

The ZVS modulation in wide input and output voltage
ranges is another important issue for the optimal operation of
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the studied system [21], [22], [23], [24], [25], [26]. A ZVS
control scheme based on discontinuous conduction mode is
proposed in [21] to achieve full-range ZVS for all switches
and low-current-switching turn-OFF for part of switches. To
overcome the sensitivity to switching noise and avoid the re-
quirement for lookup tables (LUTSs), a closed-form solution
for ZVS modulation and minimum root-mean-square (RMS)
inductor current of the FSBB converters are studied in [22].
The dead time between the two switches of one bridge is
considered for ZVS analysis of the integrated bidirectional
dc—dc converter in [23]. Pulsewidth modulation with phase-shift
control (PSC) [24], constant frequency, and multifrequency
pseudocontinuous conduction mode ZVS modulation [10], and
three-mode variable-frequency ZVS modulation [25] are also
studied for the high-efficiency operation of the first-stage FSBB
converter.

However, the abovementioned modulation schemes mainly
concentrate on minimizing the RMS value of the inductor cur-
rent, and only the single-stage operation of the cascaded system
is considered. The full-mode operation and synchronous ZVS
modulation of the two stages in the cascaded FSBB-IPT system
are not studied.

In this article, a two-time-scale model (TTSM) is proposed
for the cascaded FSBB-IPT system, which consists of fast-time-
scale and slow-time-scale variables. The explicit TTSM helps in
obtaining the ZVS conditions for both the FSBB converter and
LCC-LCC compensated IPT system. A hybrid ZVS modulation
strategy, which is conducted on the new time scale and can
minimize the RMS value of the inductor current in the full-mode
operation, is also analyzed.

The main contributions of this article are as follows.

1) Aiming at the multi-time-scale variables resulting from
incomplete decoupling in the cascaded FSBB-IPT sys-
tem, and considering the bus voltage ripple, a TTSM is
proposed, which has high accuracy.

2) Through time-scale transformation, full-mode rearrange-
ment, and discrete-time mapping, the proposed method
achieves mapping under a unified time scale 7}, in the full-
mode operating period Timax_com €ffectively resolving the
challenge of handling multiple-time-scale variables by one
unified model.

3) A hybrid ZVS modulation method based on the new time
scale Ty, is proposed. Both stages of the cascaded system
adopt the same sampling frequency f,,,, which can signifi-
cantly reduce the computational burden of the modulation
strategy and facilitate the electromagnetic interference
(EMI) filter design.

4) With the help of the inherent phase shift S between the two
stages, the synchronous ZVS modulation of the front-end
FSBB converter and rear-end inverter is achieved, thereby
eliminating the need for synchronization communication
in the cascaded system.

The rest of the article is organized as follows. Section II gives
the introduction of the FSBB-IPT system with the full-mode
operation and analyzes the boundary conditions. The TTSM of
the cascaded system is developed in Section III. Section IV
analyzes the hybrid ZVS modulation scheme. Section V
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Fig. 2. Schematic of the cascaded FSBB-IPT system.

illustrates the experimental results and comparison. Finally,
Section VI concludes the article.

II. FULL-MODE OPERATION OF THE FSBB-IPT SYSTEM

A. Basic Principles

The FSBB converter is shown in Fig. 1. §; and S3, S2 and Sy
are switched ON/OFF complementarily. d; and ds are the duty
cycles of S1 and So, respectively. « is the phase-shift angle. The
voltage gain o of the converter can be derived as [24]

Ver = diVin/da = oVin. (D

Fig. 2 shows the schematic of the cascaded FSBB-IPT sys-
tem. The LCC-LCC compensated IPT system is defined as the
second stage of the cascaded system. FB1 and FB2 represent
the active bridges on the primary and secondary sides. Q11014
and Q21—Q24 are the power switches (MOSFETS) of FB1 and FB2,
respectively. D11—D14 and C11—C14, D21—D24 and C21—C24 are
the antiparallel diodes and output capacitances of the MOSFETS.
L; and L, are the coil inductances of the transmitting and
receiving coils. M is the mutual inductance between the two coils
and expressed as k(L L»)"?, where k is the coupling coefficient.
Ly, Cp, C1 and L, Cg, Co are the compensation inductors and
capacitors, respectively. Vi, is the voltage of the battery packs.

The parameters of the compensation network are designed as

wNLp = 1/wNCp = wNL1 — 1/WN01

2
wNLS = ]./CUNCS = wNLQ - ]./wNCQ ( )

where wy = 27fy and fy is the resonant frequency of the second-
stage IPT system.

B. Full-Mode Operation

The operating modes of the cascaded system consist of mul-
tiple switching states in sequence during one common period
Tmax_com, Which is named “full-mode operation” in this article.

Fig. 3 shows the general operating waveforms with the hybrid
ZVS modulation strategy when the FSBB converter operates in
boost mode (o > 1). When o < 1 and ¢ = 1, itis defined as buck
mode and equal mode, respectively. More operating modes of
the FSBB converter have been analyzed in [12]. The operating
periods of the first and second stages are defined as 7t and T,
and Ty = T (e is positive, and € > 1 in this article). The dead
time of all switches of the system is noted as #4.
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Fig. 3. Key waveforms of the cascaded system when ¢ > 1 and fiy < fx
(0 < Blon < diTw).

TABLE I
POSSIBLE OPERATING MODES WITH HYBRID MODULATION

Mode TM>TN TM<TN
I 0 < floon < aloy 0 < plon < alww
11 OSﬁ/a}NSleM OSﬂ/wNSleM
111 0 <plon < aloy + drTy 0 <plon < alov + drTu
\ / Twm Sﬁ/wNS Tv+ O(/OJM
/

It can be seen from Fig. 3 that there exist two-time scales in
the cascaded FSBB-IPT system due to the different operating
frequencies, which leads to the slow-time-scale state variable,
i.e., the inductor current i1, and the capacitor voltage u ¢, and
the fast-time-scale state variables, i.e., the output current i, of
FB1, the input current is of FB2, etc. What is more, a phase shift
8 = wnt (BE(0, 27)) between the two stages, which is defined
in the fast-time scale, occurs. It is the inherent characteristic of
the multiple-time-scale cascaded systems. Thus, different from
the single-stage system, there is one more degree of freedom
when studying ZVS modulation.

One of the full-mode operations of the FSBB-IPT system
when 0 < Slwn < diTy is presented in Fig. 3. More possi-
ble operating modes of the cascaded system with hybrid ZVS
modulation are given in Table II.

The second stage employs a PSC strategy. The outer phase
shift between FB1 and FB2 is noted as 7. To simplify the
analysis, only the switching states of S1, S2, Q11, Q12, Oo1,
and Qs are considered to present the full-mode operation of the
system. “P” and “N” indicate switching ON and OFF, respectively.
There are 26 = 64 possible switching sequences in the full-mode
operation, which are PNNPPN, PNNPPP, ..., NNPNPN. When
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Fig. 5. Full-mode operation of the FSBB-IPT system.

T\ > T and the dead time is ignored, the possible phase shifts
B = wnt with the hybrid modulation are shown in Fig. 4. Fig. 5
presents the switching process of the FSBB-IPT system with
the full-mode operation shown in Fig. 3, where the outer purple
circle and the inner green circle represent the operating states
of the first stage and second stage, respectively. Tinax_com 1S the
full-mode operating period, and the arrows indicate the trend of
state changes. The principle of time marking is the same as that
in Fig. 3, which means that for every change in the switching
sequence, the time label is added by one. Notably, there could
be multiple switching states in sequence in one operating mode
presented in Table Il when the ratio € changes, only one operating
state of each mode during the period Ty is given in Fig. 5. When
the resonant frequency of the second stage is fixed, the number of
the switching sequences increases with the operating frequency
of the first stage.

