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Problem Analysis and Improvement of Traditional
Efficiency Optimization Method for Inductive
Power Transfer Systems

Deliang Chen

Abstract—Due to the wide range of battery terminal voltage
variations caused by the different states of charge of power batteries
in electric vehicles, and due to the consideration of interoperability
among different vehicle models, inductive wireless charging sys-
tems are required to be able to cope with a wide range of voltage
conditions to realize high efficiency. Phase shift control is often
considered to be an effective means to fulfill this goal. However, tra-
ditional optimization methods exclude the zero-voltage-switching
(ZVS) constraints from the optimization objective, leading to non-
optimal solutions under some operating conditions. Therefore, an
optimization method based on the optimal numerical solution,
which further exploits the efficiency potential of the system by
disregarding the presuppositions about the ac voltage gain in the
traditional optimization methods is proposed in this article. As an
adjunct, a ZVS realization method considering higher harmonics
based on two hybrid phase-shift regulation strategies is also pro-
posed that can be adapted to any reasonable ZVS current setting
and achieve more accurate tracking. Afterward, the applicability
of the traditional and improved methods is analyzed accordingly,
followed by a comparison verification based on a small-scale exper-
imental platform.

Index Terms—Inductive power transfer (IPT), S-S compensated,
wide voltage range, zero-voltage-switching (ZVS).

I. INTRODUCTION

NDUCTIVE power transfer (IPT) system has attracted

widespread attention in the past decades in case of its flex-
ibility and reliability. As a convenient and safe power trans-
fer approach, the IPT system delivers energy without physical
connection [1], avoiding the electrical sparks in the charging
process effectively, and it is equipped with strong adaptability to
harsh conditions including rain, snow, etc. [2], [3], [4] In recent
years, IPT technology has been widely applied in consumer
electronics [5], medical devices [6], underwater equipment [7],
electric vehicles (EVs) [8], [9], etc.

In practical applications like the EVs charging, the voltage of
the battery varies with the charging state, which requires the IPT
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Fig. 1. Schematic diagram of PSM.

system to have high efficiency over the wide voltage range [10],
[11]. To cope with the aforesaid demands, many solutions have
been proposed, which can be divided into two broad categories
as shown in Fig. 2. The first type is the multistage solution which
installs the extra dc—dc converters on one or two sides of IPT
stage [12], [13]. The output power can be flexibly regulated,
and the impedance can be easily matched. Accordingly, the
efficiency of the resonant tanks is improved. The second type is
the single-stage solution without the additional dc—dc converter
which is more desirable. The way to continuously tune induc-
tance or capacitance by changing the resonance parameters so
that the system impedance can be adapted to different operating
conditions is proposed in [14], [15], and [16]. However, these
continuously variable components require careful design and
are not suitable for high-power applications. While the discrete
variation of parameters avoids the aforesaid problems, it needs
to configure inductor or capacitor arrays [17], [18] according to
the resolution, increasing the cost and volume. Obviously, the
retrofit approach by adding circuit elements will increase losses,
cost, and hardware volume, whether it is single-stage types or
multi-stage types.

On the contrary, the solution by improving the regulation
strategy without adding any additional components is more
economical and promising. For example, pulse frequency mod-
ulation (PFM) is the basic method adopted to attain output regu-
lation by changing the distribution of the equivalent impedance
of the IPT system [19]. However, the wide voltage range and
power range operating requirement give rise to extremely wide
variation of the switching frequency which may exceed the
allowed range for EVs (79-90 kHz), and it also may cause a
frequency bifurcation phenomenon. These problems can be well
averted by the phase shift modulation (PSM) scheme, as shown
in Fig. 1. Typically, the free control variables of PSM include
the respective inner phase shift angles «, § of the primary and
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Fig. 2. Some mainstream efficiency optimization methods for IPT systems
(V-C: variable capacitance and V-L: variable inductance).

secondary sides, and the outer phase shift angle v between the
primary and secondary sides.

