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ABSTRACT: In the complex marine environment, the receiver is susceptible to the influence of water flow, which will cause the mutual
inductance to fluctuate, thus affecting the stability of the output current. Therefore, aiming at the problem that the coil is prone to offset,
this paper proposes a constant current charging output control method for a wireless power transmission system based on parameter iden-
tification. Firstly, a method of mutual inductance parameter identification is introduced in detail. Only by measuring the effective value
of the current at the transmitting end, the equivalent equation of mutual inductance and current can be established. Aiming at solving
complex mathematical equations, the results of mutual inductance identification are obtained from high-order equations by combining
with particle swarm optimization algorithm. Secondly, on this basis, a constant current control method for fast calculation of the con-
duction angle based on the above identification method is proposed. The calculation process of the conduction angle is derived, and the
working principle of the constant current charging control is introduced in detail. Finally, this paper completed the construction of the
experimental platform and carried out relevant experimental verification. The results show that the error of the parameter identification
method proposed in this paper is within 3%, and the constant current output control of the system can be realized in the case of mutual
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inductance disturbance.

1. INTRODUCTION

nderwater electromechanical equipment has shown very
Uimportant application value in the fields of marine explo-
ration, ocean development, and hydrological monitoring. As
the main power source of underwater electromechanical equip-
ment, the transmission mode of electric energy has become a
major problem. The traditional underwater power transmission
mainly adopts the wet insertion method, and the power is trans-
mitted through the metal wire. The underwater environment
will lead to corrosion and aging of metal wires, shortening the
service life, and this wet plug interface has many disadvantages
such as complex docking, high cost, and short service life.

Wireless Power Transfer (WPT) technology has gradually re-
placed some traditional power supply methods with the advan-
tages of low maintenance cost, high reliability, and good water-
proof [1-6]. However, underwater receiver is easy to shift with
the influence of water flow, which will cause the mutual induc-
tance to change, resulting in a sudden change in the charging
current of the battery and reducing the service life of the bat-
tery. Therefore, it is necessary to study the constant-current
(CC) charging control strategy.

In the current constant current control strategy, according to
the position of the controller, it can be divided into transmit-
ter control method and receiver control method. The control
method of the receiving end is to add a DC/DC converter or use
an active rectifier to realize the CC charging control of the sys-
tem at the receiving end [7—11]. Receiving-side control can be
performed without bilateral communication. However, on the
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one hand, DC/DC converters will increase the volume, weight,
and cost of the receiving side. On the other hand, active rec-
tification requires complex control methods and hardware cir-
cuits. However, for space-constrained Autonomous Underwa-
ter Vehicle (AUV), the receiver module should be as compact
and lightweight as possible to achieve long mileage and high
performance [12]. Therefore, compared with receiver control
strategy, transmitter control strategy is more suitable for AUV
and other underwater electrical equipment. When the primary
side control is adopted, bilateral communication is usually re-
quired [13], but underwater communication is susceptible to
electromagnetic interference and other effects. In order to solve
this problem, people have carried out parameter identification
without communication [14-20].

In [14], the mutual inductance value is estimated by measur-
ing the input current value flowing through the inverter, the cur-
rent value flowing through the transmitting coil, and the phase
difference between the two, so as to adjust the conduction angle
and realize the CC charging control of the system. This control
strategy needs to design a circuit to calculate the phase differ-
ence, and the implementation process is more complicated. In
[15], mutual inductance value is identified by pure mathemati-
cal analysis method, and the input voltage is adjusted to realize
the CC charging control of the system when the mutual induc-
tance changes from 13 uH to 17 uH. This control strategy de-
pends on a large number of mathematical operations. In [16],
charging current is inferred only by the electrical information at
the transmitter, and then the CC charging control of the system
is realized by using the shift control. This control strategy elim-
inates the traditional mutual inductance and load identification
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process, but requires additional laminated magnetic couplers.
In [17], mutual inductance decoupling is realized through cir-
cuit parameter design. On this basis, genetic algorithm is used
to calculate the required operating frequency of CC charging,
and constant current charging is realized by changing the op-
erating frequency. In [18], non-communication mutual induc-
tance identification is realized by making the system work at
two non-resonant frequencies, and system CC charging control
is realized on this basis. This strategy requires two frequen-
cies and increases the workload. In [19], the charging state of
the battery load is calculated according to the obtained voltage
and current information of the transmitter, and the CC charging
control of the system is realized by using the hybrid topology.
In [20], the mutual inductance is identified by using the pri-
mary side detection circuit. On this basis, the two topologies
are switched to realize the CC charging control of the system.
However, the above method requires multiple control switches,
which will increase the complexity of system control.

