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Abstract—In order to increase the transmission efficiency of
the receiving and transmitting coils of the omnidirectional
wireless power transfer (OWPT) system in all-direction wireless
transmission, and to reach the system's maximum efficiency
output under constant output power, avoiding the power losses
caused by additional DC/DC converters. This article proposes a
maximum efficiency point tracking control algorithm based on
AdamW algorithm. The system equivalent circuit model of three
transmitting coils OWPT double-side LCC compensation
network is established in this paper, and a maximum efficiency
tracking control method based on AdamW is proposed. By
changing the input voltage of the three transmitting coils and
adjusting the current of the transmitting coils, the overall
efficiency of the system can be optimized under constant power
output. The effectiveness of the OWPT maximum transmission
efficiency control method based on AdamW algorithm is verified
by experiments, which can achieve the maximum efficiency
output of the receiving coil at any position.

Index Terms— Omnidirectional WPT system, Double side LCC
compensation network, Maximum efficiency point tracking
control, AdamW algorithm.

I. INTRODUCTION

HE wireless power transfer system is frequently
employed in many situations due to its ease and
wireless cables. At present, the application scenarios of
wireless transmission include implantable medical devices,
portable electronic devices, and high-power car charging [1-
2]. Due to the relatively simple objects of wireless
transmission and the relatively stable coil positions, the
charging methods of these devices are all fixed direction or
positioning wireless transmission. However, for some special
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occasions, the position change of the receiving coil is
relatively flexible, and the general charging method of fixed
direction and position cannot effectively charge the
equipment. The issue of changeable load position may be
effectively resolved by the proposed omnidirectional wireless
transmission system.

For the current common omnidirectional wireless power
transfer system structures, there are bowl type [3], three-phase
tubular collar type [4], rectangular transmitting coil type [5],
and three-coil orthogonal type [6-7]. The characteristics of
different types of wireless transmission systems vary, while
the three-coil orthogonal type omnidirectional wireless
transmission has a simple structure and relatively easy coil
design. It is composed of three independent circular coils in a
three-phase orthogonal manner. The three coils synthesize a
new magnetic field direction for receiving coils in different
directions by regulating the current flowing through each coil
or the frequency of the current, so that receiving coils in any
direction may efficiently receive the maximum transmission
power.

However, while the switching frequency and transmitting
coil current are fixed, variable receiving coil placements will
significantly lower the system's transmission power and
efficiency throughout the process of distance variation in the
actual coil. Scholars have suggested various optimization
techniques to aim for the system's optimum transmission
power or efficiency.

Reference [8] introduces a method of fixing the working
frequency of the transmitting coil at the resonant frequency of
the coil, and proposes an equivalent load resistance matching
method. By closed-loop adjusting the voltage of the front and
rear DC/DC modules, the maximum efficiency tracking of the
system is achieved. Although adding additional DC/DC
converters may generate some additional power losses, the
closed-loop system of the maximum efficiency point tracking
(MEPT) control scheme can still achieve high overall
efficiency in a wide range of coupling coefficients and load
resistors. A scholar has proposed a WPT system that adds a
boost converter at the receiving end. Establishing a
mathematical model of the system shows that the duty cycle of
the DC/DC converter and the derivative of the inverter input
variable are constant. By adjusting the input voltage and
output DC/DC duty cycle, MEPT of the system is achieved
[9]. However, this relationship cannot be established for
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different compensation networks, and redesign is needed for
different topologies. Reference [10] proposes a pulse density
modulation (PDM) based MEPT to eliminate the problems of
hard switching, low average efficiency, large DC voltage
fluctuations, and increased power loss caused by DC/DC
controllers in phase-shifting control. But the problem is that
the modulation level of PDM cannot be too small. When the
modulation level is too small, it can lead to unstable resonance
state of the system. Moreover, when the operating frequency
of the system is low, this problem will be more obvious, and
the modulation method of PDM is more complex. The
implementation of MEPT based on on-off control uses the
low-frequency on-off duty cycle of inverters and active
rectifiers as the control degree of freedom, but there are
problems with low average efficiency and large fluctuations
[11]. The phase shift based MEPT implementation uses the
phase shift angle of the inverter and active rectifier as the
control degree of freedom, but is affected by hard switching
[12-13].

The maximum efficiency tracking control of OWPT system
is the target optimization problem of the system. Common
optimization algorithms include genetic algorithm (GA),
particle swarm optimization (PSO), simulated annealing
algorithm (SA), gradient descent algorithm (GD), stochastic
gradient descent algorithm (SGD), adaptive
estimation algorithm (Adam), etc.

The Adam algorithm is a stochastic optimization method
proposed by Diederik P. Kingma and Jimmy Lei Ba in 2015
[14], which is a stochastic objective function one step
optimization algorithm based on adaptive estimation of low
order models [15]. A parameter identification method for
underwater wireless transmission systems using the Adam
algorithm is proposed in reference [16]. The Adam
optimization algorithm is used to measure the single port
impedance at different frequencies to identify the model
parameters of the coupling coils in the wireless transmission
system.