In [20], a dual inner PSM strategy for S-S compensated dual-
active IPT system by setting the fundamental current stresses on
both sides to be equal and v = 7 is proposed, thus balancing
the losses on the primary and secondary sides, but the idea
is not suitable to the wide voltage range. In [21], the optimal
load of the S-S compensated semi-active rectifier IPT system is
determined by ensuring that the secondary voltage and current
are always in phase, based on the efficiency estimation equation.
Subsequently, the coupling relationship between «, (3, and the
dc voltage gain is established by equating the power on the
fundamental equivalent resistor to the actual power, resulting
in the decoupling of the optimal efficiency with the load and
mutual inductance. Thereafter, the closed-loop control and the
optimal efficiency tracking are achieved with the cooperation of
the perturbation and observation (P&QO) method. The limitation,
however, lies in its restriction on the properties of the circuit
on the secondary side without taking into account the phase
state of the primary side. Similarly, in [22], the law governing
the optimal efficiency of the S-S compensated dual-active IPT
system’s fundamental ac voltage gain is determined by setting
v = % ,and maximum efficiency tracking is performed by P&O.
Jiang et al. [23], [24] provide a detailed analysis of the optimal
Ohmic losses in IPT systems with SS compensation considering
ZVS. However, their analysis model overlooks the impact of
higher order harmonics, and the output regulation relies on three
independent control loops, which increases the complexity of
loop design and implementation.

The current dominant approaches for efficiency optimization
based on regulation strategies are impedance matching [21]
and voltage gain matching [22], which have been regarded as
essentially equivalent according to [25]. However, the issue of
zero-voltage-switching (ZVS) has not yet been addressed in
[20], [21], [22], and [21]. Therefore, a more sophisticated ZVS
analysis method based on differential equations for dual-side
LCC compensated dual-active IPT system under triple-phase-
shift (TPS) is proposed in [25], and subsequently, the required
offset of 7y to satisfy the ZVS condition is determined. Neverthe-
less, this analysis method is solely applicable to high-order net-
works with prominent low-pass filtering characteristics. In [26],
a similar mean is attempted to accurately solve the ZVS condi-
tion for an S-S compensated dual-active IPT system under TPS
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modulation. However, the necessity of employing a differential-
based solution method is diminished due to treating the high-
frequency voltage on the primary side as a sinusoidal waveform
and neglecting higher harmonics. A closed-loop control method
in [27] combines TPS and PFM to achieve ZVS and maximum
efficiency tracking is proposed for S-S compensated dual-active
IPT system, but the determination of the control variables relies
on a look-up table, which compromises the generality of the
control method. A mode switching based method, including full
bridge—full bridge (FBFB), full bridge—half bridge (FBHB),
half bridge—full bridge (HBFB), and half bridge—half bridge
(HBHB), is discussed in [28], which effectively improves the
efficiency of the system.

Notwithstanding the effectiveness of the previous work, none
of them departs from the most basic means of optimization
introduced in [21] and [22]. However, as points out in [29]
from the perspective of equation invariance that the aforesaid
conclusion of voltage gain matching is not applicable to a wide
voltage range, and the essential reason is that the coupling
between free variables is ignored. In addition, the ZVS condition
is usually treated as an additional independent objective rather
than a constraint of the optimal regulation strategy in the deriva-
tion of the optimal matching voltage and the optimal matching
load. The above two reasons lead to the nonoptimal operation
trajectory under some operating conditions. Therefore, Li et al.
[29] proposes a segmented TPS strategy with different voltage
gain based on an S-S compensated dual-active IPT system,
however, its ZVS analysis process is only constrained by the
current polarity, which fails to ensure the effective relation of
ZVS.

Motivated by these issues, this article will delve further into
exploring the potential for efficiency improvement in traditional
method based on ac voltage gain. The contributions of this article
are as follows.

1) Analysis and elucidation of the flaws and shortcomings in
the traditional efficiency optimization method based on ac
voltage gain.

2) Based on numerical optimal solutions, summarizing the
working states under buck mode operation, a method com-
bining DPS and extended-phase-shift (EPS) regulation to
approximate the numerical optimal trajectory is proposed,
breaking through the constraints of traditional methods on
ac voltage gain. The analysis and execution process of this
method provide a new optimization idea for other types of
circuit topologies and operating conditions;

3) Taking into account the impact of higher harmonics on
ZVS, deriving an executable formula that can more ac-
curately track the ZVS current settings. This method can
achieve tracking of any reasonably set ZVS current.

Although the efficiency improvement is not prominent in the
experimental validation, there is a strong potential for opera-
tional economics after scaling up the application.

The rest of this article is organized as follows. The topology
and the working principles are descripted in Section II. The mod-
ulation and control strategies are given in Section III. Section IV
provides the experimental verifications. Finally, Section V con-
cludes this article.
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Fig. 3. Topology of SS compensated dual-active IPT system.

Fig. 4. Equivalent circuit of the S-S compensated network.

