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Tuning Control Against Coupler Parameter
Variations Due to Misalignment in an
Optimal-Efficiency-Tracking and
Constant-Power-Output IPT System

Bowei Zou

Abstract—In inductive power transfer (IPT) systems, air gap
variations can cause fluctuations in the parameters of the loosely
coupled transformers (LCT), potentially compromising resonant
tank performance, output stability, and transfer efficiency. To ad-
dress this issue, this article introduces a novel multiloop control
strategy for a single-stage power-source IPT system. Specifically,
the proposed system replaces traditional compensation capacitors
with switch-controlled capacitors on both sides and incorporates a
semiactive rectifier on the secondary side. On this basis, a control
strategy is identified and implemented with three loops, including
a secondary tuning loop using a gradient descent method to coun-
teract coupler parameter variations due to misalignment, a load
matching loop for tracking optimal efficiency and a primary-side
input impedance tuning loop for maintaining constant power out-
put. This strategy maintains optimal efficiency and constant power
output despite dynamic variations in LCT parameters, coupling
coefficients, and load conditions. Notably, it eliminates the need
for direct detection of LCT self-inductance and mutual inductance
parameter variations. Furthermore, the system operates at a fixed
frequency and achieves zero-voltage switching, enhancing overall
efficiency. Finally, a 500 W experimental setup is established to
validate the feasibility and effectiveness of the proposed system.

Index Terms—Air gap variations, control loops, inductive power
transfer (IPT), loosely coupled transformer (LCT) parameters,
optimal efficiency.
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I. INTRODUCTION

IRELESS power transfer (WPT) technology utilizes
W electromagnetic fields as a transmission medium and is
based on the principle of electromagnetic induction to achieve
contactless transfer of energy from the power supply to the
load [1], [2]. Among these technologies, inductive power trans-
fer (IPT) has been widely applied in electric vehicles (EVs),
automatic guided vehicles (AGVs) and other fields due to its
advantages in safety, flexibility, and reliability [3], [4], [S], [6],
[71, [81, [9], [10], [11], [12]. In practical scenario, the chassis
height of EVs and AGVs inevitably fluctuates due to changes
in load weight [13], [14]. These fluctuations directly affect the
air gap between coupling coils in IPT systems. Such variations
in air gap lead to significant alterations in both the mutual
inductance and self-inductance of loosely coupled transformers
(LCT), which directly impacts the output performance of the
system. Fig. 1(a) illustrates the typical LCT employed in the IPT
system. For simplicity, the primary and secondary sides adopt
the same single-layer circular structure with ferrite cores. The
corresponding relationship between LCT parameters and the air
gap d is depicted in Fig. 1(b). As the air gap d increases from
20 mm to 80 mm, significant trends emerge that self-inductances
(Lp and Lg) show a gradual decrease, while mutual inductance
M and coupling coefficient k exhibit substantial reductions. Due
to the complications caused by misalignment uncertainty, the
difficulty of resonant tuning of IPT systems is greatly increased.
Without an effective resonance tuning solution, IPT systems are
prone to reduced power transfer efficiency and unstable output,
compromising the overall performance and reliability.

To maintain the resonance state of the IPT system with dif-
ferent air gaps, researchers have explored various tuning meth-
ods classified into two main categories: passive strategies and
active control strategies. In passive strategies, including mag-
netic coupler design [15], compensation network [16], [17], and
parameter optimization [18], [19]. The aforementioned passive
strategies demonstrate some efficacy in mitigating efficiency de-
cline and output fluctuations caused by air gap variations within
a limited range. However, maintaining precise output character-
istics over a wider range of air gap and load variations remains
a major challenge. To address this weakness, active control
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Fig. 1. Typical LCT and its parameters versus the air gap d. (Unless specified,
they will be used for the rest simulation.) (a) Typical coupling pad of the IPT
system. (b) Profile of the LCT parameters versus the air gap d.

strategies, such as phase shifting control or frequency tracking
controls, are commonly employed in IPT systems to counteract
mismatches caused by air gap variations [20], [21], [22]. In [20],
by employing inverter phase-shifting control combined with the
adjustable system input impedance resulting from LCT self-
inductance variations, constant current output and a wider range
of zero voltage switching (ZVS) can be achieved. However,
this approach may encounter control instability issues during
deep modulation, potentially leading to increased inverter losses
and reduced system efficiency. On the other hand, frequency
tracking strategies dynamically adjust the switching frequency
based on primary-side phase information, using techniques such
as phase-locked loops (PLLs) to maintain resonance [21], [22].
However, variations in overall LCT parameters constrain the
bandwidth of the system’s operating frequency. Furthermore,
the challenges associated with active tuning of the secondary
side can also impact system efficiency.