However, the L, regularization term in Adam is not as
effective as SGD, resulting in a certain deviation in its
convergence results compared to SGD. Therefore, some
scholars have proposed a combination of Adam algorithm and
weight decay regulation method, namely the AdamW
algorithm, to ensure the accuracy of convergence [17]. The
AdamW algorithm is an optimization algorithm of the Adam
algorithm, which improves the weight decay processing
method by separating weight decay from gradient updates.
Weight decay is only applied to weight parameters and not to
bias parameters.

The traditional MEPT implementation adds DC/DC
converters on both the transmitting and receiving sides, but
adding converters on both the transmitting and receiving sides
can significantly affect the overall power of the system [18].
By controlling the three phase-shifting full bridges in the front
stage, the voltage on the load can be controlled without adding
a converter on both the transmitting and receiving sides. This
can reduce the number of switching devices, the additional

moment

power loss of switching devices, and the complexity of
control. Compared to adding a converter, using a phase-
shifting full bridge controller has lower cost and higher
efficiency.

In this paper, the current transmission power and efficiency
are obtained by detecting the power of the receiving coil and
the transmitting coils of the OWPT system. In order to achieve
the maximum efficiency output of the load under a specific
output power, a random gradient descent method based on
AdamW is proposed to track and control the maximum
efficiency. By changing the input voltage of the three
transmitting coils, the current of the transmitting coils is
adjusted. Thus, the synthetic magnetic field vector of the
transmitting coil is changed to achieve the optimal control of
the overall efficiency of the load coil under constant power
output. Meanwhile, by avoiding the addition of DC/DC
converters, the maximum transmission efficiency of the
system is greatly increased.

The specific chapters of this paper are arranged as follows:
The first part is the introduction of this paper, including the
brief introduction of the research content of this paper. The
second part is the mathematical model analysis of OWPT
system and introduces the LCC compensation network. The
third part is the principle of maximum efficiency tracking of
OWPT system and the method of maximum efficiency
tracking control. The fourth part is the experimental
verification, through the experiment to verify the maximum
efficiency tracking control method of OWPT effectiveness,
the last part is the summary of the paper.

II. MODELING AND ANALYSIS OF OWPT SYSTEM

The OWPT system consists of three inverters connected to
three transmitting coils by the compensation networks, and the
receiving coil is connected to the load through a rectifier. The
system can adjust the current flowing through the transmitting
coils by changing the input voltage of the three transmitting
coils to control the current of the receiving coil. The
information at the transmitting and receiving sides are
transmitted wirelessly. By detecting the voltage or power on
the load side, constant power and maximum efficiency point
tracking control of the entire system can be achieved.
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Fig. 1. OWPT system structure diagram.

When all coils of the omnidirectional wireless transmission
system adopt SS compensation network, due to the mutual
inductance between the transmitting coil and the receiving
coil, the current of the transmitting coil 1 is reflected back to
the transmitting coil 2 through the receiving coil. However,
when the coupling coefficient between the transmitting coil 2

Authorized licensed use limited to: UNIVERSITY OF NOTTINGHAM. Downloaded on November 19,2024 at 15:19:26 UTC from IEEE Xplore. Restrictions apply.

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Power Electronics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2024.3486048

><

and the receiving coil is small, the current on the transmitting
coil is large, and the system cannot function normally.

In order to solve the problem of system malfunction,
scholars have proposed using high-order compensation
networks such as LCC, LCL, etc. as compensation networks
for the receiving and transmitting coils. The LCC-LCC
compensation network and its tuning method are independent
of the coupling coefficient between the two coils and the load
conditions, which means that the system can operate at a
constant switching frequency. The equivalent model of the
system when using double side LCC (DS-LCC) compensation
network is shown in Fig. 2.

In Fig. 2, the Uy is the DC side input voltage, /- is the DC
side input current. U,1, Uy, and U,; are the input voltages of
the transmitting coils. 1, I,», and 1,3 are the current of the
transmitting coils. In, Ip, and I are the current of the LCC
compensation network of transmitting coils. I 4 is the current
of the receiving coil. Iy is the current of the LCC
compensation network of receiving coil. Ly1, Ly, Lp3, and Ly4
are the self-inductance of each coil. Cp1, Cp2, Cp3, and Cp4 are
the resonant capacitance of each coil. R,1, Ry, Rp3, and Rp4 are
the internal resistance of the transmitting coils. L, Lp, Ls, and
Lg are the LCC inductance. Cp, Cp, Cp, and Cy are the LCC
capacitance. The receiving side is the rectifier circuit Q41~Qus
and load R;. For the convenience of analysis, the rectifier and
load can be equivalent to R.,, which can be approximated as
Ry = 8R/m2.

ye

Fig. 2. DS-LCC compensation network of three-coil OWPT system.

Three phase-shifting full-bridge inverters are composed of
Oii- Qis, i = 1, 2, 3, sharing the same input DC power supply.
The output voltage of inverter U,i-3 can be controlled by the
phase-shifting angle of its inverter, thereby controlling the
current of the three transmitting coils.

Mia, M>s, and Ms4 are mutual inductance between the three
transmitting and receiving coils. M2, M»3, and M;3 are mutual
inductance between the three emission coils. To simplify the
analysis, assume that the mutual inductance between
transmitting coils 1, 2, and 3 is approximately 0 [19-20], and
analyze the system using a single transmitting coil 1 and a
receiving coil.