In transmitter control method, system CC charging is real-
ized by adjusting the DC/DC duty cycle [21,22] or system fre-
quency [23, 24] and the phase shift angle of the full-bridge in-
verter [25,26]. Transmitter control method can make up for the
lack of space demand brought by the receiver control.

1) Duty cycle adjustment [21,22]: In [21], bilateral synchro-
nization is realized by extracting the switching frequency, and
impedance tuning control is realized by adjusting the duty cycle
of the DC/DC converter, so as to realize the system CC control.
In [22], by adding a voltage stabilizing circuit at the transmit-
ting end and switching the topology according to the mutual in-
ductance value, the 10 W constant power output of the system
is realized. During the experiment, the output power fluctua-
tion of the system is within 5%. However, the above method
requires additional circuits, which increases the cost, volume,
and weight of the system.

2) Frequency regulation [23, 24]: In [23], two non-operating
frequencies are used to supervise the mutual inductance in the
front end, which reduces its sensitivity to parameter offset. Pro-
portion Integral (PI) control is used to realize CC charging con-
trol. The equipment is simple, but it is suitable for static charg-
ing. In [24], by improving the genetic algorithm and setting
up a penalty mechanism, the operating frequency of the system
CC charging is solved, and system CC output is realized by
changing the operating frequency. However, the disadvantage
of frequency regulation is the need to replace different system
frequencies, which makes system analysis and control compli-
cated.

3) Phase shift control [25,26]: In [25], by using wireless
communication module, output voltage value is fed back to the
transmitter, and then conduction angle is adjusted, so as to re-
alize the CC charging control of the system. In [26], the ra-
dial basis function neural network is used to measure the load
side current and change the conduction angle to realize the CC
control of the system when the mutual inductance fluctuates
rapidly. However, these control methods require bilateral com-
munication.

In summary, in constant current charging control method,
most of them need to use parameter identification, and the pa-
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rameter identification process in the transmitter control method
mostly requires bilateral communication. The wireless com-
munication module will increase additional hardware and soft-
ware costs. Therefore, this paper proposes a constant current
output control method based on mutual inductance parameter
identification. In the absence of communication, the mutual
inductance value is identified, and on this basis, the inverter
bridge shift angle is controlled to realize the system CC charg-
ing control. The main advantages of this paper are summarized
as follows:

1) The parameter identification process in the control pro-
cess does not require bilateral communication. It can be accu-
rately estimated only by measuring the electrical quantity at the
transmitter. This provides an idea for parameter identification
in specific applications such as underwater and aerospace that
are not suitable for wireless communication.

2) By controlling the conduction angle of the inverter, the
CC charging control is realized; the voltage stabilizing circuit
in the traditional system is reduced; the system cost is reduced;
and the control process is simple.

3) Combined with particle swarm optimization algorithm,
compared with the traditional particle swarm optimization al-
gorithm method which needs to collect the current phase, the
particle swarm identification in this paper does not need to col-
lect the phase, eliminating the phase calculation circuit.

The rest of this article is as follows. In the second section, the
system circuit model is established to analyze the influence of
parameter changes on system performance. In the third section,
the parameter identification process and constant current charg-
ing control method are introduced, and the identification results
and control methods are verified by simulation. The fourth sec-
tion gives experimental verification and analysis. Finally, the
fifth section puts forward the conclusion.

2. CIRCUIT CHARACTERISTIC ANALYSIS OF WPT
SYSTEM BASED ON LCC-S TOPOLOGY

In previous studies, four basic topologies have been widely
used, among which S-S topology has been widely used because
of its simple structure [26]. However, when the coil offset is
too large, the S-S topology has overcurrent, which is not con-
ducive to the safe operation of the system [27-30]. Therefore,
people began to turn their attention to high-order topologies.
LCC topology can avoid overcurrent when the mutual induc-
tance decreases greatly, which ensures the safety of the system.
Therefore, the LCC-S topology shown in Fig. 1 is selected in
this paper, which consists of DC power supply V;,,, controllable
inverter bridge, topology, rectifier bridge, and load Ry,.

In order to facilitate the system analysis, a simplified equiv-
alent circuit is built as shown in Fig. 2. Among them, Cp, C},
and C, are compensation capacitors; L, and L are the self-
inductance of transmitting coil and receiving coil, respectively;
Rra1, Rip, and R, are the parasitic resistance of each coil. The
mutual inductance between coils is M. The equivalent load is
R, and the calculation formula of equivalent voltage source U,
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FIGURE 2. Fundamental equivalent circuit of LCC-S system.