To improve overall tuning control of the system, impedance
tuning control is increasingly being employed to address
the detuning problem of IPT system. By employing vari-
able impedance components such as capacitor matrices [23],
variable inductors [24], [25], and switch-controlled capacitors
(SCCs) [26], [27], [28], [29], [30], the impedance is adjusted to
compensate for the detuning effects caused by air gap variations
in IPT systems. A (M x N) capacitance matrix is proposed,
which allows for flexible changes in capacitance values [23].
However, increasing the number of capacitors and switches to
achieve the desired tuning range and precision inevitably leads
to increased system size and cost. In [24], a winding coil is
added to the magnetic core, and a variable reactance is realized
by controlling the dc bias voltage. However, this approach may
encounter certain issues such as magnetic core saturation, noise,
and electromagnetic compatibility concerns, especially in cases
of significant self-inductance variation [25].

The SCC, comprising individual capacitors connected to
MOSFETs, has emerged as another method for compensating
detuning in IPT systems [26]. For instance, the SCC in [27]
is utilized to cancel undesired reactance generated by semi-
active rectifiers (SAR), maintaining resonance conditions in
the secondary side. Regretfully, while this approach maintains
constant power output with optimal transfer efficiency under
load changes, it struggles to address dynamic coupler parameter
variations or misalignment issues. In [28], the self-tuning of
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LCC compensation topology is achieved by actively control-
ling the SCCs using pulsewidth modulation (PWM). However,
this approach primarily addresses the issue of self-inductance
variation on the primary side, with secondary side detuning
still leading to decreased system efficiency. In [29], SCCs are
implemented at both the transmitter and the receiver, enabling
dual-side self-tuning through methods to estimate inductance
and mutual inductance parameters. Yet, the complex parameter
identification process may not suit scenarios with real-time cou-
pling parameter changes. In [30], the IPT system employs SCCs
on both sides simultaneously to maintain constant power out-
put despite changes in self-inductance and mutual inductance.
Nevertheless, this approach may struggle to maintain optimal
efficiency tracking when load conditions change concurrently.
Consequently, achieving and sustaining optimal efficiency track-
ing and constant power output in IPT systems remains a signif-
icant challenge, especially in the presence of dynamic air gap
variations (i.e., variations in both self-inductance and mutual
inductance of the LCT) alongside varying load conditions.

To address the abovementioned challenge of IPT systems,
this article proposes a decoupled multiloop control based on a
single-stage power-source IPT system, which effectively elim-
inate the need for detecting variations in LCT parameters. The
proposed decoupled multiloop control strategy comprises three
key parts including a gradient descent method for secondary
tuning control, load matching for optimal efficiency tracking
control, and primary input impedance tuning for constant power
output. This comprehensive approach enables the system to
maintain optimal efficiency and constant power output even
under simultaneous variations in self-inductance, mutual induc-
tance, and load conditions. Furthermore, the design ensures that
all power switches operate at a fixed frequency and achieve ZVS,
thereby reducing switch losses.

The rest of this article is organized as follows. In Section II, the
IPT system topology is presented, followed by an analysis of the
operating principle of SAR and SCC for achieving soft switch-
ing. An efficiency analysis of the system is conducted based
on the equivalent circuit model of the system. Section III-D
provides a detailed explanation of the proposed decoupled mul-
tiloop control against coupler parameter variations due to air gap,
including gradient descent method for secondary tuning control
loop, load matching for tracking optimal efficiency control loop,
and primary input impedance tuning for constant power output
control loop. In Section IV, experimental results are obtained
from a 500 W prototype to validate the proposed system and
control loops. Finally, Section V concludes this article.

II. OPERATING PRINCIPLE AND ANALYSIS OF THE IPT SYSTEM

Fig. 2 shows the circuit topology of an IPT system with
variable LCT parameters based on two SCCs and a SAR. As
usual, the LCT has primary self-inductance Lp, secondary
self-inductance Lg, and mutual inductance M. The coupling
coefﬁcignt is df:ﬁned ask = \/L]\;[Ts Rp apd Rg denote equiv-
alent series resistors, representing in the primary and secondary
circuits, respectively. Instead of conventional compensation ca-

pacitors, switch-controlled capacitor Cpscc and Cs gcc are
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Fig. 2. Circuit topology of variable LCT parameters IPT system with two SCCs and a SAR.
used on both the primary and secondary sides, respectively. TP A R PSS
The SCC consists of a fixed-value capacitor and two MOS- % L 1] | 1 6LH
FET switches. Here, vgcc represents the terminal voltage of '\ p.sce r } '\ §
the switch-controlled capacitor. High-frequency ac voltage vp - _j)_(P _____ O - /—)\S— -
drives the primary coil through a full bridge inverter comprising @V P —joMls JoMlp ‘
four MOSFETS Q1 (4. The angular frequency of the system is
w=2rf= = oo where f represents the switch- Rp Rs
ing frequency of tﬁe inverter. The SAR on the secondary side A% MWV
consists of two diodes D5 and Dr in the upper legs, and two Fig. 3. Equivalent circuit model of the proposed system.