Due to the ability to achieve zero current switching (ZCS)
of the primary side switch and constant coil current output in a
LCC network [21], the design objectives of the LCC
compensation network should be

L,Cp =1/

,,i=1,2,3,4 (1)
(Li—L;)Cpi =1/ 0,

Where, wy is the resonant center angular frequency.

In the compensation network conditions of LCC, in order to
simplify the analysis, a single transmitting coil 1 and a
receiving coil are used to analyze the system. According to the
KVL equation, there are

A 0 0 jloC, | 1, U,
0 B jloC,y 0 |[14]| o0 o
0 jjoC,, C —joM,, || 1, 0
Jj]eC,, 0 JjoM,, D I, 0
Where, w is the angular frequency.
A= joL, +1/joC,
B=joL,+1/joC, +R,, +R, a)

C=joL, +1/joC,, +1/joC,,
D= jolL, +1/ja)Cf1 +1/ja)Cpl +R,
The transfer function between output voltage and input
voltage is
GDS*LCT — M14Req /]wcflcf4
2,(2,+1/ joC,,)(Z,+ joM,,)(Z, +1/ joC,,)
z,=1/2 ()
The parameters in (4) are shown in (6).
Z,=R,+joL,,
Z,=R,, +1/joC,, + jo(L,, —M,)+Z,[(1+ Z,joC,,)
Z, =R, +1/ joC,, + jo(L, - M)+ Z,joM , [(joM,, + Z,) ©)
Z,= jol, +Z,/(1+ Z,joC,,)

4)

When the system adopts the DS-LCC compensation
network, the transmission characteristic curve can be obtained
when the coupling system between coils is different, as shown

in Fig. 3 (a). |
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Fig. 3. Transmission characteristic of DS-LCC compensation network. (a)
Input current and output power. (b) Transmission power and efficiency curve.

From the output voltage and input current gain, it can be
seen that when the transmitting and receiving coils are close to
each other (larger coupling coefficient), the overall output gain
of the system has a better level at the resonance frequency,
and the output power of the system can reach a larger level
with respect to that of the SS compensation network. The
output power as well as the transmission efficiency of the
system is shown in Fig. 3 (b), it can be seen that when the
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distance between the transmitting and receiving coils is
relatively close, there is no frequency splitting in the system,
and high transmission power and efficiency can still be
achieved at the central frequency. When the distance between
coils is slightly far, the output power and transmission
efficiency will decrease simultaneously due to the small
coupling coefficient. However, by adjusting the input voltage
of the transmitting coil, power control of the receiving coil can
be achieved.

There is a certain coupling between orthogonal transmitting
coils, but the coupling coefficient between the coils is very
small. From the characteristics of the LCC-LCC compensation
network, it can be seen that when the coupling coefficient is
small, the gain of the induced output voltage is also small, so

the influence between the orthogonal coils can be ignored [19].

III. MAXIMUM EFFICIENCY POINT TRACKING FOR
OWPT SYSTEM

The characteristics of wireless Electric power transmission
based on DS-LCC compensation network are extended to
omnidirectional wireless electric power transmission. Since
the current /,4 flowing on the receiving coil is the sum of the
induced currents of the three transmitting coils, according to
this feature, the equation of state of the system is

4 0 0

pl pl
0 4, 0 B[ 1pa| |Upa .
0 0 4 Bl 1s| |U, M
joM,,  joM,, joMs  C |1, 0

The parameters in (7) is shown in (8).
4=(1/joC,,; + joL, +Rp,.)(1—Lﬁcﬁa)2)+ joL,
B=(1-L1,C 0" ) joM,,
C=joL,, +1/joC,, +R,, +D
D=(joL,+R,)/[1+joC,y (joLy+R,,)]

Where, i = 1, 2, 3. The current flowing on the transmitting and
receiving coils are

_ p,]a)M B]a)M Cj
i Z / [ 4 ©)

I :(UP,.—BIJP4 [4,,i=1,2,3

pi

®)

At this point, the output Voltage is

R,
U(,{/M[jmpﬁkm ]+21p,/a)M }[R +Jwa4J (10)

The input and output power and transmission efficiency of
the system are

an
+P

coil _rx

Where, ;= 1,,(Cj/Cpy+1= L, C0” )= 1,4C M@ , Pin s is the

input power of the transmitting coil. P is the overall loss of
the system. This mainly includes inverter loss Pi,

. . 3 . .
transmitting coil 10ss Py o = . 1, R, , receiving coil loss

P

coil _rx

=1,°R,4
the minimal impact of the internal resistance of the
compensation network on the system, P.,, was ignored in the
subsequent analysis. The losses of the transmitting coil and the

receiving coil only consider the internal resistance loss.
P, = j PR (t )dt+ Ul gston) (ton + 0 ) fo

dc 0ss fO

The main power loss of the inverter Py, is (12), which
includes the turn-on loss and the switching loss. The turn-on
loss is determined by the conduction resistance of the
switching transistor and the current flowing through it. When
the current is basically constant, the turn-on loss at this time
also remains basically unchanged. The switching loss is
determined by the switching frequency fy, the switching time
(tonttop), and the output capacitance Cog of the switching
transistor.