II. TOPOLOGY AND THE PERFORMANCES
A. Topology Structure

Since the circuit structure of the S-S compensated IPT system
is the simplest and is widely employed in high-power applica-
tions, it is used as an example to illustrate the working principle,
and its circuit structure is shown in Fig. 3. L and Lo are the
self-inductance of the magnetic coupler, and the turns ratio is N,
which is set to one in this article. M is the mutual inductance,
and k = M/+/Ly Ly is denoted as the coupling coefficient. Cy
and C are the capacitances to compensate the phase legging of
current on the both sides causing by large values of L, Lo, and
small k. S; ~ Sy, and Q1 ~ @4 are the SiC MOSFETs consti-
tuting the high frequency active H-bridge on the both sides. V1 is
the power source supported by a fixed voltage supply, or an end
voltage regulator like a Power Factor Correction (PFC), whose
value is normally 400 V. V5 is the load voltage, which is usually a
battery. The positive direction of current is highlighted in red in
Fig. 3. Since the circuit structure is completely symmetric, only
the case of buck forward power flow (G = V2 /V; < 1, and the
power is transferred from V; to V%) is considered in this article
to save space, and the other cases can be replicated analogously
to the analytical method and flow in this article.

For convenience, the ratios of «, (3, and ~y to 27 are denoted
as dq, dg, and d.,, respectively. Fig. 4 illustrates the T-type
equivalent circuit of Fig. 3, where Ly = k- Ly, Ly = Lo =
(1 — k) - L;. The switching frequency fg is set to the resonant
frequency fr of the network as

1 1

fS - fR - 271'\/ L101 - 271'\/ LQCQ ’

ey

Unless otherwise specified, the following assumptions run
through the analysis processes of the full paper.

1) All the switches, inductors, capacitors are ideal.

2) The impact of deadtime is negligible.
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B. System Modeling Considering Higher Harmonics

If the moment when the rising edge of v4 5 (0 to V1) is taken
as the starting point (see Fig. 1), the expressions of v4p and
vep of the S-S compensated IPS system with higher harmonics
can be formed as per the Fourier decomposition as

VAB = Zn 1 VAB.n (2)
VED = Yo VCD.m
where 0; = wg t + w(f do), ws = 21 fs, oy = —2md,,
na 4V
VAR = (—1) = .21 sin (nmdy) - sin (nby)
nm
w1 4V
vep.n = (—1) = 22 gin (nmdg) - sin (n6; + ne-) .
nm

Then, the mesh currents with higher harmonics in Fig. 4 in
accordance with the KCL law are given by

2
[ M et | Al
where iy, i, Vap.n,and vop ., are vector forms of i1, 49, VA B .n,
and vcp.,,, respectively. j2 = —1, and
n
wsLy - (K2n* —n* +2n2 —1) "
Accordingly, the RMS values of (3) are expressed as

12 ams R S D Bin + B
1.RMS 2 4=m=11_9PB , By, cos (n(P'y)

B3, +Bi,
—2B3.,,By.p, cos (ny-)

Ay =

4
Z2 RMS ~ 3 Zn =1 [

4a,, 1 .
Bi,= 2n V- (n — ) - |sin (n7d,)|
s n
dan, .
B2.n - a . ‘/2 . kn . |SlIl (7’L7Td5)|
T
4da,, .
B3, = Vi - kn - [sin (nwdy,)|
T
4a,, 1
Bim= -2 Vy (n—=)"|sin(nrdg)] .
=222 v (= 1) Join (o)

For the output power, only the product of voltage and current
of the same order of harmonic is considered, while the product
of voltage and current of different order of harmonics can be
ignored, and the outcome is

Ts Ts
Po=fs-/ UAB'hdt:fs-/ vop - iadt
0 0

~ Z kann®VagnVep.nsin () ®)

n=1

where I's = fq L is the switching period, Vap.,, and Vo p ., are
the magnitudes of v 4 ,, and vop ., respectively.

If the turn-ON moments of each switch are distinguished by
subscripts, then the ZVS conditions of each switch are found as

Izvs.p +i1 (ts,) <0, Izvss —i2(lg,) <0
Izvsp — 11 (tsy) <0, Izys.s +i2 (tg,) <0
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where Izys., and Izys s are the minimum current to ensure the
ZVS operating on the primary and secondary sides, respectively,
which can be determined by the junction capacitances and the
suffered voltage of each switch as

2Cvoss‘p‘/l I 20055.5‘/2
— 7 4ZVS.s — T/

I =
ZNVS.p Td Td

where Ty is the dead time, Cogsp and Cogs s are the junction
capacitances on the primary and secondary sides, respectively.
In this article, the switches on the both sides are of the same
type, so it can be noted that Izys., = Izvs.s = Izys.