Without loss of the generality, the mode II when Ty > T is
taken as an example to further explain the full-mode operation
of the cascaded system, which is presented in Fig. 3. The time
intervals f\p; (P = 1, 2, 3, 4) of the first stage and n; (In; = 1, -
ti1,1=1,2, ...,17) of the second stage meet

4 14 16
D ot =T, Y tni = tni =Tx
i1 i=5 =6

3
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Besides, it can be seen from Fig. 5 that during one full-mode
operating period Tiax_com, the switching sequences of the two
stages are not synchronous but independent, which is because
of two-time scales existing in the cascaded system.

C. Boundary Conditions

The power decoupling capacitor Cy¢ serves as a bridge in
the two-stage FSBB-IPT system. Since the operating frequency
fu of the front-end FSBB converter is variable, there are two
coupling scenarios. 1) The operating frequencies fy; and fx are
the same, and the capacitor voltage ripple rate AV exceeds
5% in the full-power range. 2) Different operating frequencies
Ju and fy result in multiple-time-scale variables existing in
the system despite the adoption of advanced control strategies.
To determine the coupling boundary value Ct poun Of the bus
capacitor, based on the analysis in [27] and [28], Fig. 6 provides
the curves illustrating the relationship between the capacitor
values and the bus voltage ripples, where the voltage ripple rate
AVt of bus capacitor is defined as

AVCf _ |qu_max - 'U'Cf_min‘ « 100%

‘/costant

&)

where uct max and ucs iy are the maximum and minimum val-
ues of ucy, and Viostant 18 the average value of uc¢. To reduce the
reactive power and ensure dc—dc efficiency, the second-stage IPT
system typically operates at the resonant frequency. Therefore,
Fig. 6 investigates the trend of the boundary decoupling capaci-
tor whenfy is fixed at 85 kHz and f; varies from 20 to 85 kHz. In
Fig. 6, the red line represents the boundary between coupled and
decoupled operation modes for the two-stage FSBB-IPT system.
Above the red line, where AVc¢ exceeds 5%, the FSBB-IPT
system is considered to be coupled; below the red line, it is
considered to be decoupled. As illustrated in Table III, points
A, B, C, and D correspond to the boundary capacitor values for
different fy;. It can be observed from Fig. 6 and Table III that
when fyr = fv = 85 kHz, the capacitor voltage ripple will exceed
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TABLE III
BOUNDARY CAPACITANCES UNDER DIFFERENT F)p

Points A B C D
C¥ poun (LF) 3.60 4.94 6.24 7.26

5% when the capacitance of Ct is smaller than 3.60 yF. When
Ju = 60/40/20 kHz, the boundary capacitances Ct p,oun Of Ct
are 4.94 uF, 6.24 uF, and 7.26 uF, respectively. Besides, the
voltage ripple of the bus capacitor is roughly inversely related
to the capacitance of Cy, and the boundary capacitance Ct poun
increases as the operating frequency fy; decreases.

III. TWO-TIME-SCALE MODELING

A. Definition of the Two-Time Scales

In the cascaded FSBB-IPT system, more than two-time scales
can be used to characterize the system behaviors accurately, and
the simplest case is analyzed in this article.

Define t as the “fast” time and 7 = &t as the “slow” time, the
systems of the form

jZM = Ef (t55t7 TM, wN;E)
(6)

are considered, where xy; = [ir, ucr]” and xy = lip ucp uct i
is Ueo Ues is]T are the state vectors in slow time scale and fast
time scale, respectively, and are the differentials of x); and xy. f
and g are the system functions. Dots denote differentiation with
respect to £.

The two-time scales ¢ and 7 = &t are considered as two
independent variables. Specifically, 7 will be regarded as a
constant on the fast time 7. The coefficient € is obtained as

e =Tu/In = fn/fur. (7

For unified expression of the whole system, the state-space
equation of the FSBB-IPT system can be expressed as

&N = g (t,et, M, TN, €)

M M x
_ 11|et 12|t M|et L NUG,
M21\at M22|t IN|,

e ®)

EILN|t
where M = [M11 Mi2; M2y M2;] and U = diag {Vin, Vipat ).
N, (i=1,2, ...) are the system matrix and input matrix in the
two independent time scales. G; = [G;1 G2]” (Gi1 = 1/-1/0,
G2 = 1/-1) is the state vector that is defined according to the
full-mode operation.

B. Derivation of the Proposed Model

The full-mode operation of the FSBB-IPT system operating
in mode II is taken as an example to present the derivation of the
TTSM. The dead time of the power switches and the equivalent
series resistances of the passive components are not considered
to simplify the analysis.

1) Step 1: Time-Scale Transformation: As shown in (6) and
(8), the state variables x| and x| are periodic in 7 = ef and
t, respectively. The purpose of time-scale transformation is to
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Fig. 8. Mapping points of f;, = 1/Ty, when fy is fixed at 85 kHz.

transfer the cascaded system into a singularly perturbed system,
which is presented in Fig. 7. Because the relationship between
T and Ty is clearly defined in (7), the functions fand g in (6)
can be considered to depend only on a new common time scale
T, = min_com{ Ty, T}, which is defined as

T = Tu/om = Tn/on (om/on =€) 9)
M N

Y 0iTn="Tu) oiTw="Tx (10)
i=1 i=1

where oy, on €N4. It should be noted that Ty, is a new
time scale for describing the system behavior, not the oper-
ating period of the system. In this article, fiy = /Ty = 40
kHz, fn = U/Tx = 85 kHz, f,, = 1/T,,, = 680 kHz, and
Tmax_com = 5 kHz. After the time-scale transformation, one
can obtain the singularly perturbed system

O-Mx.M - €f (THHwM)wN?E?OM)

onEN = g (T, Tn, TN, €, 0N) - (11
In the new time scale Ty, (8) can be expressed as
oMEM|T,, M1, Mg, \ (TMT,
M) | | T ) LN UG
ONEN|T, Moy, Mo, ) \TNT,
(12)

To demonstrate the determination of the new time scale Ty,
Fig. 8 shows the mapping values of f,,, = 1/T, for different fy;
when fy is fixed at 85 kHz. For computational feasibility, the
iteration step for fy is set to 1 kHz. In theory, the new time scale
T = 1/fn, should be chosen as small as possible for higher
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TABLE IV
A T | o o Tol o T | o:Th o
fier [ 0T [ ol | [T | [ouTn] [ouTu ] o TRANSFORMATION COEFFICIENTS £)f;_j
Beforel I | I I VS s | My e
< Ty > Coefficient Value Coefficient Value
Plox - Smi 1~ 1 1/(aon) ISV 0.8/((a+dr-d1)ow)
N
G 0.8/(aowm) Smnz 3~Swais 3 1/((a+dr-dr)on)
Before [PNNPPN] ... [pNeNNP[ oo [preNpN] NN [ Ewr 2 0.2/((dh-c)ons) Ewite 3 0.3/((a+dr-dy)ow)
After - [ onTm | 01Tm | 03T | ...... | onTm l [ S Smg 2~Smo 2 1/((di-a))om) Smie 4 0.7/((1-a-d2)om)
fo t t o ta o Svii 2 0.2/((d\-a)on) Smir 4 1/((1-0-d2)on)
(a)
TABLE V
TRANSFORMATION COEFFICIENTS §Ni_j
Coefficient Values Coefficient Values
&N s 27/ (on(y-nt2)) ISYRD 2n/(on(y-91))
s 2n/(on(y-ntg2))-1/on éNe 10 1-27/(on(y-91))
Sna 6/Sns 7 1 Ene 11/¢N6 12 1
& s (m-92)/(ony) & i 2n/(on(m-y))
s 21/ (on(y+oit+o2)- s 13 (2n-on(m-01))/
T 2m)/(on*)) - (on(m-))
SNdo 1 Sng 14 2n/on(n-91)
< Tmaxﬁcom >
01T 02Tm omTm (omt 1) Ty © 20mTm (omon-D) T opon T

Fig.9.  Schematic diagram of the full-mode rearrangement when o > 1 and 0 <
Blwn <diTw- (a) Basic principle. (b) Full-mode operation after rearrangement.

computational accuracy. However, to balance the effectiveness
and speed of model calculations, the minimum value of 7}, needs
to be set to the dead time #4. As shown in Fig. 8, when T}, is
greater than the dead time #4; = 300 ns, at this point, f,, <3.333
x 10% kHz, which corresponds to the area below the blue line
and represents the valid selection range for the new time scale
Ty Conversely, above the black line where f,, is greater than
3.333 x 10° kHz, it indicates T,y is smaller than 741, and thus
should not be selected as the new scale. When the dead time
changes to 742 = 200 ns, the range of selection for the new time
scale will accordingly increase.

