IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 2, FEBRUARY 2026

3035

Gradient Descent-Based Online Mutual Inductances
Identification and Transfer Route Optimization for
Dynamically Reconfigurable WPT Network

Xiaomin Wang ", Xin Dai

and Udaya Kumara Madawala

Abstract—Wireless Power Transfer Network (WPTN), with their
multidimensional dynamic magnetic coupling capabilities, address
the limitations of traditional wireless power transfer (WPT) tech-
nologies in terms of degrees of freedom, thus advancing the de-
velopment and application of WPT technologies. Accurate mutual
inductance identification is essential for establishing and optimiz-
ing paths in WPTN systems. However, the dynamic nature of the
network causes frequent changes in mutual inductance param-
eters as nodes join or leave. This makes traditional calculation
methods inadequate for complex multinode network. To address
this challenge, this article proposes a dynamic mutual inductance
identification method based on the gradient descent algorithm.
The method effectively handles simultaneous changes in multiple
mutual inductance parameters caused by network topology varia-
tions. By constructing a mathematical model of the WPTN system
and designing a gradient descent algorithm with adaptive learning
rates, the method achieves synchronous identification of multiple
mutual inductance parameters. It does not require pretraining or
extensive computational resources, and supports both online and
offline identification. Experimental results on a four-node system
platform show that the proposed method can identify three new
mutual inductances in real time during node switching, while
dynamically selecting the most efficient transmission path.

Index Terms—Dynamically reconfigurable wireless power
transfer network (WPTN), gradient descent algorithm, mutual
inductances identification, route optimization.

1. INTRODUCTION

IRELESS power transfer (WPT), as an emerging
power supply technology, has been widely applied in
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various fields such as smart homes, medical electronics, drones,
electric vehicles, and underwater equipment [1], [2], [3], [4],
[5]. With the advancement of this technology, traditional one-
to-one WPT systems can no longer meet the current demands
for transmission distance and charging multiple electrical de-
vices. To overcome these limitations, researchers have explored
multinode WPT systems [6], [7], [8], including one-to-many
or many-to-one systems. In recent years, more complex Wire-
less Power Transfer Network (WPTN) have become a research
focus. Unlike multinode WPT systems, WPTN not only have
multiple transmitting and receiving coils simultaneously, but
also introduce relay coils to construct diverse power transfer
paths, enhancing the spatial freedom of power transfer [9], [10].
However, this networked structure also brings more challenges,
including the dynamic mutual inductance identification between
nodes.

Existing research on WPTN systems primarily focuses on
extending the power transfer distance [11], improving system
output power and efficiency [12], and optimizing power transfer
paths [13]. Most of these studies assume clear knowledge of
mutual inductances between nodes. However, in practical ap-
plications such as Automated Guided Vehicle (AGV) cluster
charging in factories, dynamic node insertion or removal and
node function switching inevitably lead to changes in mutual
inductances between nodes. Particularly in network with nu-
merous nodes, changes in one node can simultaneously affect
multiple mutual inductance parameters, subsequently impacting
the stability and efficiency of the power transfer paths. There-
fore, accurate mutual inductance identification is necessary to
maintain reliability and efficiency when node changes occur.