and compensating network loss Pcom. Due to

(12)

A. MEPT for Coil Position Changes

Fig. 4 is the schematic diagram of the load coil rotating
around the Z-axis of the transmitting coils. The three
transmitting coils of the OWPT system are 1, 2, and 3,
respectively. The transmission coils 1, 2, and 3 are
perpendicular to the X-axis, Y-axis, and Z-axis, respectively.
The angle between the receiving coil and the Z-axis is 6, the
angle between its projection and the X-axis is ¢.

z Receiving
~— i Coil
P3 TS ~

Transmitter
Coil 1

Transmitter

Fig. 4. Schematic diagram of coil position in OWPT system.

When the receiving coil rotates around the transmitting coil,
the mutual inductance M4, M>4 and Mz4 between the receiving
coil and the transmitting coils changes, i.e., the coupling
coefficients k4, ku and k34 also change, where

ki =M,/ L, . And when the coupling coefficients

between the transmitting and receiving coils are changed,
according to (11), it can be seen that the voltage on the load
can be maintained to a constant power by changing the input
voltages of the different transmitting coils.

Taking the change of the coupling coefficient of the system
when the position of the receiving coil is changed as an
example, as shown in Fig. 5, the curves of the input voltage
and constant output power 20 W of the system with different
coupling coefficients of the receiving coil and the transmitting
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coil, as well as the curves of the transmission efficiency of the
system with different input voltages under the constant output
power are shown, respectively. In Fig. 5 (a, b) k14 = 0.0345, kx4
= 0, k34 =0.In Fig. 5 (C, d) k14 = 0.027, k24 = 0.025, k34 =0.In
Fig. 5 (e, f) kia= 0.02, koa = 0.021, k3 =0.023.
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Fig. 5. The input voltage and constant output power curves of the system and
the transmission efficiency curves. (a, ¢, ) constant output power curves. (b,
d, f) transmission efficiency curves.

It can be noticed that constant power control of the output
load can be achieved by combining the input voltages when
the receiving coil is in a situation where the mutual inductance
of the three transmitting coils is not equal to 0, and constant
power of the system can be achieved at any voltage on the Fig.
5 (a, ¢, e). However, under constant output power, the
transmission efficiency of the system varies with different
input voltages. From Fig. 5 (b, d, f), it can be seen that the
maximum transmission efficiency of the system is a unique
point.

B. MEPT for Output Power and Load Changes

In order for the system to achieve constant power output
and maximum efficiency under different conditions, the
transmission characteristics of the system under different
output power and loads were also considered. Fig. 6 (a, b),
different output power, 20 W and 40 W respectively. Fig. 6 (c,
d), different load, 5Q and 20 Q respectively.

As can be seen from Fig. 6 (a), when the output power of
the system changes, the system can reach the maximum
transmission efficiency under a certain input voltage. At this

point, the coupling coefficient of the system are k14 = 0.0353,
k24 = 0.012, and k34 = 0. However, the ratio of input voltage is
different at this time. When the load changes, as shown in Fig.
6 (c, d), the output power remains unchanged, and the
proportion of input voltage when the system reaches the
maximum transmission efficiency is also different.

W 7m0 W

W 70w

X17 o1
0 Y 6.279

l/,,z 1A' 40 : ‘40 U.I/V
(©) (d)

Fig. 6. The transmission characteristics of the OWPT system under different

loads and output power. (a, b). Input voltage variation curve under different

constant output. (¢, d). Curve of input voltage and efficiency with constant
output power under different loads.

The combination of the transmitting coil's input voltage to
achieve maximum transmission efficiency is different, as
shown in Fig. 6 (b), when the positions of the transmitting and
receiving coils remain unchanged and the constant power
output is maintained under different loads. This indicates that
the maximum efficiency point is not proportional to the
current flowing through the transmitting coil, but is related to
multiple reasons.

C. Implementation of MEPT algorithm

According to the previous analysis, it can be seen that there
are various combinations of input voltage that can achieve
constant output power of the load. However, there must be a
suitable voltage combination to ensure that the system
maintains a constant power output and can achieve maximum
transmission efficiency. The search for input voltage at this
efficiency point has become an urgent issue to be addressed in
this article.

According to (11), it can be obtained that the maximum
transmission efficiency point of the system is the unique
solution, hence the maximum efficiency point tracking
problem is the problem of solving the maximum value of the
system. Optimization algorithms such as GA, SA, PSO, etc.
are widely used to solve complex optimization problems,
especially in situations where the search space is large or
traditional methods are difficult to solve. Although their goal
is to find the optimal or approximate optimal solution to the
problem, there are differences in convergence speed,
algorithm implementation methods, and complexity. However,
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these biomimetic algorithms often have high algorithm
complexity and are difficult to implement in DSP.

The AdamW algorithm based on the improved gradient
descent method is relatively easy and has good convergence
effect, and is currently widely used in neural networks. The
basic principles of the Adam algorithm are AdaGrad and
RMSProp, which combine the main advantages of the two
algorithms and also make some innovations. AdamW
algorithm adds weight decay to the Adam algorithm,
subtracting a gradient from each updated gradient to restrict
parameter values from being too large.