2) Step 2: Full-Mode Rearrangement: The purpose of the
full-mode rearrangement is to achieve matching between the
full-mode operation and the new time scale T},,. The core idea of
the mode rearrangement is that the switching sequences remain
unchanged, and the slow time scale 7 = et and the fast time
scale ¢ are scaled by using the coefficients {yi; j and Eny_j,
respectively. Fig. 9 shows the comparison of the full-mode
operation before and after rearrangement when taking mode
IT shown in Fig. 3 as an example. Specifically, fi; = 40 kHz,
fx =85kHz, d; = 0.6, dy = 0.5, and o = 0.4. To simplify the
analysis, the full-mode rearrangement is conducted for slow-
time scale Ty and fast-time scale T by defining the trailing
edges of v43 and v, 13 as the reference time instants in the new
time scale T, and the rearrangement coefficients are given in
Tables IV and V.

gMLj (l = 1, 2, ey O'M) and fNi,j (l = 1, 2, ceey O'N) are
the transformation coefficients of slow time scale and fast time
scale, where subscript i represents the iy, new time scale Ty,
and subscript j represents the jth operating state analyzed in
Section II-B. For example, &no 3 is the rearrangement

«— Ty —>
oiTm - onNTm (N1 (omon-DTwoyon T

— T —>

2onTn2oxt )T, e

Fig. 10.  Schematic diagram of the full-mode discrete-time mapping.

coefficient of the third operating state fp;3 in the second
new time scale o57Y,. The full-mode operation of the system
after rearrangement in the new time scale can be obtained as

Emiitvr =01Tm, Emz 1tmr =021, - -, Eme_1tm1 =06 Tm

Emr_ttvr + Smr_2tve =07 T, -, Svr_1tva = 017 T, -
(13)
Eni1stng = 011w, En2 3tns = 027w, Eng_atng = 03T, - . .
(14)
where o; (i=1,2, ..., 0N, ..., o) should always be satisfied

with (10).

It can be seen from Fig. 9 that o = 17 and o = 8 for the full-
mode operation shown in Fig. 3. After the mode rearrangement,
as shown in Fig. 9(b), the slow time scale and fast time scale
will operate in the same time scale T},,, which means that the
difficulty of describing the state variables in different time scales
is solved.

3) Step 3: Full-Mode Discrete-Time Mapping: To ensure the
accuracy of the proposed model, as shown in Fig. 10, the unified
discrete-time mapping is conducted in the full-mode period
Tmax_com by using the new time scale TY,. Different from the
DTMs analyzed in [14], the TTSM has uniform criteria for
achieving discretization and all the full-mode operating states
are considered during the mapping process.

The initial and final values of the period Tyax_com are noted
as Xp|7m and X541 7> and Enis_j Ena_j (=1, 2, ...) are the
transformation coefficients obtained in Step 2. The discrete-time
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mapping during one new time scale is given by

(i) = Lni (Tngi-1), &4 €8, > Ti)

_ eMiTn(i)wn(i_l) + ki UG; (15)

where the index i = 1, 2, ..., ooN represents the new time
scale Ty, obtained in the full-mode rearrangement. In steady
state, Kn(1) = Fn(oMoN+1) and Xy (1) = Xn(oMoN+1). Denoted
E as the unit matrix, x,,; can be expressed as

Kni <£Mija§Ni_j7Tm) = ’i(n+1)i(€MiJ7£Ni_j7Tm)

to+Thi
_ / eMi(anp)dp. (16)

to

In (16), the integral calculation of k,,; containing the tenth
high-order exponential matrix cannot obtain accurate analytical
solutions, thus, ® = e™:7m needs to be further simplified as
d=FE+ ToM;¥,. ¥, is given as [3]

\Iln =F+ %Msz + %(Miﬂll)Q + -+ %(MiTm)nﬁl
! ! ! (17)
where n can be used to obtain arbitrary accuracy in numerical
calculation.
The discrete-time mapping of the cascaded FSBB-IPT system
with the full-mode operation is obtained as

A

mn-i—l\T =& (K'n) T, + Q (K/na U) (18)

M ; T,

where ®(k,,) = eMiTmacom and

OMON .
Q(K/n; U) _ Z (6MTmux,mm _ E)BM(TmaUerl T"'(”)HM'UGi.

1
i=1

When the switching sequences are XPPNXX, XPNPXX,
XPPPXX, and XPNNX, where “X” represents any switching
state, k,, can further be simplified as

Kni = K1), = M " (M~ E)N;.  (19)
Substituting (19) into (18), one can obtain x,, as
= (E—® (ky)) 'Q(kn,U). (20)

Based on the analysis in Section II-B, there are 64 possible
switching sequences in the full-mode operation during period
Timax_com- To obtain the general solutions of the full-mode
discrete-time mapping, matrix M, is rewritten as M; = [M1;
Mio; Moy Moo; M3y Mso; My, Myo] and uniformly expressed
as

M1 xppnxx = M11_xpnexx = Myy(a)
M1 xpppxx = M11_xpNnxx = Mii(s)
M1 prnxxxx = M1 _nnxxxx = 0

Mo xxpnxx = —Moa1_xxnpxx=M 21
M3 xxppxx = —Ma1_xxnnxx=0.

M5, Moo, M3y, M35, M4, and M 45 remain unchanged during
the full-mode operation.
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TABLE VI
PARAMETERS OF THE FSBB-IPT SYSTEM

Parameters Values Parameters Values

L 55 uH L 75.7 uH

Cy 5 uF L, 77.5 uH

L, 41.5 uH C 102.5 nF

L 41.5 uH C, 97.4 nF
Gy 83.7 nF e 4.25/2.215/1

C, 84.5 nF N 85 kHz

TABLE VII
COMPARISON IN BUCK MODE
Response & Oitness (%)

FHA DTM [14] TTSM
4.25 74.12 86.30 98.84
i 2.125 76.44 88.84 99.01
1 77.87 90.23 98.69
425 88.48 91.60 99.05
ip 2.125 90.03 90.11 98.93
1 91.56 89.38 99.20
4.25 87.78 92.66 99.09
i 2.125 84.62 91.64 98.87
1 86.22 92.71 98.82

The input matrix N; = [N1; N2] is expressed as

N1 ppxxxx = N1_pnxxxx = N1
N1 npxxxx = N1 nnxxxx =0
N3 xxxxpN = —Na_xxxxnp = N2
N xxxxpp = Na2_xxxxnn = 0.

The detailed expressions of M, and N; are given in the
Appendix.

C. Comparison With Other Models

To illustrate the superiority of TTSM applied to systems
containing multiple time-scale variables, Fig. 11 compares the
results of fundamental harmonic approximation (FHA) [29],
DTM in [14], time-domain simulations, and TTSM when the
cascaded system operates at different €. In the case of FHA, it is
unable to simultaneously solve for time-domain variables at dif-
ferent operating frequencies; therefore, the results are obtained
by decoupling the cascaded system. When applying the DTM
with a single time scale, the resonant period T is chosen as the
reference time scale to obtain more mapping points.

The system parameters are listed in Table VI. An accuracy
index Qgtness, Which is defined in (21), is used to quantize the
model accuracy. In this article, the observations in 107 full-mode
operating periods are used for the comparative study.

1A - A,
|| A — mean {A} I

x 100%.