Currently, mutual inductance identification methods primar-
ily focus on traditional one-to-one WPT systems and can be
broadly categorized into two approaches: 1) Mathematical mod-
eling with signal analysis. This approach calculates mutual
inductances by steady-state or transient analysis of input—output
voltages and currents to establish mathematical models. For
instance, Dai et al. [14] estimated coupling coefficients by ana-
lyzing variations in input—output signals and duty cycles. Wang
et al. [15] calculated mutual inductances by inverting voltage
and current values during system soft-start when the rectifier
bridge is off; Hu et al. [16] employed Fourier transform methods
to obtain the fifth harmonic amplitudes for calculating mutual
inductances. Zeng et al. [17] performed frequency sweeps at the
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transmitter side to detect system resonant frequencies, indirectly
determining mutual inductances. However, this method only
operates offline and is unsuitable for dynamically changing
systems. Yue et al. [18] and Su et al. [19] achieved online mutual
inductance identification based on time-domain mathematical
modeling and steady-state harmonic analysis, respectively. Liu
et al. [20] derived a nonlinear function set involving nine un-
known parameters, including mutual inductance, output voltage,
compensation capacitance, and fundamental and third harmonic
coefficients of receiver coil current. Newton’s iterative method
calculates the mutual inductance, but this involves substantial
computational effort. Wang et al. [21] improved real-time iden-
tification by employing adaptive filtering algorithms. 2) Circuit
structure modification and hardware enhancement. This method
directly or indirectly measures mutual inductances through ad-
ditional auxiliary circuits, sensors, or system topology modi-
fications. For example, Liu and Feng [22] added a T-shaped
impedance matching network at the receiving end to calculate
mutual inductances based on equivalent impedance. Sheng and
Shi [23] introduced an auxiliary inverter at the transmitter
to generate beat-frequency signals for envelope analysis and
mutual inductance identification. Yang et al. [24] integrated a
current sensor at the transmitter to measure mutual inductance
based on the phase difference between transmitter current and
reflected signals, although this approach requires temporarily
short-circuiting the receiver.

Although the methods mentioned above have achieved suc-
cess in conventional one-to-one systems, their effectiveness in
multinode network environments is limited due to complexi-
ties related to node quantity and network topology. Existing
studies addressing mutual inductance identification in multi-
coil WPT systems are scarce and mostly focused on three-coil
systems. Yue et al. [25] established a frequency-domain model
for an LCC-C compensated WPT system consisting of two
transmitting coils and one receiving coil, using the Levenberg—
Marquardt algorithm to iteratively calculate mutual inductances.
Liu et al. [26] adjusted the relay coil compensation capacitance
to change the system input impedance and calculate mutual
inductances, but accuracy is directly influenced by tolerance
limitations in relay coil compensation capacitors when oper-
ating under nonresonant conditions. Yang et al. [27] employed
a two-layer Adaptive Differential Evolution (ADE) algorithm
to identify mutual inductances and load for SS-type two-coil
and three-coil WPT systems. Kim et al. [28] calculated mutual
inductances among multiple transmitters and a single receiver
by detecting reflected impedances, coil currents, and dc input
voltages and currents. Based on Kim et al. [28] and Kim and
Ahn [29] dynamically adjusts transmitter current ratios via
mutual inductance proportion control to achieve maximum effi-
ciency point tracking, although this method is limited to single-
receiver scenarios. Zhu et al. [30] identified mutual inductances
by sequentially switching nodes in multi-to-multi systems, but
the method only supports offline identification and is unsuitable
for systems incorporating relay coils.

In summary, existing research lacks effective methods for
identifying multiple mutual inductances in WPTN under dy-
namic node variation scenarios. Specifically, current methods
become complicated and computationally demanding when
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applied to high-order, nonlinear WPTN systems with numer-
ous nodes, making it difficult to efficiently address the mutual
inductance identification problem resulting from dynamic node
insertion or removal. To overcome these challenges, this article
proposes a dynamic multinode mutual inductance identification
method based on gradient descent. This method breaks through
the limitations of traditional analytical approaches, avoiding the
complexity associated with solving high-order nonlinear equa-
tions. Specifically, the proposed method offers the following
advantages.

1) A gradient descent-based online identification method
for multiple coupled mutual inductances is proposed for
WPTN with complex coupling relationships. The method
can track dynamic topology changes in real time as nodes
join or leave the network. It overcomes the limitations
of traditional impedance matching methods, which can-
not synchronously identify multiple mutual inductance
parameters in complex network topologies.

2) Based on the real-time identified mutual inductance pa-
rameters, an efficiency-oriented transmission path opti-
mization method is developed. This method enables dy-
namic adjustment of the network topology and recon-
struction of transmission paths, maximizing system power
transfer efficiency while ensuring power supply stability.

The rest of this article is organized as follows. Section II ana-

lyzes the mathematical model of the WPTN system. Section III
proposes a method for synchronous identification of multiple
mutual inductances based on the gradient descent algorithm
and introduces the control strategy for the path optimization
process. Section IV validates the feasibility and accuracy of the
multimutual inductance identification method in WPTN through
experiments. Finally, Section V concludes this article.