The AdamW algorithm is easy to implement, has high
computational efficiency, small memory requirement, intuitive
interpretation of hyperparameters, and basically requires very
little parameter adjustment. Although the current AdamW
algorithm is often used for hyperparameter optimization of
neural networks, it is essentially a kind of gradient descent
method, which 1is also suitable for traditional convex
optimization problems. Compared with other gradient descent
methods, AdamW algorithm has faster convergence speed and
is simple to realize, and can better handle sparse gradients and
naturally have annealing effect.

Its convergence speed and final convergence effect are
faster than those of conventional gradient descent techniques.
AdamW not only calculates the adaptive parameter learning
rate based on the first-order moment mean, as in the RMSProp
algorithm, but also fully utilizes the second-order moment
mean of the gradient (i.e. uncentered variance). Specifically,
the algorithm calculates the exponential moving average of the
gradient, and the hyperparameters £ and S, control the decay
rate of these moving averages. The initial value of the moving
mean and the £ and f, values are close to 1 (recommended
value), so the deviation of the moment estimation is close to 0.
The bias is improved by first calculating the biased estimate
and then calculating the bias corrected estimate.

The optimization objectives of this article are

£(0)=-1 (Uy).i=1,2,3
s.t. P = CONST

Since the input voltages of the three inverters on the
transmitting side are shared, it is impossible to adjust the input
voltages of each inverter independently. However, the output
voltage of the inverter can be controlled by phase-shifting
modulation. Output voltage U, is controlled by phase shift
angle D,;. At this time, the optimization problem of the system
becomes

(13)

f(e) = _nmin (Dp,') ,i = 1, 2,3
s.t. P = CONST

The specific implementation pseudocode of the AdamW
algorithm is shown in Table I.

Among the pseudocode, f(f) represents the transmission
efficiency of the system -#min. f{6) represents a differentiable
random scalar function with respect to parameter 6, which is
the phase shift duty D,. Firstly, initialize the optimization
parameters of the system and set the default learning rate o =

(14)

0.001, p is the exponential decay rate of first-order moment
estimation, S, is the exponential decay rate of second-order
moment estimation. @ is the initial input parameter of the
system, mo and v are the first-order moment estimation
(Momentum term) and second-order moment estimation
(RMSProp term) of the system, respectively. 7z and pare the
corrected first-order moment and second-order moment
deviation values, respectively.

The specific implementation process of AdamW algorithm
is as follows: the system is divided into 7 steps in the search
and update process.

1. Update on the number of iterations z.

2. Calculate the gradient value of the system.

3. Calculate the estimation m; of the first moment at the
current moment.

4. Calculate the estimation v; of the second-order moment at
the current time.

5. The default initial value of the first-order moment
estimation is 0. In order to reduce the bias to 0, the first-order
moment estimation value is corrected.

6. Use the same method to correct the second-order moment
estimation.

7. Calculate the gradient descent based on first-order and
second-order moment estimation, and use the same to
regularize all weights and decouple gradient descent from

weight decay.
TABLE I
PSEUDOCODE FOR ADAMW ALGORITHM

AdamW. Where g; indicates the current gradient. g indicates the
HAdamWard product g’ =g, © g, . Good default settings for the

problems are o= 0.001, #; = 0.9, 8> =0.999 and ¢ = 10, All operations on
vectors are elementwise. With S, and 5, denote 8, and /5, to the power i.
defines the rate of the weight decay per step.
Initial a: Learning stepsize

fi1, B2 € [0, 1): Exponential decay rates for the moment
estimates
f(0): Stochastic objective function with parameters 8, where f{0)
means -7

6y: Initial parameter vector

myg <— 0 (Initialize 1st moment vector)

vy «— 0 (Initialize 2nd moment vector)

i < 0 (Initialize timestep)

6, not converged do

i<i+l

while

g < V,f.,(0) (Get gradients w.r.t. stochastic objective at
timestep 7)

m; « Bm_ +(1-f)g, (Update biased first-order moment
estimate)

v, < By, +(1-5,)g’ (Update biased second-order moment
estimate)

n, <—m; / (l -p! ) (Compute bias-corrected first-order moment
estimate)

v, <V, /(1 - ﬂZ‘) (Compute bias-corrected second-order
moment estimate)

6, «6_, —am, /(\/§+ g) — A0, (Update parameters)

end while

return _ 0; (Resulting parameters)

The AdamW algorithm carefully picks the step size when
updating rules, which is an important characteristic. The
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momentum term estimates the mean value of the gradient,
gradually canceling out the positive and negative step sizes of
the gradient in the wvertical direction, and gradually
accumulating the step sizes in the horizontal direction,
minimizing oscillations and accelerating the learning rate. The
RMSProp concept is that for gradients with high fluctuations,
their variance is also large. Therefore, the gradient for gradient
descent is calculated by dividing the gradient by the square
root of the second-order distance, which likewise reduces the
step size on the vertical axis while increasing the step size on
the horizontal axis.