Qﬁtness = 1- (21)

In (21), A is the calculated results of different models, and A
is the true system output. Tables VII-IX present the accuracy
performance of different models.
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Fig. 11. Model verification. (a) Buck mode, ¢ = 4.25. (b) Buck mode, ¢ = 2.125. (¢) Buck mode, ¢ = 1. (d) Equal mode, € = 4.25. (e) Equal mode,
e = 2.125. (f) Equal mode, € = 1. (g) Boost mode, ¢ = 4.25. (h) Boost mode, € = 2.125. (I) Boost mode, € = 1. (a) d; = 0.3,d2 = 0.6, = 0.1. (b) d1 =
0.3,d2 = 0.6, =0.1.(c)dy =0.3,d2 = 0.6, =0.1.(d)d; =0.5,d2 = 0.5, =0.3.(e)d1 =0.5,da = 0.5, =0.3.(f)d; = 0.5,d2 = 0.5, =0.3.
(g)d1 =0.6,da =0.3,a =0.4.(h)dy =0.5,da = 0.5, = 0.4. (i) d1 = 0.5,d2 = 0.5, = 0.4.

TABLE VIII
COMPARISON IN EQUAL MODE

TABLE IX
COMPARISON IN BOOST MODE

Response e Ofiess (%) Response e Ofiness (%)
FHA DTM [14] TTSM FHA DTM [14] TTSM
4.25 66.98 91.25 98.75 4.25 55.43 93.49 98.22
iL 2.125 60.57 91.56 99.07 ir 2.125 48.84 92.15 98.52
1 61.76 89.47 99.02 1 52.16 92.44 99.03
4.25 83.79 89.95 98.48 425 85.34 90.80 98.27
ip 2.125 85.93 87.66 98.46 i 2.125 86.78 90.81 98.80
1 82.56 87.54 99.22 1 85.76 87.42 99.10
4.25 80.64 88.69 98.54 4.25 88.41 92.37 98.62
is 2.125 87.05 90.68 99.16 i 2.125 83.97 90.05 98.54
1 86.29 90.39 98.43 1 84.84 91.56 98.63

The discrete-time mapping starts from the reference starting
point of the full-mode period. The results in Fig. 11 show that
the mapping points of variables iy, ij,, and is are synchronously
corresponding in time sequence. When ¢ = 1, the FSBB-IPT
system has a single time scale and the TTSM is equivalent to

periodic mapping to display the accuracy of TTSM, and the time
scale in Fig. 11(c), (f), and (i) is chosen as half of the original
time scale.

In boost mode, the ZVS current of the first stage is rela-
tively small and i1, contains a significant dc bias alongside its
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Fig.12. Comparison of FHA, DTM [14], and TTSM in accuracy with different
AVcy.

fundamental component. As a result, the accuracy of FHA is
much lower. Regarding the DTM in [14], through mapping
observation, especially during the transitions in the full-mode
operation, it was observed that the results deviate significantly
from the true system responses, which is mainly due to its
oversight of changes in operating states and the absence of mode
rearrangement.

In Fig. 11(c), (f), and (i), when the two stages operate at
the same frequencies (i.e., ¢ = 1), which means that only one
time scale exists in the cascaded system, [3 is always zero. The
synchronous modulation of the two cascaded stages can be easily
achieved. In the case of Fig. 11(a), (b), (d), and (e), the hybrid
ZV'S modulation scheme conducted in the new time scale will be
introduced in Section IV. It is important to note that in Fig. 11(g),
when 8 = 0, it does not imply the absence of the modulation
synchronization issue. Rather, it simply means that this moment
marks the beginning of the full-mode period Ty,ax_com-

TTSM considers the bus capacitor Cy in the variables, making
it suitable for general nonfully decoupled cascaded systems
or independent multi-time-scale systems. Fig. 12 presents the
model results under different levels of voltage ripple. It can be
observed that when the capacitance value is smaller, indicating
lower decoupling and larger voltage ripple, TTSM still maintains
ahighlevel of accuracy (>95%), whereas the accuracies of FHA
and DTM decrease significantly as the coupling decreases.

D. Extension to Other Scenarios

This article exclusively focuses on the discussion of the
cascaded FSBB-IPT system to present the TTSM. In fact, it
can apply to various systems, including cascaded IPT systems,
cascaded nonisolated converters, etc. When researching other
systems, it is important to consider the following matters:

1) for cascaded or interleaved systems operating at different
frequencies, the calculated minimum common period 77, could
be particularly small. In such cases, T}, only needs to be greater
than or equal to the dead time 74 to meet the model accuracy
requirements;

2) in the full-mode operation of the cascaded system, there
could be instances where the duration of a particular state is
shorter than the dead time. It is permissible to disregard this
state to reduce the complexity of model derivation;
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Fig. 13.  Zoom-in waveforms of the FSBB-IPT system in the dead time.
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3) when the capacitance of the bus capacitor is large enough,
the two cascaded stages will be decoupled completely, it could
be more convenient to study the two stages by using the single-
time-scale models.

IV. HYBRID ZVS MODULATION
A. ZVS Conditions and Inductor RMS Current

In practice, the currents in the dead time are usually nonlinear;
however, some researchers treat it as constant [11], or only one
mode is considered [24], resulting in low accuracy in obtaining
ZVS conditions. To obtain more precise ZVS conditions, as
shown in Fig. 13, the inductor current i, and inverter current
i, increase linearly during the dead time and can be divided into
two modes. -I1, is the valley current of ir,. Air, tq and Aij, 4q
represent the variations of i, and i, in the dead time, respectively.

In state I, the inductor current i1, discharges the paralleled
output capacitor Cyoss1 0f S1 and charges the paralleled output
capacitor Cogs3 0Of S3, and the inverter current i, discharges the
capacitor C1; of Q11 and charges the capacitor Cy3 of Q;3. State
I will finish when C,ss; and Cj; are discharged completely,
which means vgg; = 0 and v4511 = 0. By using the lineariza-
tion approximation, iy, and i, are increased linearly in state II.
Coss = Cogs1 = Coss2 = ... = C11 = C13 = ... = Coy due to
the adoption of the same MOSFETs. In the full-mode operating
period, because of the presence of phase shift [, it is neces-
sary to consider the synchronization issue of modulation when
v # I

To achieve the ZVS of S; and Q11, the duration time of states
I and III should be shorter than the dead time #4, by using (1),
thus the ZVS conditions of S; and Q1; can be expressed as

‘/intd/L + 2C’oss‘/;n/td S ILO
20‘0053‘/}n/td < IpO

(22)
(23)

where 2CsVin/ta and I, zvs = 20CosVin/tq are the total
charge of the output capacitors of S; and Q11, respectively.

Similarly, the ZVS conditions of So, S5, and S can be obtained
as

(U — 1)Vintd/(2L) + 20—0055‘/}n/td S ILl (24)
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Uvintd/L + 2Cvss‘/in/td S IL2
2UCOSSMn/td < TIro,tma > tg

(25)
(26)

where I1,1, I1,2, and typ4 are shown in Fig. 2. When o >1, I1,; <
Ii5,and when o < 1, It,1 > L1 5.
Based on the analysis mentioned above, the ZVS conditions
can be unified as
2C s max {‘/;Hy JV;n} /td + V;ntd/L <Iio
2COSS max {‘/iny U‘/in} /td + U‘/intd/L S min {ILla ILQ}
ta < tma
20—0055‘/;n/td < IpO
(27)
where I1, zvs = 2Coss max{Viy, oViy}+oViytq/L is the min-
imum current of /1,1 and Iy, to fully discharge the paralleled
output capacitors.
According to the full-mode operation in Section II, #\;; and
tyvs can be obtained as

tan = (In1 — Iro) L/Vin, tmz = (I — Ino) L/oVin.

The ZVS conditions (27) can further be expressed as
Ino = It_zvs = 2Coss max {Vin, o Vin} /ta + Vinta /L
tyvr >t zvs = 4CoL/ta + (L4 0)tq, o<1
tas > tvs zvs = 4Cos L/ta + (1 + o) ta/o,0 > 1 (29)

tM4 = tM4_min = td
IpO 2 IPO_ZVS = 20Coss‘/in/td'

(28)

By the elimination of the variables t\i3, a4, I11, and It
[12], tap1, tvo can be chosen as the modulation variables of the
cascaded system to achieve the ZVS and reduced the inductor
current /1, gms, which is

to+Tnm
I rvs = fM/ i, () dt
to

= Ii_rws (tm1, tmz, 1o, Vin, 0)

(30)

where the detailed expression is shown in the Appendix.