II. WPTN SYSTEM MODELING
A. Node Functional Roles and Network Architecture in WPTN

Within a certain spatial region, distributed electrical devices
(nodes) establish virtual power channels based on WPT tech-
nology, forming a localized WPTN. Nodes in this network can
flexibly switch among several functional roles according to
demand, including power transmitting nodes, relay nodes, and
power receiving nodes. Specifically, power transmitting nodes
supply energy to other nodes, relay nodes primarily extend
the power transmission distance between nodes, and power
receiving nodes correspond to devices requiring energy intake.
When a node exits the power transmission network, it can switch
to a decoupled state, where it is open circuit in the power
transfer network through switches, resulting in negligible mutual
inductance coupling with other active nodes and near-zero coil
current.

For example, the cluster charging method in AGV systems
in factories as illustrated in Fig. 1, can be considered a small-
scale localized WPTN. Based on preset power transmission
rules and considering the actual energy requirements and task
priorities of individual AGVs, efficient energy allocation can
be achieved. Within this architecture, each node can flexibly
alter its functional role as needed, and nodes not participating in
the current power transfer remain in a decoupled state. Such a
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Fig. 1. AGV-based localized WPTN.
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Fig. 2. Equivalent circuit of a WPTN.

WPT-based adaptive network architecture provides an efficient
energy management solution for mobile equipment in smart
factories.

The WPTN system consists of multiple transmitting, relay,
and receiving coils, and its equivalent circuit is shown in Fig. 2.
Parameters for each circuit node include load R, and equivalent
internal resistance R, coil self-inductance L,,, compensation
capacitance C,,, voltage across the compensation capacitor ,,,
coil current 7,,, and source voltage V,,. The coupling coefficient
between the ith and jth coils is represented by M;;(i # 7).
In existing studies, cross-coupling between nonadjacent coils
is often neglected in multinode WPT systems. However, in
practical applications, the impact of cross-coupling cannot be
overlooked due to typically unknown node quantities and spatial
configurations. Particularly in power transfer network with nu-
merous and complexly structured nodes, cross-coupling effects
may significantly influence system performance. Thus, cross-
coupling effects must be adequately considered during WPTN
modeling and analysis to ensure accuracy.

Taking cross-coupling into account, the mathematical model
for the WPTN system depicted in Fig. 2 can be established based
on Kirchhoff’s Voltage Law (KVL), as shown follows:

L.Cyiy + Zk#l M, Crii, + R1C111 +up = V3
LoCyiig + Zk;&Q Moy, Crity, + RoCotis + us = Vo

L,Cpiy, + Zk;&n M1 Crity, + R,Crty, + up = V.
(1)
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The mathematical model in (1) adopts the Fundamental Har-
monic Approximation (FHA), retaining only the fundamental
frequency components. This is justified for high-Q resonant
WPTN systems, where resonant tanks effectively filter out
higher-order harmonics, as supported by both theory and ex-
perimental results [31].

Define vector V as the source voltage, i as resonant current,
and u as capacitor voltage. The matrices L,C, and R represent
the system inductance, capacitance, and resistance matrices,
respectively, expressed as follows:

Wi 1 Uy
Va 12 Uz
V= i= ,u= |, (2)
V in Up,
Ly Mo My,
My Ly My,
L=]. .
Mnl MnQ Ln
[C; 0 0
0 Cy 0
C= ,
0 0 C
Ry O 0
0 Ry - 0
R=| o . 3)
0 0 --- R,

According to [32], the current at each node can be expressed as
follows:

ipi = ‘(—wQLC + jwRC + I)f1 wCiV‘ 4)

where I is the identity matrix, C; represents the compensation
capacitor of the ith node as an element of matrix C, and mutual
inductances between nodes ¢ and j satisfy M;; = Mj;. It can be
seen from (1) that when the dimensionality of unknown mutual
inductances M (dim (M) = n)exceeds the number of equations
(i.e.,n > m), the system becomes underdetermined. In this case,
it is impossible to analytically solve the system and directly
obtain the values of M in matrix L.