MOSFET switches Qg and () in the lower legs. The secondary
side voltage vg and current i g represent the input ac voltage and
current of the SAR, respectively. Co represents the output filter
capacitor. /o and Vp, respectively, denote the output current and
voltage of the dc load Ry,.

A. Soft-Switched Modulations and Models of SAR and SCC

The modulations of the SAR has been studied in [31] and
[32]. Qg and Qg are utilized to modulate 6, representing the
conduction angle of vg. They are turned ON during the con-
duction period of their antiparallel diodes to achieve ZVS.
They operate complementarily within a single PWM cycle,
each conducting for only half of the cycle. It should be noted
that the conduction angle 6 of the SAR ranges from O to a
maximum 7, i.e., § € [0, 7] and will affect the phase differ-
ence between vg and ig. Therefore, employing this modulation
technique can effectively equate the input impedance of the
SAR to the impedance required by the converter. However,
its equivalent load is an impedance Z.q = Req + leq, rather
than the usual pure resistance. Here, Roq = = 8 Rpsin*(¢ 5), and
Xeq = — 5 Rysin®(§)cos(4).

The concept of SCC was first proposed in [33]. Its operational
principle involves controlling the charging and discharging du-
rations of the capacitor by adjusting the control angle (, allowing
it to vary continuously within a defined range [27]. Given that
the operational principles of the primary and secondary SCCs
are identical, the secondary SCC is selected as an illustrative
example to elucidate its operational mechanism. When 7 s enters
its positive half-cycle, ()4 is turned OFFafter a time delay of
¢s €[5, 7], causing (. to turn ON and remain conducting
through the next zero-cross point, resulting in ¢g transitioning

from positive to negative. Subsequently, @) is turned ON after
a delay of ¢g and remains active for half a PWM cycle. It is
evident that when the MOSFET is turned ON, vg gcc remains
zero, thus enabling ZVS operation of the SCC to reduce switch
losses. It has been studied that C's scc can be calculated by
considering the fundamental components of ¢5 and vs scc [27].
The capacitive reactance donated by C's scc is highlighted as
follows:

Cg 2
9 _ 2p5—sin2ps
T

Csscc =

B. Equivalent Circuit Model

An equivalent circuit model of the proposed system using the
fundamental approximation is shown in Fig. 3. In the topology,
the switch-controlled capacitor C'p gcc on the primary side and
Cs,scc on the secondary side, along with the load Z.,, are
all controllable variables. vy, i,, vs, and i, are fundamental
components, and Vp, Ip, Vg, and Ig are vector representation
of fundamental components, respectively. The resistance Rp
represents the parasitic resistance from the inverter, the primary
SCC, and the primary coil. Similarly, resistor R g accounts losses
arising from the secondary coil, the secondary SCC, and the
SAR. Applying Kirchhoff ’s voltage law to the equivalent circuit
model, the relationship can be expressed as follows:

Vp — (JXP + RP)IP = —jXulg, and
JXumlp = (jXs + Rs + Reg)Is.

@)
3)
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where
1
Xp=wlp — ——— 4)
wCpscc
Xg=wLs — ——— 4+ X¢q, and 5
s s wCs scc 4
Xy =wM. (6)

C. Efficiency Analysis

Assuming the system is operating in a steady-state condition,
and based on the equivalent circuit depicted in Fig. 3, the power
transfer efficiency 7 is defined as the ratio of the output active
power to the input active power, given as follows:

Is|” Re
n= 2 | | . 2 (7
IIs| (Req + Rs) + Ip|” Rp
_ X2, Req ®)
" [(Req + Rs)2 + X2 Rp + X3, (Req + Rs)’
As ahigh-quality IPT system usually satisfies Rﬁ%g > land
%‘? > 1 [32], n can be further simplified as follows:
1
n~ 3 : 9)