Fig. 7 shows the convergence curves of GD algorithm and
AdamW algorithm at the same initial learning step size. Fig. 7
(a) is the convergence curve of power from 0 to a constant
output power, and (b) is the efficiency convergence curve,
ultimately converging to the maximum efficiency point. At
this point, the coupling coefficient of the system are k4 =

0.0353, k24 = 0.012, and k34 =0
Gradient Descent Gradient Descent
—— AdamW —— AdamW

400

7%

L;Z/V o0 Lpl/V Upz/V o0 U |V

1
(a) (b)

Fig. 7. The Convergence curves of GD algorithm and AdamW algorithm at

the same initial learning rate. (a) power convergence curve. (b) efficiency

convergence curve.

Fig. 8 shows the curve of system convergence speed and
error. By comparing the convergence speeds of gradient
descent algorithm, RMSprop, Adam, and AdamW, it can be
seen that AdamW algorithm has a faster convergence speed
and better performance compared to other algorithms.

—— Gradient Descent
o —— RMSprop

Adam
AdamW

Error (%)

0 0.5 1 1.5 2 25 3
Time

Fig. 8. The Convergence curves of GD, RMSprop, Adam and AdamW
algorithm at the same initial learning rate.

Compared to traditional gradient descent methods, AdamW
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Fig. 9. The overall control block diagram of the system.

Tx Coil 1

introduces first-order moment and second-order distance
estimation by combining RMSProp and Momentum, which
can be seen as an estimation of the gradient's signal-to-noise
ratio (SNR). SNR wusually gradually decreases until it
approaches 0 with training, resulting in a smaller effective step
size and achieving automatic annealing of the step size.

IV. EXPERIMENTAL VERIFICATION

The overall control block diagram of the system is shown in
Fig. 9. The phase-shifting inverters of three transmitting coils
share one input DC source. The receiving side sends data to
the transmitting side through a wireless data transmission chip.
The transmitting side tracks the maximum efficiency point
using the AdamW algorithm, adjusts the duty cycle of the
three phase-shifting inverters, and changes the current of the
transmitting coils.

In order to ensure the correctness and feasibility of the
proposed method, an experimental prototype of OWPT was
constructed in this paper, as shown in Fig. 10. The inverter on
the transmitting side of the experimental platform is a three-
phase full-bridge composed of SiC devices, and the receiving
side is a synchronous rectification circuit composed of SiC
devices. SiC MOSFET is C2M0080120D from Wolfspeed.
The driver of MOSFET is TI's UCC21520. The main
controller is a DSP with a model of TMS320F28379D. The
transmitting and receiving sides communicate wirelessly by
Bluetooth, and the Bluetooth chips are ESP32C3 from
Espressif. The specific parameters of the experimental
platform are shown in Table II.

LCC board

illoscope

Rectifier and
ESP32C3

Fig. 10. DS-LCC OWPT experimental platform.

In order to verify the effectiveness of the proposed
algorithm, the three receiving coil positions in Fig. 11 are
compared, and the maximum transmission efficiency is

Rx Coil

lU,,(. llm U, |1

P,
P
MEPT control based on = = Output power
AdamW algorithm LT il calculation
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obtained when the receiving coil maintains a constant 20 W

output power and achieves a constant power output.
TABLE IT
EXPERIMENTAL PLATFORM PARAMETERS

Symbol Quantity Value

Transmitting and Receiving 108.8 uH, 108 uH,

Lpts Ly Ly, L coils self-inductance 107 pH, 107.03 pH : - ©

Ln. Lo La, L Seriqs compensation 5 pH, 5.1 pH, Fig. 11. Different receiving coil positions of OWPT system. (a, b, c)
s Sf2 S S inductance 5 uH, 5 uH o : s :
. . ML o 1 Receiving coil at position P(1), P(2) and P(3), respectively.
Cp, Cay Cp, Ca Series compensatlon 125.2 nF, 126.6 nF,
T e capacitance 125.2 nF, 126.3 nF A. Steady-state characteristic
Transmitting and Receiving 549 nF. 6.02 nF . .
Cor, Gy Gy, Cig coils series compensation OE Sl The experimental waveforms of the system at position P(1),
capacitance ' o P(2), and P(3) are shown in Fig. 12.
R,;l, R,;z, R,;}, R,,4 Coil internal resistance 0.15Q 1 POSitiOn P(l) (¢= 0 o 6= 90 o d — 25 cm)
C, Output capacitance 220 uF . DN D i
R, Load resistance 50 When the receiving coil is at position P(1), after AdamW
Use DC side input voltage 38V algorithm converges, the waveforms of the output voltages u,;,
o Load voltage 10V the current in of the inverter 1, the currents iy, of transmitting
Pioaa Output power 20W d .. il d th 1 f the load
£ Switching frequency 200 kHz an rec.elw.ng colls, and the output voltage u, of the load are
r Coil radius 12.5cm shown in Fig. 12 (a).
N Number of coil turns 17 At this time, the system is powered by the transmitting coil

The position information of the receiving coil at position | for the load coil resistance. The RMS current values of the
P(l) is ¢=0°, 6=90° d =25 cm, the information at position  transmitting coil are 1,1 = 2.9 A, I,, = 0.1 A, I,; = 0.1 A, and
P(2) is ¢ = 45°, 0= 90°, d = 25 cm, and the information at  the receiving coil current /4 = 1.8 A. The voltage on the load
position P(3) is ¢=45°, 8=90°, d = 28 cm. u, ~ 10.0 V. The input power of the system is 27.4 W, the

‘ output power is 20.0 W, and the overall transmission
efficiency of the system is 72.9 %.