B. Power and Efficiency Model for WPTN Paths

In the AGV WPTN, the dynamic access and exit of nodes
(such as the addition of new AGVs or node departure due to task
scheduling) cause real-time changes in the network topology.
These dynamic topology changes lead to the reconstruction
of coupling relationships in power transfer paths, resulting in
voltage fluctuations and power oscillations in the system, which
in turn affect the power transfer efficiency of the system. There-
fore, to achieve real-time path switching and maintain system
stability, it is necessary to calculate the transmission power and
efficiency of different paths in real-time to determine the optimal
power transfer path.
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According to the node current expression (4), when all mutual
inductance parameters in the power transfer network are known,
the power and efficiency of each transmission path can be
calculated using the updated coupling matrix. Specifically, the
input power Fj,, output power Py, and efficiency 7, of the
transmission path are defined by the following formulas:

Rn = Vgniin = fl(‘/in; Req) (5)

Pow = Z?)ul fQ(Vma Req) (6)
Pout.k f2(‘/in> Req)

= lowk _ Ck=1,2,....n. (]
1Tk Rn,k: fl(vim Req)

In this context, V;, represents the input voltage, .4 denotes
the equivalent load, and i,; is the node current. To maximize
transmission efficiency while meeting power requirements, the
system adjusts the input voltage via a dc—dc converter and
controls the equivalent load by adjusting the phase shift angle. To
determine the optimal values of these parameters, the following
dual-constraint optimization problem is established:

Vo F
Pk(‘/in» Req) Z Pmin

5.1.9 0 < Viy < Vinax . (3)
0< Req < Rmax

In this context, Py, represents the minimum power require-
ment of the system. Due to the highly nonlinear nature of the
optimization problem (8), traditional numerical methods are
difficult to apply directly. Therefore, this article employs a
quadtree spatial search algorithm. This algorithm is based on
the divide-and-conquer strategy of binary trees and achieves
efficient searching by recursively partitioning the 2-D param-
eter space. Within the parameter space 0 < Vi, < Vihax and
0 < Req < Rmax, the entire region is set as the root node, and
the execution process is illustrated in Fig. 3.

The algorithm execution process follows a three-level pruning
strategy: 1) Power constraint pruning: Calculate the power P
at the center point of the sub-region, and prune if P < Ppip-
2) Efficiency boundary pruning: Calculate the maximum pos-
sible efficiency 1;'** at the vertices of the region, and prune if
pmax < pbest - (ndest  represents the best efficiency value found
during the current search process). 3) Parameter boundary prun-
ing: Exclude regions that exceed the constraints of Vi ax/Rax-
As shown in the figure, the algorithm recursively partitions the
parameter space and applies pruning strategies. It terminates
when the region size meets the accuracy requirements and selects
the center point with the largest 7, from the unpruned regions
as the optimal solution.

III. GRADIENT DESCENT BASED ON BACKPROPAGATION

A. Mutual Inductance Identification Procedure

Based on the previous analysis, an explicit analytical expres-
sion for the mutual inductance in WPTN cannot be obtained.
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Fig. 3. Execution process of the quadtree optimization algorithm.

Therefore, this article establishes a numerical solution frame-
work based on gradient descent, with the core idea of trans-
forming the mutual inductance identification into a nonlinear
optimization problem subject to physical constraints

1. P
i (- il

min £(M) = w’LC + jwRC + I) wC; V| —

s.t. M € Dyys ©)

where 7; represents the coil current measured in practice. The
gradient descent algorithm is used to generate an iterative se-
quence MY, M* M?, .. ensuring L(M**+1) < £(MF) ateach
iteration. The iterative update rule is as follows:

M = Projp (M" — n, VL(MY)) . (10

To improve convergence efficiency, the Adam optimizer is
introduced to update gradient direction and step size. The Adam
optimizer is well-suited for this multiparameter identification
problem, which is crucial for real-time applications in dynamic
WPTN environments. The Adam update rules are as follows:

mFtt = gm* + (1 - B,)VL

VP = By 4+ (1 — Bo)(VL)?

k+1
mk+1 _ m
1—prtt
k+1
@k-‘rl _ v
1—phtt
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Fig. 4. Geometric configuration of current-carrying conductors for mutual
inductance calculation using Neumann formula.
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The learning rate 7;, adopts a combined strategy of StepLR
and CosineAnnealinglR, satisfying the convergence conditions
Somk = +ocand Y17 < +oc.