Normally, the fundamental component (n = 1) of (4) and (5)
is sufficient to reflect the operating state of the system, which
in turn enables the corresponding optimization and control of
the IPT system, but it is not sufficient for ensuring ZVS imple-
mentation. Thereby, the resonant current containing the higher
harmonics needed to be considered, which is shown in (3).

III. MODULATION AND CONTROL STRATEGIES
A. Limitations of Traditional Efficiency Optimization

Traditional efficiency optimization methods are based on the
predicted efficiency of the IPT system and the process can be
briefly described as follows.

Step 1: Based on the fundamental component (n = 1) of (3),
make y = 5 (i.e., d, = 0.5) to achieve zero phase angle at
the primary side to reduce the reactive power loss.

Step 2: The sum of the parasitic resistances of the primary and
secondary resonant networks and the H-bridge are set to be
r1 and ro, respectively, to indicate the power losses. Then, the
losses of system can be estimated as

2 9
Pioss = i1 rms 71 i3 RuMs * T2- (6)

Accordingly, the efficiency of the IPT system only consider-
ing the fundamental component can be estimated as

_Po
PO + Ijloss
2wgk Ly Gac sin ()

= 7
2wgk L1 G ac sin (’Y) + G/2§CT1 + 7o @

Tlest =

where G zc is the ac voltage gain of the resonant network

A Vo - sin (g) _ Va-sin (wdg)

Gac = = .
AC V1 - sin (%) V1 - sin (7dy)

Step 3: Consider Gac as the only independent variable of 7,
then
T2

877esl A A _ 2
D0 0= Gac = o (8

If the primary and secondary sides have the same structure
and parameters, then 7y = o and Gac = 1 (most literatures
adopt this case, namely the turns ratio IV of the magnetic coupler
N =1).
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Fig. 5. Comparison of the trends of G'oc between the traditional method and
the optimal solution at V4 = 400 V, k = 0.3718 and dzys = 0.

Therefore, the expression for dg can be derived from the above
relationship as

1 A
dg = - - arcsin {Vl - sin (ﬂ'da):| . 9)
Step 4: To ensure the ZVS of the fundamental component, the
outer phase shift angle ratio d., needs to satisfy
min (dy, dg)
2

According to the phase vector diagram, where Adzys is the
ZVS margin angle [25], [28]. When V; > V5, the optimized
operating condition is d,, < dg, so that d., = —da

In addition, the values of d, and dg need to be limited as

0<dy <0.5,0<ds <0.5.

d,y = + Adzys.

However, the issue with the preceding steps lies in the fact that
the ZVS conditions are not incorporated as a constraint within
the efficiency optimization process, but rather are treated as an
independent execution requirement. This approach undermines
the achievement of the extreme value condition deduced from
().

For an IPT system characterized by identical primary and
secondary side configurations, the efficiency optimization chal-
lenge can be articulated through the subsequent (10), where fos
is the cost function, which represents the conduction loss of
the system, P is the demanded output power, acting as an
equation constraint, while the inequality constraints are ZVS
conditions

. 9 9
min  feost = 41 rms T 92 RMS

s.t. PO - -Ptu.rget =0

Izvs.p +i1 (ts,

) <0
Izvs.p — i1 (ts,) <0
Izvs.s —i2 (tg,) <0

0.

Izvs.s +ia (tg,) < (10

Fig. 5 illustrates a comparison between the actual ac voltage
gain achieved through conventional optimization techniques
and the numerically optimal solution derived from (10), under
varying charging voltages, powers, and ZVS currents, with the
system operating in FBFB mode. It is evident that the traditional
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Fig. 6. Driving signals and the key waveforms of v4p and vop (a) DPS
modulation (b) EPS modulation.

approach does not maintain a constant ac voltage gain of one
due to the constraints imposed by control variable bounds—for
instance, the limitation of dg to 0.5—and the integration of ZVS
conditions. Furthermore, there is a notable discrepancy between
the conventional method and the theoretical optimal solution,
particularly within the medium-voltage range. This discrepancy
highlights the potential for enhancing conventional optimization
strategies from the standpoint of voltage gain.

B. PSM Principle and Its Simplification

In this article, the FBFB mode is presented solely as an
exemplar. Nonetheless, other configurations such as FBHB,
HBFB, and HBHB mode are subject to the same constraints
and are equally amenable to the proposed methodology.