2. Position P(2) (p=45°,0=90°,d =25 cm)

When the receiving coil is at position P(2), after AdamW
algorithm converges, the waveforms of the output voltages up,
the current s of the inverter 1, the currents i, of transmitting
and receiving coils, and the output voltage u, of the load are
shown in Fig. 12 (b).

At this time, the coil is located between two transmitting
coils, and the maximum transmission efficiency can be
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Fig. 12. The experimental waveforms of receiving coil at different positions. (a, b, ¢) Receiving coil at position P(1), P(2) and P(3), respectively.

Authorized licensed use limited to: UNIVERSITY OF NOTTINGHAM. Downloaded on November 19,2024 at 15:19:26 UTC from IEEE Xplore. Restrictions apply.
© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Power Electronics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2024.3486048

> <

achieved through the simultaneous power supply of the two
transmitting coils. The RMS current values of the transmitting
coil are [,; = 2.0 A, I, = 1.8 A, [,3= 0.1 A, and the receiving
coil current 7,4 =~ 1.8 A. The voltage on the load u, = 10.0 V.
The input power of the system is 26.9 W, the output power is
20.0 W, and the overall transmission efficiency of the system
is 74.4 %.

3. Position P(3) (p=45°, 8=45°,d =28 cm)

Also at position P(3), the current of coils are /,; = 2.0 A, I,»
~21A,[3=24A, I,4= 1.8 A, and the output voltage u, =
10.1 V, as shown in Fig. 12 (c¢). The input power of the system
is 30.4 W, the output power is 20.4 W, and the overall
transmission efficiency of the system is 67.1 %.

At this time, power is supplied to the receiving coil through
three transmitting coils, but the transmission efficiency of the
system decreases due to the distance between the receiving
coils.

B. Dynamic characteristic

In order to satisfy the different expected output power of the
system and the constant power output under different loads,
when the receiving coil at P(3), the dynamic characteristics of
the system algorithm are verified by the sudden change of the
expected power and the sudden change of the load.

1. Power sudden change characteristics.
?OO Xms 500 ms
Upi~ i Upl, =
T T Y

i(10A/div)

u(20V/div)

i(10A/div)
i(10A/div)

- z
< S
s =
z ! 3
= u | =
RN 2
g | %

[

I I

t (500ms/div)
(@) (b)

Fig. 13. System dynamic performance under AdamW algorithm. (a) Power
sudden change waveforms. (b) Load sudden change waveforms.

Fig. 13 (a) shows the search process of output power sudden
change from 20 W to 40 W while the load is 5 Q. The RMS
current values of the transmitting coil are [,; = 2.0 A, [,» = 2.1
A, I3 = 2.4 A, and the receiving coil current 7,4 = 1.8 A when
the output power at 20 W. [,1 =29 A, [, =29 A, [,3=34 A
and /4 = 2.3 A when the output power at 40 W.

The convergence time of the system is about 500 ms, the
stable output voltage u, changes from 10.1 V to 14.2 V. The
output power of the system changes from 20.4 W to 40.3 W,
and the input power changes from 30.4W to 60.2 W. The
efficiency of the system is 66.9 %.

2. Load sudden change characteristics.

Fig. 13 (b) shows the change process of system load from 5
Q to 10 Q when the constant power output is 40 W. The RMS
current values of the transmitting coil are [,1 = 2.9 A, [,» = 2.8
A, I3 = 3.4 A, and the receiving coil current /4 = 2.3 A when
the load is 5 Q. [,1 = 2.2 A, [p = 2.1 A, [,3 =25 A and [y =
3.1 A when the load is 10 Q.

The convergence time of the system is about 500 ms, and
the stable output voltage u, changes from 14.2 V to 20.3 V.
The output power of the system is 40.3 W and becomes 41.2
W basically unchanged. The input power changes from 60.5
W to 54.1 W. The efficiency of the system is 76.2 %.

This is consistent with the analysis in part III section B.
MEPT for load changes. When two or more coils supply
power to the receiving coil at the same time, the optimal
transmission efficiency of the system can be achieved by
combining the transmitting coil current sizes.

3. Dynamic characteristic with GD algorithm.

In order to compare the dynamic performance of different
algorithms, experiments were also conducted to verify the
power and load mutations of the GD algorithm. The
experimental waveform is shown in Fig. 14. When the output
power suddenly changes in Fig. 14 (a), the convergence time
of the GD algorithm is about 1.5 s. When the load size
suddenly changes in Fig. 14 (b), the convergence time of the
GD algorithm is about 2 s. At the same initial step size, the
convergence speed of GD algorithm is slower compared to
AdamW algorithm, which is consistent with the simulation
results. But both algorithms can achieve stable final output
voltage.