To enhance mutual inductance prediction accuracy, mutual
inductance constraints based on Neumann’s formula are in-
troduced. As shown in Fig. 4, geometric parameters of two
current-carrying conductors—including radii a, b, axial distance
R, vertical spacing z, lateral offset -, and horizontal offset angles
1, wa—determine the theoretical range of mutual inductance
According to [33] and [34] and Maxwell’s equations, the mutual
inductance between coils is given by

Zh[kﬁ%l ]V[k _

temp

(1)

Ho 1 - =
M,:—/ / —dly - dls (12)
7 4rm ey Jeo B
where the distance R can be expressed as
n_ a? +b? + 22 + 22 — 2abcos(p1 — p2) (13)
—\/ 4+ 2xbcos s — 2xacos p;.

For practical multiturn coils, the total mutual inductance be-
tween the primary coil with n,, turns and the secondary coil with
ns turns is represented as a linear superposition of single-turn
mutual inductances

i=1j=1

(14)

Here, 19 is the vacuum permeability, M;; is the mutual induc-
tance between single-turn conductors ¢; and ¢z, and p € (0,1)
is the coil shape correction factor. In WPTN, node geometry
parameters (a,b, z, z, @) are constrained by physical layouts.
According to (14), the theoretical boundaries of mutual induc-
tance between any two nodes can be derived

Dphys = {Mij eRT (15)

Algorithm 1 describes the proposed algorithm, including gra-
dient calculation, Adam updates, physical constraint projection,
and learning rate adjustments.

To validate the algorithm’s effectiveness, a four-node WPTN
simulation platform was established with randomly gener-
ated operating conditions. System parameters are presented in
Table I.
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TABLE 1
FOUR-NODE SYSTEM SIMULATION PARAMETERS
Vin 0~20V f 150~600 kHz
Li,Lo,Ls,La 100 uH Ry, 1~10
Mo, M3, Moz 0~20 uH  Mas, Moy, M3q 0~20 pH

Algorithm 1: Gradient Descent-Based Mutual Inductance
Parameter Identification Algorithm.

1: Initialization: Mutual inductance parameters
MO ~ U(Myin, Miay ), learning rate g = 0.001,
maximum iterations K,,,x = 5, 000, stopping threshold
€ = le — 4, momentum parameters
B1 = 0.9, By = 0.999, first moment m° = 0, second
moment v* = 0, optimal solution M. = MO,
£best = E(MO)

2: Compute initial gradient VL(M?): VL = 225
>Wirtinger derivative

3:fork=1,..., Kpax do

4:  Compute gradlent norm: e = ||[VL(M* 1)

5: ifep <eor L£C Ikﬁ(lz)wk (2];4’% I < 1e — 4 then

6: break

7: endif

8: Vanilla Update: My, = M1 — g VL(M*Y)

9: if kmod500 = 0 or

|C(MFY) — £(MF2)| < 1le — 5 - L(M*~?) then
10:  Update first moment: m* = By m*~! + (1 — 3,)VL
11: Update second moment:
=B+ (1= ) (VL)
12:  Bias correction: m* = m* /(1 — B¥)
13:  Bias correction: % = v¥ /(1 — 3%)

14:  Adam update: Miemp = M* 1 — npint® /(VOF 4 €)
15: end if
16:  Projection onto feasible domain:
Mk - maX(Mmina min(Mmax; Mtemp))
17:  Update learning rate:
e = 0.7Lk/1000] . (1 + cos(mk/ Kax))
18: if L(MF¥) < Lpey then
19:  Update optimal solution: My = M*,
Lbest = L(Mk)
20: end if
21: end for
22: Return: Mg

Results show that all relative errors were below 7%, with
average errors of mutual inductances M4, Moy, and M3, being
1.3%, 1.6%, and 1.4%, respectively, and their corresponding
maximum errors being 4.68%, 5.16%, and 4.49%, respectively.
Fig. 5 compares the identified and actual mutual inductances for
50 randomly selected samples. Fig. 6 further illustrates the error
distribution of these 50 sets of data, demonstrating algorithm
stability.