X
Reat mig R
TqRP + T:; + 1
To achieve the optimal power transfer efficiency, the opti-
mum values of Req and Xg can be determined from (9). If
the operating frequency w remains constant, achieving optimal
efficiency 7op¢ involves solving the partial derivatives 867"5 =0

on  _ : .
and BRey = 0, given as follows:

ot A if 10
Topt XQM 1 1 (10)
VERpRg
1
X —wlhg— ———— + X, =0, and 11
S,opt — WLg WCS,SCC + Keq , all (11)
R
Req.opt = XM\/R—S. (12)

The optimal transfer efficiency criteria, as outlined in (11) and
(12), indicate two crucial conditions including the secondary
resonant tank should maintain a null equivalent reactance, and
the equivalent load should be matched to its optimal value. In
addition, it is noted that primary equivalent reactance X p does
not contribute to an increase in the voltage-ampere capacity
of the IPT system, nor does it negatively impact efficiency
performance. These principles form the foundation of the control
strategy proposed in this article, and the detailed implementation
methods for this strategy are elaborated in Section III-D.
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circuit. (b) Secondary side current |Ig| versus reactance per-unit value A.

Principle of secondary tuning control. (a) Secondary side equivalent

III. PROPOSED MULTILOOP CONTROL AND PRINCIPLE

A. Gradient Descent Method for Secondary Tuning Against
Coupler Parameter Variations Due to Misalignment

As shown in Fig. 1, variations in the air gap lead to changes
in the secondary self-inductance Lg within a defined range.
According to (5), the change of Lg will affect the reactance
of the secondary side. To satisfy one of the conditions for
optimal transfer efficiency, as stipulated in (11), comprehensive
compensation of the secondary self-inductance Lg is required
to maintain resonance. However, real-time detection of the pa-
rameter variations in Lg poses significant challenges during
practical circuit operation. Therefore, this article proposes a
secondary tuning inner control loop that eliminates the need
for detecting changes in LCT parameters. Benefiting from the
higher control frequency of the inner loop, at this stage, the
primary current Ip can be treated as constant. Consequently,
the simplified equivalent circuit of the secondary side, as shown
in Fig. 4(a), depicts a constant voltage source jwMIp. The
secondary side can be regarded as an independent circuit with a
constant voltage source, allowing for separate tuning processes
and thus achieving decoupled control between the primary and
secondary sides.

For a more intuitive analysis of the impact of varying the self-
inductance Lg on the secondary reactance. Combined with (5),
A is defined as the per-unit value of the secondary side reactance
corresponding to different air gaps, given as follows:

A= XS,Var.
- 1
wlgo— “0s + Xeq

13)

where Lg  is the self-inductance value under the different air
gaps. Furthermore, the reactance Xg directly influences the
magnitude of the secondary-side current |Ig|. With reference
to the equivalent circuit depicted in Fig. 4(a), the magnitude of
the secondary-side current |Ig| is given as follows:

wM|Ip|

A2+ RE

As shown in Fig. 4(b), |Ig| is plotted versus the secondary
reactance per-unit value A for different air gaps d reveals that
the amplitude |Is| decreases when the secondary reactance is
capacitive or inductive. In addition, the maximum value of |Ig]

Is| = (14)
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is only reached when the A = 0. This means that the optimum
resonance state of the secondary side can be determined by
identifying the point of maximum value of |Ig| to satisfy (11).
Combined with (1), (5), (13), (14), and (15) can be obtained,
the amplitude |Is| is regulated by the control angle ¢g of the
secondary SCC.

wM|Ip|

3 .
- 2
\/<wLS,0 w4(¢;iﬂ)2 Cs + ch) + ch

As an illustration, monotonic curves of |Ig| and Xg versus ¢g
for various values of air gap are shown in Fig. 5. It can be
observed that the objective function |Ig| (¢g) is a nonlinear
function with the secondary SCC control angle g as the inde-
pendent variable. Hence, this article proposes the utilization of
a gradient descent method to search for the maximum value of
the |Ig|. The principle of gradient descent involves iteratively
searching along the gradient direction of the objective function
until the extremum of the objective function is found. As shown
in Fig. 5, the gradient of the objective function |Ig| is as follows:

Is| = (15)

(16)

From (16), the optimal iterative equation of the objective
function |Ig| can be obtained as follows:

(|Is],¢s)iv1 = (|Is], @s)i + B(V [Is]);. 17)

where ¢ represents the iteration count; (|Is|, ps)x denotes the
initial values at the kth iteration; (|Is|, ¢s)k+1 represents the
updated |Ig| and ¢g values after the (k4 1)th iteration; 3
denotes the iteration step size, also referred to as the learning
rate. Feedback control of the secondary SCC is achieved by
iteratively detecting the magnitude of the secondary side current
|Is|. The termination criterion for the iteration is reached when
the magnitude of the gradient vector of (16) approaches 0. At
this point, |Ig| reaches its maximum value (indicated by the
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orange curves), and Xg (indicated by the blue curves) is also
equal 0. This indicates that the secondary side is in resonance,
and enables the realization of tuning control of the secondary
side.