B. Proposed Hybrid Modulation Scheme

In the three-mode and four-mode modulation schemes [11],
[12], [22], [23], [24], [25], [26], four time segments #\11—fn4 aT€
selected as the variables to minimize the 1, gvs. To mitigate
variations in the sampling frequencies and calculation discrep-
ancies between the cascaded stages, a hybrid ZVS modulation
scheme in terms of the phase shift 5 in the new time scale
Ty, is proposed, where the sampling frequency f;, is constant.
The hybrid modulation scheme is conducted in the full-mode
operating period Ty ax_com, Which has the following advantages:
1) the adoption of a constant sampling frequency mitigates the
challenges stemming from the differences between the operating
frequencies of the cascaded stages; 2) reselection of the modu-
lation variables is avoided, enabling the ZVS operation in wide
voltage range.

Fig. 14 gives the control diagram of the FSBB-IPT system
with the hybrid modulation scheme, where the phase shift ~y

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 11, NOVEMBER 2025

FSBB FB1 i
L H :
R S I
S e M
o1
+ Vi cel"
83 |5 T Ver
"’ _ Qd
I - iL
JUL
VOO ] 4vs IM3_End
T T TT t];” 7tM2 Pl Veet + %
‘égs;: PwM € | Proposed — P | X o
Pl : F: 1
S5 soncruor [ 00N | Ver
T TVT &)<
i DSP Control 7B Vi o .
Fig. 14.  Modulation diagram of the cascaded FSBB-IPT system.

serves as the modulation variable for the second-stage IPT sys-
tem. The constraints of modulation variables f\11, tyv3, and fya
can be easily obtained according to (29), and )2 can be defined
as the output of the PI controller, which is noted as fyr2 pi.
The output signal fyi3 gna from the comparator functions as
an indicator for the switching state of S3. Specifically, when the
detected current i1, falls below the threshold -I1, zvs, S5 switches
ON, while S, switches OFF. The current if, is rerouted through
the reverse antiparallel diode of S3 for continued conduction.
tva can be dynamically adjusted to ensure a constant period of
the first stage. The comparison between iy, and I, zvsg is used to
determine whether the inverter in the second stage is operating
under ZVS conditions. Moreover, the minimum value of /1, rus
varies monotonically with It,; and It,» wheno > land 0 < o <
1, respectively [26]. The minimum /1,; and /1,2 are both I}, zvs.

Thus, the time segment #y1; and phase shift -y are the modula-
tion variables need to be optimized. As analyzed in Sections II
and III, the time sequences in the fast and slow time scale can be
transferred into new time scale 77, which makes it possible
to achieve ZVS modulation without changing the sampling
frequency.

The proposed modulation scheme for the system can be given
as

ta = tvizvs + f (Tm) + £ (B) (3D

where f(T},) = k1 Ty, 1s a monotonic function and always greater
than zero. () = ko3 is an adjustment function, which facili-
tates the realization of the modulation synchronization of the
variables fy; and v in period Tynax com- k1 and ko are obtained
offline. For each possible 3| 7w (3|7 means that 3 is expressed
in new time scale Ty,,), ko possesses uniqueness.

In instances of light loads, f{(T},,) needs to be a relatively small
value, potentially converging to zero, and under heavy loads,
f(Ty,) should provide substantially larger values. Moreover, it
is crucial that f(T,,) permits continuous modulation, thereby
avoiding resection of the modulation variables.

Fig. 15 shows the principle of the proposed modulation
scheme. The shadow areas shown in Fig. 15 represent the power
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Fig. 16. Modulation variable selection. (a) 0 < o < 1. (b) o > 1.

transfer ability of the first stage. It is obvious that #\1o increases
with the output power, while 4 decreases to keep the Ty
constant. When f\j4 decreases to 4, the FSBB converter begins
to enter CCM operation.

As shown in Fig. 16, ty;; and fy3 are the variables to be
discussed in buck and boost modes, respectively. The value
of inductor current /1, gys exhibits a strong correlation with
I11 and It when 0 < 0 < 1 and ¢ > 1. The minimum of
I1, rms occurs at the time when It,; = I, zys in buck mode and
I12 = I1, zvs in boost mode, respectively. When the load power
P, is lower than the rated power Py ;ated, the constraint fyp4 >
tq is readily achievable. Throughout the modulation process, it
is imperative to consistently satisfy the condition where 14 is
greater than #4.

When the first stage operates in the buck mode to meet the
requirements mentioned above, f(Ty,) is defined as (n + a)Ty,
in this article, (31) can further be expressed as

tm1 = tvi_zvs + (n+a) T, + f (B)

where n =0, 1,2, ..., 0 < a < 1. n is used to achieve rapid
adjustment of fy11, and a ensures its precision. With the help
of volts-second balance of the inductor L, one can obtain the
unified expression of the proposed modulation scheme of the
first stage when 0 < o < I, which is

(32)

tv1 = ta_zvs + (n+a) T (33)
tmz = (tmizvs + (n+a) Tw) /o + (1 = o)tvz /o, (34)
Similarly, when o > 1, one can obtain the variables as
tm1 =0 (tmszvs + (n+a) Tw) — (L= o)tmz/o - (35)
tmz = tmz_zvs + (0 + a) T (36)

In (33)-(36), tam2 is equal to fy2_p1, as shown in Fig. 14,
which is utilized for adjusting the voltage gain of the first stage.
tva 1s always greater than the dead time 7q. It is noticed that
Sf(B) is delineated as a “global parameter” that does not directly

17539

— I, ruis (proposed)
— I rus (minimum)

==

0=20,V,=200V ==
1 %’

0=1.0,Vp,=400V

W

50 100 150 200 250 300 350 400
Vear (V)

(@

— I rus (prqposed)
— I rms (minimum)

25

AL gus<0.5 A

< | TN
-

% 0=20,V,=200V
= AL _RMS

=10, V=400V

l050 100 150 260 250 300 350 400

bat

(b)

Fig.17. Relationship between /1, rnms and battery voltage Vi, with different
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participate in specific steps during the process of f{T},) calcu-
lation. After the execution of calculation processes for fyp1—ta4
within the period o\ Ty, f{B) is employed as an adjustment
factor for the realization of synchronous modulation between
the two cascaded stages. If 5 = 0, f{(5) is not required.

When #y4 = t4, by combining (9) and (29) with (33)—(36),
one can obtain

I'(n+a,Tm,0,L,om) =0 (37)
where Ty,, oz, and L are known parameters. The value of n+a
corresponds uniquely with the voltage gain . When n is an
integer, a is naturally obtained. It is obvious that 0 < n < oy.

Given the parameters as: far = 40 kHz, fx = 85 kHz, L =
55 puH, tq = 300 ns, and Coss = 180 pF. The comparison of
I, _rMS(prop) When adopting the proposed modulation scheme
and the minimum of /1, RMS(min) 18 shown in Fig. 17. It can be
observed from Fig. 16 that when n = 0, I1,_rMS(prop) 1S always
equal to I1,_RMS(min)- In Fig. 17(a), when n = 2, and the voltage
gain 0 < o < 1, the curves of I1, Rms(prop) and I1,_RMS (min) are
highly consistent, with negligible error. Whenn =2 and 0 = 2,
the maximum derivation of I1, rs does notexceed 0.8 A. When
n = 4, as shown in Fig. 17(b), the maximum deviations in the
three operating modes are 0.5 A, 1.2 A, and 0.8 A, respectively.
The results show that the modulation scheme in the new time
scale can effectively reduce /1, rus.

Fig. 18 shows the relationship between the maximum in-
ductor current error Alr, RMs max and the value of a. It can
be observed from Fig. 18 that when n = 4, AL, RMS_max 1S
positively correlated with a and the maximum of AT, RMS max
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from the LUT

Calculate fy; and ty3
based on (33)-(36)

| Select synchronization variable f{/) |

| Output optimal y, ty; and ty I

| Modulate driving signals I

END

Fig. 19. Flowchart of the hybrid ZVS modulation.

is smaller than 2.7 A. When n = 2, there is an inflection point
at approximately a = 0.2, at which the maximum current error
AlL, RMS_max 1s minimized. Furthermore, it can be observed that
the maximum current errors when n = 4 are generally greater
than the calculated results when n = 2, which indicates that the
parameter n has a more significant impact on the results of the
modulation strategy.