Fig. 7 records the optimization trajectory of the loss function,
indicating stable convergence to a global optimum without local
stagnation.
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B. Path Optimization Procedure

When nodes in the WPTN change dynamically, such as new
nodes joining or existing nodes leaving, the system must dy-
namically update the power transfer path. Taking a three-node
system as an example, assume node 1 is the transmitter and node
3 is the receiver. After a new node AGV4 joins the system, the
network configuration updates as shown in Fig. 8:

Based on the previously described mutual inductance iden-
tification method, the updated coupling matrix Lygw can be
obtained, where the mutual inductances associated with the
newly added node and the original system are marked in blue:

L1 My Mz My
M. L M. Mo,
Ingw = |21 2 23 | 24 (16)
Mz, Mz Lz Mz
My M My Ly

At this point, the power transfer network has three candidate
paths

1) Pathl:1 —2— 3

2) Path2:1 —4—3

3) Path3:1 — 24 — 3

To achieve dynamic path optimization for power transfer,
this article integrates Bluetooth modules in each node circuit.
Coil current signals at each node are collected in real-time
using the AD637 module, which performs hardware-based true
RMS conversion through continuous analog computation, as
illustrated in Fig. 9, and transmitted synchronously to acomputer
OT Processor.

Based on the updated coupling matrix, the power transfer
efficiency and transmitted power for each candidate path can
be calculated using (6) and (7), respectively. Subsequently,
the control terminal determines the optimal path that meets the
power demand with the highest transfer efficiency. Once the
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Measure and collect data from WPTN nodes
Communication: Nodes to processing unit: Coil currents 7,
Operation: calculate capacitor voltage u;

Processing unit: Consolidate known electrical parameters (R, L,

|

Identify Mutual Inductance Using Gradient Descent

)

Optimization problem: min \; £( 1) % | Tprea(M) — Lmeas ;
Parameter updates: Compute VL(M) = (‘))\L[
Vanilla: M7+ = ATk — 0, VL(MF)

Sk
Adam: mF = BymF—1 + (1-p1)VL, Mkt = ppk — e

Viokte

|

Calculate power and efficiency of each path
Matrix construction: Update coupling matrix Ly
Power calculation: Pout = i2,, Req

M — igus Req

P, Vi

Efficiency analysis: 1) =
Select path with maximum r/ while Pouf > Phin

|

Switch the topology of network nodes

Control signal distribution:

Processing unit: Send role assignment signals to all nodes
Nodes: Receive control signals and identify required roles
Topology reconfiguration:

Nodes: Switch internal topology based on assigned role
Network: Form new optimized power transfer topology

End
Fig. 10. WPTN mutual inductance identification and path optimization
flowchart.

TABLE II
EXPERIMENTAL SYSTEM PARAMETER CONFIGURATION

Vin,  0~100V f 475 kHz
Ll 37.7 N,H 01,02,03,04 3.26 nF
Ly 363uH Ri,Ro,Rs, Ry 0260
L3 35.5 uH Ry, 50 Q2
Ly 37 uH

TABLE III
CoIL CURRENT MEASUREMENTS UPON NODE INTRODUCTION AT DIFFERENT
POSITIONS (A)

Group i1 i 13 14
1 29 43 22 26
2 3.6 66 2.1 2.1
3 3.7 4 2.8 2

optimal path is identified, the control terminal assigns roles to
each node (transmitter, relay node, or decoupled state) according
to the optimization result and transmits this role information via
Bluetooth to the microcontrollers in each node, driving the nodes
to switch their circuit topology accordingly. Fig. 10 illustrates the
mutual inductance identification and dynamic path optimization
process for the WPTN.

After completing the path optimization decision, nodes not
involved in power transfer (e.g., AGV2) switch to a decoupled
state via FET switches, while relay nodes (e.g., AGV4) remain in
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Fig. 11.  Control schematic diagram.
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Fig. 12.  Four-node WPTN experimental platform.

resonance. When AGV4 leaves the network, the system triggers
a path rollback mechanism. AGV2 switches from the decoupled
state back to a relay state, reverting the power transfer path
to the original Path 1 (1— 2— 3), and AGV3 maintains a
constant power charging mode through impedance matching
during the switching process. This control strategy effectively
ensures continuous power transmission during node dynamic
changes. Fig. 11 shows the control block diagram for the de-
scribed system.