If no restrictions are placed on d,, dg, and d.,, thatis known as
TPS modulation, which is a three degree of freedoms modulation
strategy and it is hard to find the coupling relationship with
refined ZVS implementation among each free control variable
in practical applications. If make d, = dg ordg = 0.5, the TPS
modulation is transformed into dual-phase-shift (DPS) modula-
tion and EPS modulation strategies as for the dual-active-bridge
converter in conductive charging system, whose key waveforms
are plotted in Fig. 6, and the control degrees of freedom are
reduced from three to two and make the implementation simpler.

In Fig. 6, d,, is the phase difference between the rising edges
of v4 g and v p, as well as the driving phase difference between
S1 and (Y1, which satisfies the following relationship with the
fundamental phase ratio d.,

1
dy =dy + 5 (ds — da) - (11)

Since DPS and EPS are special cases of TPS, the properties of
the IPT system under TPS can be converted to those of DPS and
EPS by the following settings and distinguished by subscripts,
such as i1, pps, 1. EPS, Fo. DPS, Fo. EPS, €lc

DPS : dg = d,,
EPS : dg = 0.5.

Fig. 7 plots the comparison of the optimal numerical solutions
between TPS, DPS, and EPS with different values of k and V5
under FBFB mode, where the optimization problem is defined in
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Fig. 7. Comparisons between TPS, DPS, and EPS under FBFB mode.

(10). These data were obtained using the nonlinear programming
toolbox in MATLAB. It can be seen that regardless of the value
of k, the role of the TPS can be completely replaced by the
EPS un-der low voltage conditions and by DPS under high
voltage conditions. As a result, the modulation strategy can
be simplified, and the output power is only regulated by the
free control variable d, and d, (or d,). However, different
combination sets of the free control variables may result in
different current stresses and switching characteristics while the
output power is identical, which needs to be optimized further.

C. Generation of the Control Set

The Karush—Kuhn—Tucker conditions suggest that the opti-
mal solution pertaining to (10) typically adheres to one or several
inequality constraints precisely, thereby reducing the analytical
complexity by transforming these inequality constraints into
equality constraints. Numerical solution analysis indicates that
the IPT system achieves ZVS of certain switches with minimal
ZVS current across various operational conditions (as depicted
in Fig. 8, wherein the red solid line demarcates the boundary
between EPS and DPS modes). This demonstrates that the opti-
mal solution derived from the optimization problem formulated
in (10) can be feasibly tracked in real-time provided that these
five scenarios are encountered.

Case 1: According to the analysis of the optimal numerical
solution, it is found that the system works in DPS mode in this
case, and when the ZVS condition of S; is activated, the ZVS
conditions of other switches can be automatically satisfied. That
is, the ZVS constraints of Sz, Q;, and Qs are not activated.
Therefore, the optimization problem can be simplified as

. .2 .2
min fcosl =11rMs T %2.RMS
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s.t. PO - Ptarget =0

Izvs.p +i1 (ts,) = 0. (12)

It is evident that the four inequality constraints have been
reduced to one equality constraint, thereby simplifying the com-
plexity of theoretical analysis and derivation.

Subsequently, based on (2) and (3), along with Izys, +
i1 (tg,) = 0,and employing Taylor’s first-order approximation,
the relationship required for the external phase shift ratio in this
case can be deduced, as follows:

n?—1)sin?(nmw
VVZVS + % Z:f: 3 ( k2n14),(n2(71)d20) 1d

8Va sin (mdy,) 2

N R

= d~.pps.s1 (13)

where Vzvs = Izvs ws L

Other cases can be analogously derived, so they will not be
elaborated here.

Case 2: the system works in DPS mode, and Qs is turned ON
at the minimum ZVS current I7ys

N Vovs — 1 k2) Zn . sin (:;rd o) B ld
v 8V1 sin (wd,) 27
A
= d~.pps.Q3- (14)

Case 3: The system works in DPS mode, and S; and Q3 are
both turned ON at the minimum ZV'S current Izys. The solution
of d., satisfies both (13) and (14).

Case 4: The system works in EPS mode, and S; is turned ON
at the minimum ZVS current I7ys

n2—1)sin?(nw
- VVZVS + % Z:f: 3 ( k2n14),(n2(71)d20) d
v - 5 a

8Va

A
= d~.Eps.51- (15)

Case 5: The system works in EPS mode, but none of the ZVS
constraints are activated. The value of d., is consistent with the
traditional method

1. A
_7do< = d’y.EPS.None-SO2

d, =~ 5

(16)
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Fig.9. Accuracy of the ZVS current tracking on the secondary side considering
different order harmonics when Izys = 2 A.