2000 ms

1500 ms

SRR
I
|
|
I
|

0 )
AR
I
I

|

i(10A/div)
i(10A/div)

) z
<] =
< <
S S
z z
=z T
> >
(=3 =3
N o
¥ | E
! 1
£ (500ms/div) £ (500ms/div)
(a) (b)

Fig. 14. System dynamic performance under GD algorithm. (a) Power sudden
change waveforms. (b) Load sudden change waveforms.

C. Transmission characteristic
In order to verify the transmission characteristics of the
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system, by stabilizing the output power to constant power 20
W output, select the receiving coil at different positions for
measurement. In order to maximize the output power of the
whole system, the input voltage of the transmitter coil is
controlled by AdamW algorithm to adjust the current of the
transmitter coil on the transmitting side, so as to achieve
constant power control and maximum efficiency control of the
load. The transmission efficiency curve of the system is shown
in Fig. 15. When the receiving coil is in different positions, the
output power of the system can achieve a constant output.

N
< 50

&

. —e—P(I), P =20W

15 —o—P(2),P =20W

» o
2 P(1), P, = 40W
d/em 0 P(Q2), P, = 40W

Fig. 15. Distance and transmission efficiency change curves at different
output power, with the receiving coil in position 1 and 2 directions.

When the distance between the transmitting coil and the
receiving coil is 15 c¢m, the maximum transmission efficiency
of the system can reach 84.84%. As the distance between the
coils increases, the maximum transmission efficiency of the
coils decreases gradually. When the distance between the
receiving coil and the transmitting coil is the same, the
maximum transmission efficiency obtained is basically the
same even if the receiving coil is at different positions (such as
positions P(1) and P(2)).

35 P
d/cm P

(a) (b)
Fig. 16. Constant power output under the different distance of the output
power, system loss and the input power. (a) P, =20W. (b) P, =40W.

Fig. 16 shows the system output power, system loss and
input power at different distances in P(1) and P(2) directions.
It can be seen that when the receiving coil distance gradually
increases, the coupling coefficient of the system also
decreases, and in order to make the load receive a constant
output power, it is necessary to increase the input DC voltage
to increase the current of transmitting coil. However, as the

10

current increases, the transmitting coil's coil loss and the
inverter's power increase, reducing overall transmission
efficiency.

85
100
90 80| e—s d=15cm
X s0f = — d=20cm
s 75— d=25em
60 —— d=30cm

—— d=35cm

wl4
w8 ¢/ deg

Fig. 17. Transmission efficiency curve of the system at different coil angles
and transmission distances.

The efficiency tracking results of the receiving coil at
different angles and transmission distances are plotted, as
shown in Fig. 17. Due to the polar coordinate representation of
the position of the receiving coil in space, where 6 represents
the angle with the Z-axis and ¢ represents the angle with the
X-axis, as shown in Fig. 4. From Fig. 17, it can be seen that
when the transmission distance of the receiving coil is
constant, the transmission efficiency of the receiving coil
varies slightly at different spatial angles, which is related to
measurement errors and the direction of the synthesized
magnetic vector of the coil. However, the transmission
efficiency is basically the same at the same transmission
distance. In addition, the transmission efficiency of the system
mainly depends on the distance between the coils. As the
transmission distance increases, the efficiency decreases.

Table III shows the comparison of transmission
performance of some current omnidirectional wireless
transmission systems. Compared with other power control
methods, this paper has a better effect in tracking and
controlling the maximum efficiency point under constant
power output.

V. CONCLUSION

Based on the OWPT mathematical model, this paper
analyzes the relationship between the input voltage,
transmission power and transmission efficiency of the system.
This work proposes a maximum efficiency point tracking
control method based on AdamW algorithm. By detecting the
output power of the system and adjusting the voltage on the
input side, the maximum transmission efficiency and constant
power of the system is obtained simultaneously. The
experimental part verifies the static transmission
characteristics and dynamic transmission characteristics of the
system which can achieve maximum efficiency in any
direction within 500 ms, proving the effectiveness of the

TABLE III
PERFORMANCE COMPARISONS OF OWPT SYSTEM
Reference Power Efficiency Type Traljlsmltte'r ar_ld Distance
receiver coil size
[22] 37.08 W 70.39 % Cylindrical orthogonal transmitter 328, 150 mm -
[23] - 60 % Cubic spiral transmitter 120, 20 mm 150 mm
[24] 20W 85 % Spherical orthogonal receiver 180, 180 mm 110 mm
[25] 36.9 W 30.6 % Cylindrical orthogonal transmitter with multi receiver 328, 98 mm 210 mm
[26] - 70 % Spherical orthogonal transmitter with multi receiver 400, 100 mm 100 mm
This work 20 W 84.84 % Spherical orthogonal transmitter 250,250 mm 150 mm
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maximum efficiency tracking method based on AdamW
algorithm. Compared to traditional methods of adding DC/DC
converters, the MEPT algorithm of OWPT system based on
AdamW algorithm proposed in this paper can effectively
improve the transmission efficiency of the system, and the
highest efficiency can reach 84.84% at a transmission distance
of 15 cm.
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