IV. EXPERIMENT

To validate the effectiveness of the proposed mutual
inductance identification method, a four-node WPTN experi-
mental platform was constructed, as shown in Fig. 12, with
system parameters provided in Table II.

Three sets of experiments were designed to simulate the
scenario where node 4 is introduced at different spatial posi-
tions. Initial coupling matrices (unit: ;H) for nodes 1-3 in each
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TABLE IV
WAVEFORMS OF PATH SWITCHING EXPERIMENTS

Path 123 Path 143 Path 1243

Switching Process Node Position

50.8183 V.
13020 A
66.168 W
511687 V
09889 A
50597 W
76.468 %
15571 W

347437 V

23485 A
81603 W
518608 V.
10060 A
52173 W
63934 %
29431 W

0.01781kW

3 3

|
Casel I
i) # % | by
[10A/div] \ Ly (i
|
/“ g

[10Adiv]

! i
i) Time|25ps/div]

3

i

[20A/div]|
3
I(1)
[10A/div]) |
4
1+(1)
[10A/div]! |

85.880 V
08101 A
0.06957kW
515291 V
09890 A
50951 W
73235 %
0.01862kW

0.8988 A
0.08889kW
51.0724 V
0.9866 A
50.376 W
56670 %
0.03852kW
Case2 hw
[10A/iv]

L))
[10A/div]

Iy "
[20A/div]

£
I5(1)
[10A/div]

14(1) »™
[10A/div]

39.6032 V
17580 A
69.982 W
552135 V.
09077 A
50060 W
71533 %

99836 V
02891 A

508054 V
13212 A
67.433 W
522441 V
09564 A
49.958 W
74086 %
17474 W

Case3 o
1ty A [10Adiv]
110Adiv] EXTENT

Time]

L) >

[20A/div]
o

JED 4

[20A/div]
S

() »
[10A/div]
a»
14(t) 7
[5A/div]

| | Time[1s/div]

experimental scenario are shown as follows:

(377 244 1.1
L= (244 363 1.9
1.1 1.9 355
[37.7 41 1.82]
Ly= |41 363 24
1.82 2.4 355
[37.7 3.22 1.23]
Ls= |3.22 363 2.74 A7)
1.23 2.74 355

When node 4 is introduced, measured coil currents at each
node are collected as shown in Table III, and transmitted to a
host computer via Bluetooth for mutual inductance parameter
identification.

Based on these currents, Table V compares measured and
identified mutual inductance parameters. Results indicate a max-
imum relative error of 5.83%, with an average error of 4.77%
across multiple identifications, validating the effectiveness of
the proposed algorithm.

Based on the updated coupling matrix, the transmission ef-
ficiency n and output power P,y for each optimal path are

TABLE V
COMPARISON OF MEASURED AND IDENTIFIED MUTUAL INDUCTANCE
PARAMETERS ACROSS DIFFERENT EXPERIMENTAL GROUPS

Measured Estimation

Group Parameters Values Values Errors
Mia 1.1 pH 1.1571 pH 5.19%
1 Moy -1 pH -1.0389 uH 3.89%
M3y 1 pH 1.0562 uH 5.62%

Mg 3.4 pH 3.5527 pH 4.5%

2 Moy 1.2 uH 1.2667 uH 5.6%

M3y 443 uH 4.2961 uH 3%
Mg 0.3 uH 0.2839 uH 5.37%
3 Moy 0.48 uH 0.452 uH 5.83%
M3y 1.78 uH 1.7094 pH 3.97%

calculated. Table VI shows the calculated transmitted power and
efficiency for each path under input voltages within 100 V.
Table IV presents the key waveforms of node currents during
path switching, along with corresponding receiver power and
efficiency. Three scenarios at different node positions were
selected, each including three transfer paths: path(l) (1— 2—
3), path2) (1— 4— 3), and path(3®) (1—2 4 — 3).
1) Case I: Path(1) dc output voltage is 35 V, node 3 power
is 52 W, efficiency is 64%; Path(2) dc output voltage is
100 V, but node 3 power does not reach 50 W; Path@ dc
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TABLE VI
COMPARISON OF POWER AND EFFICIENCY ACROSS THREE TRANSMISSION
PATHS IN DIFFERENT EXPERIMENTAL GROUPS