By analyzing the numerical solution of the control trajectory,
it can be seen that the external phase shift angles of the DPS and
EPS modes should satisfy the following relationship:

{d'yDPS = max (d-.pps.s1, dv.DPs.03) a7

d'y.EPS = max (d'y.EPS.Shd'y.EPS.None)

Therefore, to ensure the ZVS of the system in the discussed
range of operating conditions, the external phase shift angle
needs to comply with the following equation:

d~ pps
dy =%
K {d'y.EPS

fcost.DPS S fcost.EPS

18
fcost.DPS > fcost.EPS ( )

Another control variable, d,,, can be automatically generated
by the PI regulator because it is positively related to Pp.

Fig. 9 illustrates the tracking accuracy of the ZVS currents at
the secondary side as an example when different order harmonics
are considered at Izys = 2 A. It can be seen that the fewer the
harmonics orders considered, the higher the current amplitude
(and RMS current) and the higher the error in the ZVS current.
Infact, n = 9and n = 19 have similar effects.

D. Working Mode Identification and Control Scheme

The following section has discussed the principles of d, in
different cases in detail, but another critical problem is the identi-
fication of the boundary between DPS and EPS modes. The usual
idea is to compare the values of fos of both modes with the same
Po, however, even from the fundamental analysis perspective,
itis not feasible because of its complexity. The reverse thinking,
i.e., the principle of having a larger Py for the same foq to
determine the operating mode, is much simpler. Therefore, by
making feost.0ps.1 = feost.Eps.1 (the first component of fi for
DPS and EPS modes, respectively, whose accuracy has been
verified to be sufficient to characterize the final target), the
relationship between d, pps and d, gps With the same f,oq is
solved as

arcsin {\/(1 + G3e) sin? (mda.pps) — G3e

™

do Eps =
(19)

Therefore, if the value of d,, pps is given, the value of d,, gps
for the same value of f.. can be then derived as per (19).
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TABLE I
PSEUDOCODE OF THE OPERATING MODE IDENTIFICATION
Step Actions
1 generate the value of d,, hpg by the PI controller;
2 if (20) is real
3 working in DPS mode;
4 else
5 calculate the value of d, pg by (19) under the same f. ;
6 caleulate the d., pps, Py ppg of DPS mode by d,, pps;
7 calculate the d, pps, o gps of EPS mode by d,, gps;
8 calculate the power difference Py = Po gps — Po pps:
9 if Py > 0
10 working in EPS mode;
11 else
12 working in DPS mode;
13 end
14 end

Sustituting d, pps and d,, gps to the power expression, the values
of Pp pps and Pp gps can be attained, and their difference at the
same fcoy is defined as

Pyitr = Porps — Po.pps-

Since d,, gps is a real value, the following equation needs to
be satisfied:

(14 G3¢) sin® (mda.pps) — Gpe > 0. (20)

Fig. 10 plots the distribution of the working areas of the DPS
and EPS modes and their boundaries, where the yellow area
works in the EPS mode, the cyan area works in the DPS mode,
and the red solid line is the actual mode boundary obtained by
using the above method. It is easy to see that there is only a very
small difference between the actual boundary and the theoretical
boundary. In order to avoid the system switching the working
mode frequently near the boundary, a hysteresis working band
can usually be set up, as shown in the red shaded part of
Fig. 8. Summarizing the above two reasons, the working mode
boundary identification method proposed above can ignore the
error between the theoretical boundary and the actual boundary,
i.e., the proposed method is feasible.

To conclude, the pseudocode of the operating mode identifi-
cation is given in Table I, and the control block diagram is shown
in Fig. 11. In Fig. 11, V5 if is the reference value of the output
voltage, its difference with v5 is used as the input of the PI regu-
lator to create d, pps automatically. After that, the identification
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Fig. 11.  Control block diagram.
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Fig. 12.  Comparison of the optimization processes for different methods (a)
traditional method (b) proposed method.

of the operating modes is performed according to Table I and
the corresponding control variables are generated and injected
into the PWM generator to drive the primary and secondary
bridge legs to act as required according to the definitions of
DPS mode and EPS mode. Fig. 12 summarizes the difference
in the operation process between the traditional method and the
proposed method. Table II given the horizontal-comparison of
different control methods.