C. Implementation Flowchart

The implementation flowchart of the proposed hybrid mod-
ulation strategy is shown in Fig. 19. The output voltage of the
FSBB converter is sampled first, thus the operating mode (o > 1,
0 <o <1, o0ro=1)can be easily determined. v, and v, are
the phase shifts between the primary and secondary inverters in
ngn and (n+ 1)y, iteration cycle, respectively. A is the iteration
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Fig.20. Relationship between I1, rns and I1,o with different o when fyp =40

kHz, Vot =400 V, and k = 0.2.

step for achieving the ZVS operation of the second stage, and
it is defined as 0.001 rad/s in this article. Zzvyg represents the
Z\VS operation range with respect to phase shift v, which can be
obtained based on the analysis in [30]. The LUT for ky = n+a
obtained offline is stored in DSP TMS320F28335.

D. Design of the Inductor

The power transfer ability of the first stage relies on both
the performance of MOSFETs and the inductance L. To reduce
the current stress on the switches and achieve ZVS opera-
tion within a wide voltage range, it is crucial to strike a bal-
ance between the inductance L and RMS value I, rus of the
inductor.

Fig. 20(a) presents the relationship between the RMS value
I1, rus of the inductor current and -/1,o when the FSBB converter
operates in three modes. It can be observed that I, gys has an
approximate linear relationship with -Ir,o. Moreover, as the value
of the inductance increases, the absolute value of -I1,5 decreases,
making it more challenging to achieve ZVS within a wide
voltage range. Fig. 20(b) shows the relationship between I, rvs
and L. The value of I1, g\ decreases with increasing inductance
L. Specifically, when 20 H < L < 50 pH, the current decreases
rapidly, indicating that within this range, the inductance L has a
significant impact on the current. When the inductance exceeds
50 pH, the current variation is relatively gradual, which is more
conducive to the safe operation of the converter. However, when
the voltage gain o is 2 and the inductance exceeds 63.5 pH,
the first stage will begin to enter non-ZVS operating region.
Thus, the selection of inductor values in this article is constrained
within the range of 50-63.5 ©H.

Fig. 21 shows the relationship between I1, gys and the op-
erating frequency fyr of the first stage. Similar to the rela-
tionship between /1, rms and L, I1, rms., the curve exhibits a
point of inflection around fy; = 30 kHz, beyond which, as the
operating frequency increases, the current variation becomes
more gradual. For the cascaded FSBB-IPT system, the first
stage is more suitable for operating in frequency ranges above
30 kHz.

Considering the capacity of switches and system parameter
design, the inductor value is selected as 55 pH, and the operating
frequency of the first stage is defined as 40 kHz.
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Fig. 22.  Simplified equivalent circuit of the second-stage IPT system.

E. Maximum Efficiency Tracking

Fig. 22 shows the equivalent circuit of the LCC-LCC com-
pensated IPT system. R and R, represent the equivalent series
resistances of the transmitter and receiver coils, respectively.
The power losses in the ferrite plates that shield the coils and
the equivalent series resistances of the passive components are
negligible. Vi, 1 and Vi, 1 are the fundamental output voltages
of FB1 and FB2 and the desired input voltage V ¢ of the inverter
FB1 is achieved by adjusting the duty cycles d; and ds of the
FSBB converter. One can obtain Vi, 1 and Vi1 as [31]

N2 ey N2

Viav,1 = 7V0f sm( > ) = Vin sin (7) (38)

. 2V/2 _

Vhatt = ——Vusin (22) £ = . (39)
T 2

Assuming that the parameters of the resonant tank are sym-
metrical, thus the transferred power can be calculated as

. g ak )
Py = Re {~Vhata! | = S Viaw 1 Vhar,1sin (9)

where o = Li/L,, = Lo/Lg, X = wL, = 1/wCp, = wLs = 1/wCj,
and 0 = dl/dg.

By neglecting the switching losses, the overall power losses
of the cascaded FSBB-IPT system can be given as

-Ploss = I12R1 + 122R2 = (V;gv,l + ‘/b%n,l) R/X2

where R{ = R = R.
The system efficiency can be calculated as

akX sin (v)
akX sin () + (M + @) R

(40)

(41)

7]:Po/(Po+]Dloss) -
Vbat,l ‘/inv,l
(42)
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By denoting Viyy,1/Viat,1 as €2, one can obtain the optimal
condition for maximum efficiency by taking the derivative of
0n/0§2 = 0, which is

Q=1 (43)

It is obvious that to obtain the maximum efficiency of the
cascaded system, the output voltage V¢ of the FSBB converter
needs to be equal to the load voltage Vyat, 1.€., 0Vin = Vpas.
Theoretically, as long as the voltage gain o varies with the load
voltage, the cascaded system can always operate at the maximum
efficiency. As discussed in Sections Il and IV-B, the voltage gain
o can be determined as

o = (tm + tmz2) / (tmz + tus) (44)

where f\11 and fyp3 are given in (33)—(36) to reduce the inductor
current I, gvs. Thus, 2 can be used to adjust o. Substituting
(33)—(36) into (44), one can know that the only constraint that
needs to be satisfied is fyio < oy T -tvi1-tvz-tg when 0 < o <
1, where fy14 is used to maintain the constant period o Ty, and
to match the output power requirements of the second-stage IPT
system.
Similarly, one can obtain the constrain when o > 1 as

o2tye — 20tae + o = 0. (45)

The unique solution of (45) is ¢ = 1, which is in contradiction
with the given precondition that o > 1. Therefore, when the
voltage gain o is greater than 1, the hybrid modulation strategy
cannot achieve the maximum efficiency tracking of the cascaded
FSBB-IPT system in the full-power range. Fig. 23 compares the
theoretical maximum efficiency 7.,,x With the efficiency 70
achievable by the proposed strategy with respect to fyra/(on T ),
where the rated load voltage Vi, is 400 V. The maximum of
tmz/(ovTr) can also be determined by fye < ovTim-fn-fvs-
tq. When fyo/(on Ty ) = 0, there is almost no power transferred
to the load and the output power P, increases with fyia/(onv T ),
which can be known from Figs. 15 and 16, thus, the minimum of
tvo 18 limited to Ty, for analysis. When there are no constraints
on fy11—fvi4, maximum efficiency tracking across the full-power
range can be achieved by matching the voltage gain o of the
front-end FSBB converter with the load voltage Vi,,¢. It can be
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Fig. 24.

Experimental prototype.

TABLE X
PARAMETERS OF THE PROTOTYPE

Parameters Values
C3M0021120K
Coss = 180 pF @ (7. =25 °C,
MOSFET Vbs =1000 V),
R[)s(o“) =38 mQ @ (V(,'s =15 V,
In=50A, T;=175°C)
Vin 100 - 400 V
Dead time #4 300 ns
Controller TMS320F28335
Ju 40 kHz

observed from Fig. 23 that when #\12/(o\m T ) is relatively small,
that is, when 0 < o < 1, it is possible to achieve maximum effi-
ciency tracking. As tyro/(om Ty ) increases, which corresponds
to the increase in P,, the range of maximum efficiency tracking
for the cascaded system decreases with the increase in voltage
gain o with the proposed scheme.

V. EXPERIMENTAL VERIFICATION

A. Experimental Setup

As shown in Fig. 24, an FSBB-IPT prototype is built to verify
the effectiveness of the proposed hybrid modulation scheme
conducted in the new time scale 7y,. The main parameters of
the prototype are given in Tables VI and X. When conducting
the experiments, the dc link and battery packs are simulated by
two bidirectional dc sources. The FSBB converter, FB1, and
FB2 consist of eight parallel SiC MOSFETs (C3M0021120Ks),
respectively. Experimental waveforms are measured by an os-
cilloscope Tektronix MSO58 8-BW-500.