The control diagram for secondary tuning control loop is
depicted in Fig. 6. Current sampling is responsible for mea-
suring the amplitude of the secondary resonant tank currents
is. Then, zero crossing detection (ZCD) of ig generates the
PWM synchronous trigger signal for the secondary SCC, with
the corresponding drive signals are transmitted as . and Q4.
The amplitude |Ig| is continuously detected, and the value of
s is continuously adjusted by the gradient descent method
to ensure that |Ig| remains at its maximum value throughout
the control period. This ensures that even when the secondary
side self-inductance L g fluctuates, the secondary side remains in
resonance, satisfying one of the conditions for optimal transfer
efficiency tracking.

B. Load Matching for Optimal Efficiency Tracking

The secondary SAR optimal load matching is used as the
middle loop control, with the aim of achieving optimal load
matching under the null equivalent reactance state achieved in
the inner loop, so as to further optimize the transfer efficiency
of the system. Form (12), the optimal load Req,opt 1S a variable
dependent on the magnetic coupling coefficient. To make (12)
valid, it is an intuitive need to continuously detect the air gap
for perceiving and tracking the optimal load value in practi-
cal applications, thus significantly increasing implementation
complexity and challenges. In this article, a viable condition is
explored for optimizing efficiency that is equivalent to (12) but
decoupled from the air gap. By satisfying the null secondary
reactance, i.e., Xg = Xg op¢ = 0, and substituting (11) into (3),
the ratio « of the amplitude of the secondary current |Ig| to the
amplitude of the primary current |I | can be defined as follows:

1s
Ip

Xum
= 18
(Req + Rs) (18)

From (18), it is evident that the variables affecting the current
ratio v include the air gap and the equivalent load. In comparison
to the equivalent resistance ., the secondary resistance g
is relatively small and can be neglected. With (7) and (18),
typical curves of efficiency 7 versus current ratio « are plotted
in Fig. 7(a). It is apparent that there are efficiency peaks under
different values of air gap d. By substituting X g opt and Req opt
given by (11) and (12) into (3), the optimal cv,,¢ can be derived
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as follows:
Is

I 19)

~ Rs’
From (19), it demonstrates that the optimal current ratio o
is a equivalent condition for optimizing system efficiency to
(12). Importantly, a,pt, is solely dependent on the equivalent
resistances of the primary and secondary sides, but independent
of the air gap. As shown in Fig. 7(a), maintaining « at arp,¢ con-
sistently enables the IPT system to operate at optimal efficiency
across varying air gap d. In practical applications, oy, is mainly
influenced by resistances Rp, Rp and losses from all switching
devices. Therefore, it is essential to evaluate c,p¢ based on
the experimentally measured parameters. With the experimental
parameters detailed in Section IV, Fig. 7(b) shows that the ratio

Qopt =

o= %1; remains approximately 1.0 as the air gap d varies.
Hence, using cv,p¢ = 1.0 as a control reference is appropriate. To
ensure that the actual load R, matches the optimal load Req opt
regardless of air gap variations, the conduction angle 6 of the
SAR is adjusted. The partial differential in (20) reveals that «
decreases steadily as 6 increases, allowing for the use of a linear
controller to regulate 6.

Oa m2wo M 0

70— 16RLsin5(g)COS (2> <0, ford € [0,7]. (20)
Fig. 8 illustrates the variations in the controlled variables 6,
Xeqs and Req opy under different d within the range of load Ry,
variations. The red curves represent variations of 6 with respect
to R, The green lines indicate that, by controlling 6 of the SAR
to maintain the optimal current ratio o, the equivalent load
value consistently remains at the optimal load Reqopy under
different d. The blue curves illustrate the absolute value of Xq
generated by modulating 6 with the SAR.

The load matching control block diagram is shown in Fig. 9.
This control strategy optimizes the transfer efficiency by main-
taining the optimal current ratio awpy. It employs amplitude
sampling circuits to measure primary and secondary currents,
with wireless communication transmitting the primary current
value to the secondary side. It is noteworthy that the proposed
control scheme relies solely on amplitude data, while precise
phase detection of the high-frequency current is not needed.
Thus, a simple PI controller is employed to correct any deviation
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from ¢, ensuring the equivalent load matches the optimal
load. Then, the control signal # for the SAR is generated by this
PI controller, corresponding to the drive signals that operate Qg
and s. Finally, similarly to operation of secondary SCC, the
ZCD of 15 generates a PWM synchronization signal for the SAR
to complete the optimal load matching control.