If the ac voltage gains of the optimal TPS, traditional method,
and improved method are defined as Gac.opi» GAC.trad> and
G ac.pro» respectively, then the ac voltage gain deviation can be
defined as

- (GAC.pro - GAC.opt) )

Since the EPS mode can be interchanged with the traditional
method, Fig. 13 illustrates the 3-D surface of G'ac qit under DPS
mode. It can be seen that G ¢ _gifr is greater than zero for the vast
majority of working conditions within the operating area. This
indicates that the deviation between the traditional method and
the optimal ac voltage gain is larger than the deviation between

GAC.diff = (GAC.lrad - GAC.opt)
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TABLE II
HORIZONTAL-COMPARISON OF DIFFERENT CONTROL METHODS

Compensation Rectifier MSO t(ri;ltl:g;n Al\r/l[?}g:; s Z\éili?iigg 18 Voltage Width Cocrgglttre ?(11 ty
[19] S-S Passive PFM+SPS FHA No 1.22 0 2.8 ¢
[20] S-S Passive SPS FHA \ 1.67 *
[21] S-S Semi-Active 2-PSM FHA \ 1.00 * k
[22] S-S Active TPS FHA \ 1.00 *k
[23] S-S Active TPS FHA No 2.67 1 8.8
[24] S-S Active EPS FHA No 225 *
[25] LCC-LCC Active TPS FHA No 1.50 *
[26] S-S Active TPS FHA Yes 1.42 *
[27] S-S Active TPS FHA No 1.00 * %
[28] S-S Active TPS FHA No 1.00 * ok
[29] S-S Active TPS FHA No 2.67 * ok
Proposed S-S Active EPS + DPS HHA Yes 4.00 * %k

Note: 2-PSM (Two-degree-of-freedom PSM); FHA (Fundamental Harmonic Analysis); HHA (Higher Harmonic Analysis); Voltage Width (the ratio of
maximum voltage gain to minimum voltage gain); The more %, the more complex it represents.
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Fig. 13.  AC voltage gain deviation comparison.
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Fig. 14.  Photograph of the small-scale prototype.

the proposed method and the optimal ac voltage gain, revealing
that the proposed method indeed can narrow the gap with the
optimal voltage gain.

During the control process, d, needs to be passed to the
primary side via wireless communication, and V; is usually a
constant value or a slowly varying voltage, which also needs to
be passed to the secondary side via wireless communication. The
signal synchronization strategy for bilateral can be implemented
by the method introduced in [26] and [28], which is not discussed
in detail as it is out of the scope of this article. The goal of this
article is to exploit the efficiency potential ignored by traditional

TABLE III
SYSTEM SPECIFICATIONS

Components Parameters
Input Voltage (V1) 400 V
Output Voltage (V) 100 V ~400 V
Peak Power (Po) 1.0 kW
Switching Frequency (fs) 85 kHz
Self-Inductance (L, L,) 92.1 uH, 93.4 uH
Mutual Inductance (M) 3425 uH
Compensation Capacitance (C, C,) 37.34 nF, 37.95 nF
Primary Side Resistance (R + Rc1) 220.71 mQ
Secondary Side Resistance (R, + Rc2) 207.48 mQ
Resistance of MOSFETS (Rpson) 80 mQ

optimization method. It should be re-emphasized that the ideas
of the solution process proposed in this article are applicable to
other modes such as FBHB, HBFB, and HBHB.

IV. EXPERIMENTAL VERIFICATIONS

A. Prototype

A 1.0 kW experimental prototype is built to verify the effec-
tiveness of the proposed online tracking method. The photograph
of the prototype is shown in Fig. 14. The power circuits are
covered by the driver boards. The system specifications are given
in Table III.

B. Experimental Results

In the experiments, only harmonic components up to the 19th
order are considered in order to reduce the computational load
on the DSP. The control period is 3 - Tg. Also, to highlight the
realization of ZVS, set Izys = 2 A. Figs. 15 and 16 show the
steady-state experimental results for different input voltages at
different loads. The results show that the system can operate
reliably within the full power and voltage range by employing
the proposed method. It can also be seen that ZVS is achieved
for each operating condition, i.e., the currents corresponding to
each rising and falling edge of vag and vcp satisfy the ZVS
requirements, but the presence of the dead time inevitably leads
to some deviation.
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Fig. 15.  Steady-state results at different output voltages under 0.2 kW (a) V2
=100V, Po = 0.2kW (b) V2 =200V, Po = 0.2kW (c) V2 = 300V, Po = 0.2kW
(d) V2 =400V, Po = 0.2kW.
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Fig. 16.  Steady-state results at different output voltages under 1.0 kW (a) V2
=100V, Po = 1.0kW (b) V2 =200V, Po = 1.0kW (c) V2 =300V, Po = 1.0kW
(d) V2 =400V, Po = 1.0kW.