Performance Metrics

Group  Path
Power(W)  Efficiency (%)
123 60 71.2
1 143 7.8 44.8
1243 50 84.4
123 52 84
2 143 55 87
1243 55 76
123 57 85.1
3 143 19 75
1243 58 83

output voltage is 51 V, node 3 power is 51 W, efficiency
is 76.5%.

2) Case 2: Path(1) dc output voltage is 86 V, node 3 power
is 52 W, efficiency is 73.2%; Path(2) dc output voltage is
38 V, node 3 power is 55 W, efficiency is 80%; Path@ dc
output voltage is 99 V, node 3 power is 55 W, efficiency
is 56.7%.

3) Case 3: Path(1) dc output voltage is 51 V, node 3 power
is 50 W, efficiency is 74.1%; Path(2) dc output voltage is
100 V, but node 3 power does not reach 50 W, Path@ dc
output voltage is 40 V, node 3 power is 50 W, efficiency
is 71.5%.

By calculating the power and transmission efficiency along
different paths, the accuracy of the identified mutual inductance
and the feasibility of path optimization are further verified.
Observations indicate that the path switching process is rela-
tively smooth, with no significant fluctuations. The experiments
show an average difference of about 10% between the measured
efficiencies and the theoretical predictions, primarily due to
losses in the power converter. These results further validate
the accuracy of the proposed mutual inductance identification
method.

V. DISCUSSION

This article provides an effective solution for mutual in-
ductances identification in dynamically reconfigurable WPTN,
broadening the application scope of WPTN systems. Future
research could explore the following directions:

A. Extended Application to Dynamic Scenarios

To extend the proposed method to continuous movement
scenarios where AGVs are in motion, a dual-mode hybrid control
framework could be developed: employing high-precision iden-
tification during stationary periods and switching to fast power
regulation control during motion, where mutual inductance vari-
ations are treated as disturbances to be compensated by real-time
power electronics control. This approach would enable the sys-
tem to maintain stable power delivery while accommodating the
dynamic nature of mobile AGV applications.
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B. Applicability to Different WPTN Topologies

The effectiveness of our proposed mutual inductance iden-
tification method is fundamentally dependent on the accuracy
of the underlying WPTN mathematical model. As long as a
sufficiently precise mathematical model can be established for
any specific compensation topology, our gradient descent-based
identification approach remains applicable.

C. Multi-Parameter Identification Capability

The current model focuses primarily on mutual induc-
tance identification while treating other system parameters as
known. However, the gradient descent framework naturally
extends to simultaneous identification of multiple parame-
ters, including load resistance, capacitance variations, and fre-
quency shifts. Future work will explore comprehensive mul-
tiparameter identification to enhance system adaptability un-
der diverse operating conditions, particularly for industrial ap-
plications requiring real-time adaptation to multiple varying
parameters.

VI. CONCLUSION

This article proposed a dynamic mutual inductance identi-
fication method based on the gradient descent algorithm. By
monitoring the coil currents of nodes in the WPTN in real
time, the coupling parameter matrix can be dynamically updated
when node changes occur, either in position or quantity. This
effectively addresses the challenge of synchronous identification
of multiple mutual inductance parameters caused by network
topology changes in WPTN. The main advantages of the pro-
posed method are as follows: 1) The proposed method enables
real-time tracking of dynamic topology variations and syn-
chronous identification of multiple coupled mutual inductances,
overcoming the limitations of traditional methods in complex
network topologies. 2) Based on the dynamically identified
coupling parameters, an efficiency-oriented transmission path
optimization strategy is developed, which allows for dynamic
adjustment of network topology and optimal path reconstruc-
tion. This approach maximizes system power transfer efficiency
while ensuring power supply stability. Overall, the proposed
method breaks through the limitations of traditional methods,
providing a new approach for mutual inductance identification
and path optimization in WPTN systems with any number of
nodes.
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