C. Primary Input Impedance Tuning for Constant Power
Output

When variations occur in the air gap and load, besides impact-
ing transmission efficiency, it also has serious damage to the
transmission power. Therefore, in dynamic IPT, a wide range
of output power is necessary to ensure compliance with the
output requirements of the load under parameter fluctuations.
Based on the optimal efficiency transmission control loop on
the secondary side, we have similarly employed SCC on the
primary side and proposed a decoupled outer regulated power
control loop. The primary inputimpedance is utilized to maintain
awide range of output power, ensuring the stability of the system
output. Assuming Rp = Rg = 0, i.e., lossless power transfer,
the output power can be derived with (2), (3), (11), and (12), and
it is given as follows:

2 IVp|?Xn

Po = R = ——>F.
o P T BN+ X3

Is
NG 2L

From (21), when the operating frequency of the system is
fixed, the output power Py can be controlled only by changing
the value of the primary input impedance X p. The modulation of
the primary SCC is similar to that of the secondary SCC, hence
it would not be reiterated here. The equivalent capacitance of
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the primary SCC is given by (22), where ¢ p is the control angle
of the primary SCC.

o~
4(<PP 2

— )

Cpscc ~ Cp. (22)
Hence, the primary input impedance X p can be calculated as
follows:

4(ep — )’

Xp=wlp —
P whp 7T2pr

(23)

The relationship between the control angle ¢ p of the primary
SCC and the output power can be further investigated by solving
the partial differential (24). Fig. 10 shows the simulated curves
of Pp and X p versus ¢ p under different air gaps. The red curves
represent that Pp decreases monotonously with the increase of
© p, while the blue curves are the corresponding X p. Therefore,
@ p should be tightly regulated by another PI controller to ensure
the constant output power of the system when the air gap and
the load condition vary.

OPo 8V} XpXun(pp —T)
dpp

- wr2Cp(X3 + X3,)2

<0, forpp € [1/2,7]. (24)

The control diagram for regulating output power of the pri-
mary SCC is shown in Fig. 11. The dc values of the output
voltage Vo and the output current /o are obtained by the dc
sampling circuit. Wireless communication is used to send to the
primary side, and the actual output power Pp of the system is
obtained through a multiplier. The difference between Pp and
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Fig. 12.  Control diagram of the proposed multiloop control.

FPo ref. can be corrected by a simple PI controller and the control
angle p p is generated to drive the ), and @), of the primary side
SCC.

D. Implementation of Proposed Mutiloop Control

Following the abovementioned analysis, the proposed multi-
loop control strategy is depicted in Fig. 12. First of all, for the
secondary tuning (inner loop), an amplitude sampling circuit
measures the secondary current |Is|. Using a gradient descent
method, the system identifies |Ig|yax, determining the optimal
control angle g for the secondary SCC. This ensures the
secondary circuit maintains a null equivalent reactance state.
Afterwards, for the load matching (middle loop), the primary
current amplitude |Ip| is wirelessly transmitted to the secondary
side, where the actual current ratio « is calculated. A PI con-
troller adjusts the conduction angle 6 of the secondary SAR
to regulate o to aopt, achieving optimal load matching and
efficiency tracking. Then, for the power control (outer loop),
operating at a lower frequency than the secondary loops, this
primary-side control ensures the completion of secondary-side
optimization before each update. The dc values of V and I are
sampled on the secondary side, with their product Pp wirelessly
transmitted to the primary side. A PI controller corrects the
difference between Pp and its reference Pp f, generating the
control angle ¢ p for the primary SCC.

IV. EXPERIMENTAL RESULTS

A 500 W experimental prototype is built to verify the proposed
topology and control strategy, as displayed in Fig. 13. The
experimental prototype includes a full-bridge inverter, primary
SCC, LCT, secondary SCC, secondary SAR, sampling circuits,
and control circuits. Detailed system parameters are provided
in Table I. The primary side pad is fixed, while the air gap of
the secondary side pad relative to the primary side pad can be
adjusted by rotating the rocker. The air gap varies within the
range of 20 to 80 mm, corresponding to the coupling coefficient
k ranging from 0.1 to 0.55. The magnitude of self-induced varies
on the primary and secondary sides is shown in Fig. 1(b). Elec-
tronic loads are utilized to simulate the equivalent resistance,
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TABLE I
EXPERIMENTAL PARAMETER VALUES