B. Steady-State Operation

The waveforms of vqs, Vg, inductor current ir,, inverter volt-
age Uiny, and inverter current i, in three operating modes are
shown in Fig. 25. The zoom-in waveforms in the dead time
are presented in Fig. 25(a-1)—(f-1). Based on the analysis in
Section IV-A and the ZVS conditions in (29), the ZVS current
-I1, 4vs of the FSBB converter can be set as —5.0 A, and the
maximum ZVS current /o s of the inverter is —0.5 A.
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When Vi, > Vi, which is presented in Fig. 25(a) and (b), the
input voltage is 300 V and Vi, = 400 V, the output power is
1.62 kW, it can be observed that the ZVS-ON of S; and S, are
achieved. At the same time, the ZVS operation of the inverter
is also achieved and the ZVS currents are —1.3 A and —4.2 A,
respectively.

In contrast to the operation of a single-stage converter, in three
different operating modes and under various output power levels,
the rate of inductor current rise during the dead time ¢4 varies. It
increases approximately linearly rather than remaining constant,
thereby validating the ZVS conditions analyzed in Section IV.
Fig. 25 shows that in buck mode, the current rises most rapidly,
while in equal mode, it rises more slowly. Therefore, setting
I1, ,vs accurately is essential. In this article, [[1, ,s|is difined as
5.0 A, which consistently remains greater than Aiy, +q, ensuring
reliable achievement of ZVS for §;.

In Fig. 25, f(3) resolves the synchronization issue in the
modulation of the two-stage converter. To enable the DSP to
handle variable sampling at different time scales of the two-stage
structure simultaneously and reduce computational time, the
sampling frequency is defined as f;,, = 1/Ty,. In full-mode
modulation, driving pulse signals from S; serve as triggers
in full-mode period modulation, followed by delays of f(/3),
f(B+27), ..., to modulate the second-stage IPT system, repeat-
ing instructions every Tyax com- Consequently, it is clear that
the steady-state waveform of the IPT system does not repeat
within the period T, which means the operating period of the
cascaded system iS Tmax_com-

Fig. 26(a), (b), (d), (e), (g), and (h) shows the waveforms
of the cascaded system by adopting the proposed modulation
schemes conducting in the new time scale Ty, when f(Ty,) = 0.
In boost mode, as shown in Fig. 26(a) and (b), fyr3 is equal to
tvs_zvs. As the load becomes heavier, that is, the shadow area
shown in Fig. 16 increases, the time segments fyj2 increase with
the output power while 714 decreases. In equal mode shown in
Fig. 26(d) and (e) and buck mode shown in Fig. 26(g) and (h),
the operating principles are similar.

In three modes shown in Fig. 26(a), (b), (d), (e), (g), and (h),
tvi and g3 are always fixed at the minimum values #y; zvs
and f\i3_zvs, and the power transfer ability is determined by the
duration time of segment #)12. Therefore, the RMS value of the
inductor current can be effectively minimized in the full-power
range.

Fig. 26(c), (f), and (i) shows the waveforms by adopting the
proposed modulation schemes when f{(7T,) > 0. It can be seen
from Fig. 26(c) that, with the shadow area increases, e.g., the
output power is increasing, ty3 will become longer and fy4
decreases until it equals the dead time 7q. Under light load
conditions in boost mode, f\1 = fy1_zvs can be consistently
ensured to reduce inductor current. When fy; = fvg zvs 1S
satisfied and fyp4 is reduced to the dead time tq4, as the load
continues to increase, f\i3 should be calculated according to
(33)—(36). Because the LUT containing the necessary values
of f{Ty,) has been precomputed and stored offline in the DSP,
it allows for quick retrieval of corresponding n and a based
on the output power requirement. It significantly improves the
efficiency of program execution loops. Then, by using f(5), the



HE et al.: UNIFIED TWO-TIME-SCALE MODELING AND HYBRID ZVS MODULATION OF LCC-LCC COMPENSATED IPT SYSTEM

17543

y'gvlz [10 V/div] vast: [100 V/div] Vaoa: 50 Vidivi—  veo [10 VAdiv] ¢ "vgﬂ: [10 VAdiv] vasi: [100 V/div]
S—— )
| (b-1) ! D
Ay Las=s0Aa | i[5 A/div] I ps=-50A | Vvl Ias=-50A |
| b =) o 4 bga: [10 /div] va: [L007Vidiv]
D S ug 4 <D Sgys 4
(a) (b) ()
vt [150 V/div] Ves2: [5 V/div] Vit [150 V/div] Vest: [10 V/div]
:“x - A
— (d=1) ] (e=1) (f-1)
””” A L= 50A T i [5 A/div] Tizis=-5.0 A iv: [5 Adiv] Izrs=-50A
o - i ¢‘>\ = y a S
A A : fB) > AZyg 47 A
(d) ®
! Ves2

(a-1) S

(b-1) S, (c-1) Sy

Fig. 25.

d-D S, (1) S (1) S,

ZVS waveforms of S and S in three modes. (a), (b) Buck mode, Vi, = 300V, Vot = 320V, P, = 1.62 kW. (¢), (d) Boost mode, Vi, = 300 V,

Vbat = 280 V, P, = 1.43 kW. (e), (f) Equal mode, Vi, =300V, Vpat = 240V, P, = 1.25 kW. (a) Time: 4 ps/div. (b) Time: 4 ps/div. (c) Time: 4 ps/div. (d)

Time: 4 ps/div. (e) Time: 4 ps/div. (f) Time: 4 ps/div.

required phase shift vy is obtained, facilitating the assignment of
different 7y in Tynax com-

In the full-power operation, the variable is sampled and calcu-
lated at the frequency f;,,, which can effectively reduce sampling
value conversion and computational complexity. Moreover,
maintaining a constant sampling frequency also is meaningful
for EMI elimination.

In the proposed hybrid modulation strategy, the focus is
primarily on the front-end FSBB converter and the primary-
side inverter FB1 of the IPT system. As illustrated in
Fig. 26, the ZVS currents of FB2 decreases as the out-
put power P, reduces, which means that achieving ZVS on
the secondary side will be more difficult under light-load
conditions.

C. Dynamic Operation

Fig. 27 shows the dynamic performance of the proposed
modulation strategy at input voltage transients when ¢ = 1 and
Vibat = 300 V. As shown in Fig. 27(b), the input voltage Vi, steps
from 250 to 350 V, and then back to 250 V. Fig. 27(a) and (c)
presents the zoom-in waveforms of the system when V;,, = 250
V and Vj,, = 350 V, respectively. Similarly, the waveforms at

load transitions when o = 1 and V;, = 300 V are shown in
Fig. 28. The load voltage V},,4 also steps from 250 to 350 V, and
then back to 250 V. It can be observed from Figs. 27 and 28 that
during transitions of the input voltage Vi, and load voltage Via¢,
the responses of the system demonstrate negligible overshoot.
Instead, they gradually increase or decrease along with the vari-
ations of the output power P,, which indicates that the dynamic
transient is smooth with the proposed modulation scheme. The
adjustment times #4154 under input voltage transients and load
voltage transients are 19.3 ms, 16.5 ms, 10.4 ms, and 9.6 ms,
respectively.