Referring to Fig. 10, the working mode will shift between
EPS and DPS when the load is switched across a certain range.
To demonstrate the effectiveness of mode shifting, Fig. 17
provides the dynamic response result conducted at Vo = 200 V.
Fig. 17(a) shows the load switching from 0.6 to 0.8 kW, and the
corresponding mode is shifting from EPS to DPS. Fig. 17(b)
shows the opposite. The results indicate that the system can
return to stability within a relatively short period of time after
load switching. In addition, at the moment of load switching,
the drop or overshoot of the voltage and current is acceptable.

From the steady-state and dynamic experiments, it is known
that although the control equations of the proposed method
become more complicated, the arithmetic power of the DSP is
still able to support it.
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Fig.19. Comparison of waveforms between traditional and proposed methods
(V2 =200V and Pp = 600 W) (a) traditional method (b) improved method.

Fig. 18 provides the conversion efficiency measured by the
power analyzer WT 1800 supported by YOKOGAWA by utiliz-
ing the proposed method and the traditional method at different
voltages and loads. From Fig. 5, it can be seen that the optimal
ac voltage gain difference between the traditional method and
the proposed method is in the medium voltage and medium
load, so this article only compares these working conditions.
The conditions for comparing tests were completely consistent,
with no modifications or adjustments to the hardware circuit and
testing equipment; the differences lie solely in control strategies.

Fig. 19 shows the waveform comparison of the proposed
method and the traditional method at Vo = 200 V and ppo =
600 W. It should be noted that the scale of ¢5 in Fig. 19 is
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Fig. 20. Loss breakdown analysis.

inconsistent (20 A/div for the traditional method and 10 A/div
for the proposed method). It can be seen from the figure that
the improved method significantly reduces dg compared to
the traditional method, thereby reducing the RMS value of 7.
Comparing the waveforms of ¢; of both methods also shows
that, compared to the traditional method, the current waveform
of the improved method has a larger notch, and its RMS value is
reduced by about 44.36%. For d,,, the proposed method slightly
increases compared to the traditional method, resulting in an
increase in the RMS value of i5 by about 13.27%. Overall,
the current stress [defined by (10)] of the proposed method is
reduced by about 21.19% compared to the traditional method.
Therefore, the system efficiency can be improved.

The findings from the measurements indicate that the im-
provement method proposed in this article can indeed boosts
the system’s efficiency under these specific operating conditions.
Actually, both methods inevitably harbor errors stemming from
factors such as dead time and parameter drift. In this scenario,
both methods achieve ZVS. Therefore, the essence of the pro-
posed method that can improve the efficiency of the system
does not lie in the realization of the ZVS, but in the adjustment
of the ac voltage gain to converge to the theoretical optimum.
Although in absolute numerical terms the method proposed in
this article leads to a system efficiency improvement of up to
only 1%, the resulting energy efficiency savings are significant
with the large-scale application of high-power wireless charging
technologies.

The loss breakdown analysis of the system is shown in Fig. 20
and the analyzed data is derived from the simulation results.
There is a high trend match between the loss analysis and the
experimental results. As can be seen from Fig. 20, the main
losses are concentrated in conduction loss and copper loss
(including the equivalent Equivalent Series Resistance (ESR)
of the resonant capacitor). Limited by the size and area of the
coupler, resulting in a matched resonant capacitor equivalent
ESR cannot be reduced. This reveals the reason for the low
efficiency measured for the system. However, the point of the
experiment is not to seek the ultimate in system efficiency, but
to verify the effectiveness of the proposed method. Therefore,
the purpose of the experimental results has been achieved.

7475

V. CONCLUSION

In this article, the limitations of traditional efficiency op-
timization methods for an S-S compensated IPT system are
demonstrated through theoretical analysis and experimental ver-
ification. By analyzing the optimal numerical solution, it is
pointed out that the ac voltage gain at the optimal operating
point of the system when ZVS is considered cannot be a constant
value, and the TPS modulation strategy can be replaced by
the DPS and EPS modulation strategies. The phase shift angle
offset required to realize ZVS is derived by introducing higher
harmonics. Although the formulas are more complex, they are
sufficiently burdened by the DSP controller. The experimental
results show that the traditional method indeed has room for
further optimization in some working conditions by breaking
the fixed ac voltage gain constraints and considering the ZVS
implementation. In general, both the traditional and the proposed
methods are applicable. But, the proposed method can realize
ZVS by adjusting the phase angle offset arbitrarily according to
the specified ZVS currents, which improves the flexibility of the
regulation strategy. When wireless charging systems are applied
on a large scale, the operational economics of the proposed
method for efficiency gains are extremely impressive.
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