Parameters Symbols  Measured Values
Input voltage Vbco 130 V

Number of turns N 34

Inner diameter d; 40 mm

Outer diameter do 150 mm
Primary self inductance Lp 143.9-157.6 pH

Secondary self inductance  Lg 147.6-160.7 uH

Primary coil resistance Rp 0.376-0.379 Q
Secondary coil resistance Rs w 0.370-0.374 Q
Coupling coefficient k 0.1-0.55

Air gap distance d 20-80 mm
Primary compensation Cp 62.9 nF
Secondary compensation Cs 63.7 nF
Operating frequency % 50 kHz

Load Ry, 35-155 Q

with a range of 35 to 155 2. The MOSFETs (SCT4050DR) are
used as the switches QQ1—-Q4, Q¢, @s, Qq—Q4, and Schottky
diode (ASD2065P2) is used as D5 and D7.

A. Comparison of Steady-State Experimental Results

Two sets of comparative experiments are performed under
different air gaps to demonstrate that the effectiveness of the
proposed topology and multiloop control method in tracking
the optimal efficiency and maintaining stable output. One set
of experimental results is obtained without controlling (the
traditional S/S compensation IPT), as depicted in Fig. 14, while
the other set is obtained after controlling (based on the proposed
topology and control strategy), as shown in Fig. 15. Under the
same load (R, = 35 (), the operating waveform of the topology
without control is first captured under the condition of d =
20-80 mm, as shown in Fig. 14. Comparing Fig. 14(a) with
(b) and (c), with the air gap increases, the phase of the i p (green
curves) is ahead of the vp (red curves), and the primary side
is capacitive. Meanwhile, the phase difference between the ip
and the 7g (magenta curves) cannot be maintained to be 0.5,
resulting in detuning on both sides, which will cause additional
loss and seriously reduce the system efficiency.
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As shown in Fig. 15, the operational characteristics of the
proposed control strategy are captured. Even when the air gap
varies, the phase difference between the primary current ¢ p and
the secondary current ¢g is fixed at 0.57, indicating complete
compensation on the secondary side, which proves the effec-
tiveness of the secondary tuning control loop. Fig. 15(a)—(c)
also shows the operating waveforms of the control angle ¢ of
the primary and the secondary SCC and the conduction angle 0
of the SAR, which conforms to the operating principle described
in Section II-A. Moreover, soft-switching is enabled within the
primary SCC, the secondary SCC, and the SAR. Primary input
impedance is needed and utilized to facilitate a wide range of
output power. As shown in Fig. 15(a)—(c), the phase of the vp is
ahead of the phase of the i p, which ensures that the primary side
isinductive reactance, and provides conditions for the full-bridge
inverter to achieve ZVS.

The output power and dc-to-dc efficiency versus different air
gaps under different cases are measured, as shown in Fig. 16.
Without effective control strategies, the output power and ef-
ficiency of the system exhibited instability, as illustrated in
the curves (marked with “[1”) in Fig. 16. The uncontrollable
output power and reduced transmission efficiency significantly
impacted the system’s performance, leading to detrimental ef-
fects on the load. The curves (marked with “()”) in Fig. 16
represent the results after controlling. As the theoretical analysis
in Section III-A and Section III-B, the secondary side completes
the tuning and load matching control. Thus, by simultaneously
satisfying (11) and (12), the system’s efficiency remains at its
optimum, which is 25.7% better than the traditional S/S compen-
sation under the air gap d = 80 mm (k = 0.1). In addition, the
output power of the system is tightly controlled at about 507 W,
which is the same as the analysis in Section III-C, ensuring
output stability by controlling the SCC control angle ¢ p on the
primary side.

To analyze the factors influencing system efficiency, power
losses under different sets at the farthest air gap d = 80 mm
(k =0.1) are shown in Fig. 17. In the method without con-
trolling, by measuring the four power parameters Py, Fo inv.,
Po1cr, and Py, the power loss of the system can be di-
vided into three parts : Pi,., PLcT, and Prec.. As shown in
Fig. 17(a), with increasing air gap, both primary and secondary
leakage inductances experience significant changes, leading to
unavoidable system detuning. As M decreases, the system’s
input impedance decreases, I p increases, resulting in increasing
the losses in the inverter and resonant tank, which seriously
damages the transmission efficiency. In Fig. 17(b), based on the
proposed topology and control methodology, the power losses
in inverter, primary SCC, coupling coil, secondary SCC, and
SAR are denoted as an_, PP,SCC’ PLCT’ PS,SCC’ and PSAR’
respectively. Benefiting from the tuning matching and optimal
load tracking control are completed on the secondary side. The
total loss of the system is reduced by 331 W and the efficiency
is improved by 25.69%. Moreover, the utilization of reactive
power on the primary side ensures the stability of the system’s
output.