Moreover, to reduce the losses during the fourth segment of
the FSBB converter in the full-mode operation, the ZVS currents
of the FSBB converter are consistently maintained at |I1, ,ys|,
regardless of changes in loads or input voltages. By adjusting the
durations #\11 and 3, different output power requirements are
met. In other words, the shadow areas illustrated in Figs. 15 and
16 will vary with the output power P,. Besides, when operating
in equal mode, even with different input voltages and loads,
v 1s almost constant as long as the output power remains the
same, which confirms that the proposed modulation strategy
only requires a 2-D LUT to reduce the RMS value of the inductor
current.
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Fig. 26. Proposed modulation scheme conducted in the new time scale Ty,. (a) Buck mode, P, = 1.44 kW. (b) Buck mode, P, = 0.20 kW. (c) Buck mode,
P, = 2.25 kW. (d) Equal mode, P, = 1.0 kW. (e) Equal mode, P, = 0.15 kW. (f) Equal mode, P, = 2.06 kW. (g) Boost mode, P, = 1.6 kW. (h) Boost mode,
P, =0.20 kW. (i) Boost mode, P, = 2.36 kW. (a) Time: 4 ps/div. (b) Time: 4 ps/div. (c) Time: 4 ps/div. (d) Time: 4 ps/div. (e) Time: 4 ps/div. (f) Time: 4 ps/div.
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Fig. 27. Proposed modulation scheme conducted at input voltage transients when o = 1 and Vot = 300 V. (a) Zoom-in waveforms when Vi, = 250 V,

P, = 1.17 kW. (b) Dynamic operation waveforms. (c¢) Zoom-in waveforms when
4 ps/div.

Based on the analysis in Section IV-E, when V;;, = 250 V,
Vbat = 350 V and Vi, = 350 V, Vi = 250 V, the system
output powers are theoretically equal to each other. However,
the experimental results show discrepancies of 0.01 kW and
0.02 kW, respectively, and the causes of these discrepancies are
consistent with those that lead to the errors in the inductor current
I, rms shown in Figs. 17 and 18.

Vin =350V, P, = 1.66 kW. (a) Time: 4 ps/div. (b) Time: 200 ms/div. (c) Time:

D. Power Losses and Efficiency Analysis

When Vi, = 320 V, the curves of dc—dc efficiency of the
cascaded system in different operating modes are presented in
Fig. 29. It can be observed from Fig. 29 that when the voltage
ratio of the first stage o is 1 and the load voltage is 350 V,
the dc—dc efficiency of the cascaded system reaches its peak
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Fig. 28.

Proposed modulation scheme conducted at load transients when o = 1 and Vi, = 300 V. (a) Zoom-in waveforms when Vipat = 250 V, P, = 1.18 kW.

(b) Dynamic operation waveforms. (c) Zoom-in waveforms when V5t = 350 V, P, = 1.64 kW. (a) Time: 4 ps/div. (b) Time: 200 ms/div. (c) Time: 4 ps/div.
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Fig.29. Measured efficiency with the proposed modulation scheme at different
o when Vi, =320 V.
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Fig.30. Lossdistribution of the FSBB-IPT system at o = 1 when Vi, =320V,
Vbat = 350 V. (a) With the proposed scheme. (b) Without the proposed scheme.
(a) Total loss: 102.2 W. (b) Total loss: 103.7 W.

at 93.85%. In addition, in the full-power operating ranges of
the three modes, the equal mode consistently exhibits higher
efficiency compared to the other two modes. The primary reason
is that in this mode, #\;; is always equal to #13, and during
tm2, the inductor current it, remains constant, thereby reducing
current peaks and achieving minimal loss operation.

In Fig. 30, the calculated loss distributions before and af-
ter using the proposed hybrid ZVS modulation scheme of the
FSBB-IPT system are presented, where o = 1, Vi, = 320 V,
Viat = 350V, and P, = 1.8 kW. Here, the switching loss Py,
(including switches S1—S4, Q11—0Q14, and Q21-Q24), the loss
in the inductor Pj,q (including core loss and copper loss), the
conduction loss of the switches P4, the loss in the LCC-LCC
compensation network Pr,cc, and the loss of the coupling coils

P.oi1 are analyzed. The power losses are obtained based on
the calculation methods in [10] and [30]. It can be seen from
Fig. 30 that P, and Pr,cc account for the majority of the total
loss when the cascaded system operates at the peak efficiency.
As long as the input and load voltages of the second-stage
IPT system remain unchanged, P..; and Ppcc will not be
affected by the modulation strategy, despite the variation in
their proportion of the total loss. As P.onq and Pj,q are pro-
portional to 1, gus., the proportion of their power loss reduces
from 22.64% to 18.01% and from 13.9% to 9.78%, with the
corresponding decrease values being approximately 9.6 W and
7.2 W, respectively. Moreover, the inductor current of the FSBB
converter is limited to |I, ,s|, which reduces the switching loss
Pqy. Thus, the proposed hybrid modulation primarily reduces
the system’s switching loss Py, and minimizes Pconq and Piyg
by reducing RMS value /1, rmgs of the inductor current of the
front-end FSBB converter.

E. Comparison and Discussion

Table XI provides a comparison of the proposed modulation
method with the existing schemes. As illustrated in Table XI, the
advantages of the proposed modulation scheme in this article are
as follows.

1) Comparing with the schemes in [11], [12], and [26], the

proposed one in this article, only with a 2-D LUT, i.e., the
input voltage Vi, and the output power P, the RMS value
of the inductor current can be effectively minimized. As a
result, this substantially reduces the DSP’s memory space
to store the LUT and enhances instruction execution speed
and operational efficiency.
The proposed method is implemented under a new time
scale T, which effectively reduces the computational
burden of DSP compared with the scheme in [10]. The
phase shift 3 enables synchronous modulation of cascaded
systems with multiple operating frequencies without com-
munication between the cascaded stages. Therefore, it can
be applied in a wider range of scenarios. In addition,
maintaining a constant sampling frequency is also more
conducive to EMI filter design, effectively reducing inter-
ference in PCB circuits.

2)
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TABLE XI
COMPARISON WITH EXISTING MODULATION SCHEMES

Literature [10] [11] [12] [25] [26] This article
Application scenarios FSBB FSBB FSBB IPT-FSBB FSBB FSBB-IPT
Operating frequency Multiple Single Single Multiple Multiple Two
Dimension of LUT 2D / 3D 3D / 2D
Storage space occupation * kK / * * Kk Kk * * * * % * %
Sampling frequency Variable Constant Constant Variable Variable Constant
Minimization of /. rms Yes No Yes Yes Yes Yes
Time consumption Moderate Long Long Long Short Short
Complexity Medium High High High Medium Low
3) In three operating modes, reducing the RMS value of the M4y =
inductor current in the full-power range is achieved with
just one modulation variable combined with the LUT, 0 0 1/¢ 0 0 0 0
which greatly reduces the complexity of the modulation Ly/A —La/A 0O 0 —M/A —M/A 0O
method. -M/A M/A 0 0 Li/A  Li/A 0
In this article, the LCC-LCC compensated IPT system with 0 0 0 0 —1/Cs 0 0
the active rectifier on the secondary side, which features 0 0 0 —1/Cs 0 0 1/Cs
high-order characteristic, is chosen as the second stage to illus- 0 0 0 0 0 1/Ls 0
e e s of e propsed rid modion cheme. Ny 1710 0 00 0 0 0 0 0]
the cascaded system will increase, and the modulation degrees N,=[0 00000000 1/LJ r

of freedom will be reduced. In this case, only the single-PSC
strategy can be used and the synchronous modulation of the
second-stage IPT system will become ineffective.

VI. CONCLUSION

To increase the model accuracy in a cascaded system with
multiple time scales, this article proposes a TTSM for the
FSBB-IPT system, which achieves a high accuracy of over 98%.
Furthermore, a hybrid ZVS modulation strategy is proposed in
the new time scale Ty, significantly reducing execution time.
In addition, it leverages inherent phase shift for synchronous
modulation. Experimental results demonstrate that this strategy
can achieve up to 93.85% peak efficiency.

APPENDIX

The matrices M; and N, mentioned in Section III are given as
follows:

M; = [M11M2; Mo1 Mao; M 31 M 395 M 41 M 45]
0 -1L 0

M =
AT\ 00 —1/0
0 —1/L 0
Mue) = 1 0 0
M5 = 02x7

My =(0 1/L, 0),Ma=(~1/L, 0 0 0 0 0 0)
My =(0 0 1/Cp), Ms=(0 0 —1/C, 0 0 0 0)
My = O7y3

I/%_RMS =17, + fulVi (ba + tna)” — Vin(tan + taz)”
(=3IroL — oVintan + 20Vintare) — oV
(=3IL0Lt3y + 3110 Lt3s — oVintiys)]/ (30L?) .
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