To validate the proposed method can maintain optimal trans-
mission efficiency and output stability over a wide load range,
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(marked with “(0)”) is maintained at around 93%, which is

_ . consistent with the analysis in Section III-D.
the system output characteristics and dc-to-dc efficiency are y

measured when the air gap d = 38 mm (k = 0.325), as shown
in Fig. 18. The corresponding output current (marked with “A”)
is inversely proportional to the output voltage (marked with
“0J”). The corresponding output power (marked with “{”) is This article proposes gradient descent method for secondary
approximately constant at 507 W. The maximum efficiency tuning to address variations in coupler parameters induced by

B. Transient Response of Gradient Descent Method for
Secondary Tuning
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misalignment, aiming for a simpler and more intuitive validation
of its effectiveness. When the air gap d = 80 mm (k = 0.1), the
comparative transient waveform of the proposed tuning method
for the secondary side alone in an untuned system is captured, as
shown in Fig. 19. In the initial stage, the secondary measurement
reflects an untuned state, and through the ZOOM window, it
can be seen that the steady-state waveform is consistent with
Fig. 14. When the proposed gradient descent tuning method is
suddenly added to the secondary side, it can be observed through
the ZOOM window that the system continuously detects the
magnitude |Ig| and adjusts the control angle g of the secondary
SCC accordingly until |Is| is modulated to its maximum value
|Is|Max, and the system maintains the ¢g. From the ZOOM
window waveform of the tuned secondary, it is easy to compare
the phase of ip and ig, which remains fixed at 0.57, indicating
that the secondary side of the system has reached resonance
condition, as described in Section III-A.
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C. Transient Response Against Variation of Air Gap

The transient waveforms against variation of air gap under
different loads are shown in Fig. 20. The air gap varies from
20 mm to 80 mm and then back to 20 mm by slowly changing
the displacement of the secondary pad to the primary pad. The ac
voltage v p and current i p of the primary side, ac current i g of the
secondary side are measured, corresponding to CH1, CH2, and
CH7, respectively. As shown in Fig. 20, although the amplitudes
of |Ip| and |Ig| vary with the air gap, their ratio a = |%§-|
remains constant, rigorously regulated to 1.0 to achieve optimal
efficiency control, consistent with the theoretical analysis in
Section III-B. In addition, the dc output current /o and voltage
Vo of the secondary side are measured, corresponding to CH3
and CH4, respectively. The system output power of the yellow
MATH channel is obtained by multiplying Vi, and I, the output
power Po can be strictly adjusted to Pp yor = 507 W.

D. Transient Response Against Variation of Loads

Fig. 21 shows the transient waveform against step load change
under different values of air gaps. The load resistance is step
changed from 35 2 to 95 (2, and then returns to 35 2 again.
Through the tuning matching control of the secondary SCC,
the maximum value of |Ig| is ensured. Simultaneously, the
amplitude ratio o of |Ip| and |Ig| remains constant and is
strictly adjusted to 1.0 by the optimal load tracking control on
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the secondary SAR, consistent with the theoretical analysis of
Section ITI-A and III-B. The output power Py is tightly regulated
to 507 W by controlling the primary SCC. The experimental
results demonstrate fast system response and high stability.

The proposed system demonstrates the robustness and optimal
efficiency against misalignment and detuning across various
air gaps and load conditions, making it highly valuable for
widespread application and industrial implementation of wire-
less charging technology.

V. CONCLUSION

This article aims to address the challenges of achieving op-
timal efficiency tracking and output stability in the presence
of variations in air gaps and load conditions. A power-source
single-stage IPT system with two SCCs and a SAR is intro-
duced. Based on this topology, a multiloop control strategy is
employed that obviates the need for detecting changes in the
loosely coupled parameters. On the secondary side, a combi-
nation of gradient descent method for secondary tuning and
optimal load matching control is applied to achieve optimal
efficiency transmission. Moreover, the stability of the system
output is ensured through regulating power control on the pri-
mary side. In addition, all switches operate at a fixed frequency
and achieve soft switching. Extensive experimental validation
utilizing a 500 W prototype is conducted, including comparative
experiments, steady-state waveforms, and transient responses, to
verify the performance and advantages of the proposed system.
Experimental results indicate that as the air gap increases from
20 to 80 mm, the system efficiency ranges from 95.45% to
86.51%, with self-inductance and mutual inductance increasing
by 9.5% and 450%, respectively.
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