TABLE 1. Electrical parameters of the system.

Parameter L, Ry, L, Rprs Cyp Ci Cs L Ry U f
Value 144pH  109mQ 146puH  100mS2 24nF 103nF 24nF 34puH 102 24V  85kHz
and equivalent load R is as follows: Since the voltage in front of the rectifier bridge is a square
wave, the output voltage and current to the load are as shown
2\/5 e il’l (6)
U1 = 7Uln sm — (1) :
m 2
8 . /2
R = ﬁRL (2) Uout — 4 U2
(6)
where « is the conduction angle of the inverter. According to J— Uout
Kirchhoff’s theorem, the circuit equation is written as follows: out Ry,

. . 1
Ur=Rr1+jwlq) Iin+ (RLP—I—ijP—l—ijP) I,

+jwMI
R jwLy,+—+ | L+ jwMIs=—+ (L;nn—1,
( LptJw p+ijp> pHIw jwCy ( »)
Ry 1, = (Rpotjwlyt ——) I+ jwM]I
- s = s Whst+——~ s w
L LsTJ] JwC, J P
When the system resonates:
1 1 1
w “)

- \/L101 B \/LSCS - \/(LP _Ll)cp

Therefore, the output voltage, output power, and efficiency of
the equivalent circuit are shown below [13]:

(wM)? 1
A=Rp, +
ke R+RL5 (w01)2 RLl
MU, R
Uy =
C1Rr1(R+ Rps)A
) 5)
b (M)’R
o' C2R2 (R + Rps)2A?
3 (ULM)* R
T AR+ Ryy) [w2C?RLA (R + Ris) — 1]
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Starting from (5) and (6), when the system parameters are
fixed, the output voltage and current of the system will be af-
fected by M and Ry. In charging stage, it is mainly in the
constant current charging stage. Therefore, according to the
experimental platform, the experimental parameters shown in
Table 1 are used to draw the curve of the output current of the
WPT system with the mutual inductance of the coil and load as
shown in Fig. 3.
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FIGURE 3. I, varies with M and Ry,.

It can be seen from Fig. 3 that when the system input volt-
age U,,, and other parameters are fixed, the output current of the
system increases with the increase of mutual inductance and de-
creases with the increase of load, which indicates that mutual
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inductance and load have an important influence on the output
current of the system. However, in the process of underwater
charging, the charging equipment is more likely to be offset by
factors such as water flow fluctuation, so that the mutual induc-
tance is easy to change. Therefore, this paper mainly studies the
CC charging control with mutual inductance disturbance.

3. CONTROL STRATEGY OF WPT SYSTEM BASED ON
PARAMETER IDENTIFICATION

In order to realize CC charging control without communica-
tion, this paper adopts the control method based on mutual in-
ductance parameter identification, and the control diagram is
shown in Fig. 4. The working principle is as follows. Firstly,
the input electrical information is collected for parameter iden-
tification. Secondly, the conduction angle corresponding to the
constant current output is calculated according to the identifica-
tion results. Finally, the current conduction angle is adjusted to
the constant current conduction angle to realize the CC charg-
ing control of the system.
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FIGURE 4. Schematic diagram of the proposed control strategy based
on parameter identification.

3.1. Analysis of the Relationship Between |I;,| and M

Starting from the equivalent circuit of Fig. 2, the equivalent
impedance Z; of the secondary side can be expressed as:

1
Zs =R+ Rps+ jwLs + - (7
jwCy
The equivalent impedance Z,, can be expressed as:
1 w2 M?

Z,=R jwL, + ——— 8
D Lp+.7w p+jwcp+ Zs ()

The equivalent impedance Z. can be expressed as:

Z
e= T ©
JwCiZ, +1
The system input impedance Z;,, can be expressed as:

Zin = ZC +ij1 —+ RLl (10)
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Therefore, the system input current I;,, can be expressed as:

U;
Zin

From (7) to (11), the functional relationship between the in-
put current of the system and the mutual inductance between
the coils is expressed as follows, where |I;,,| is the input cur-
rent calculation modulus, X;,, the imaginary part of Z;,,, and
R;, the real part of Z;,,.

Ui
VXL VR,

Based on the trigonometric function, the current modulus is
equal to the effective value, so the input current modulus can be
measured by the actual circuit, which is I;;, meq. Further, the
relationship between the input current and the mutual induc-
tance and load is plotted as shown in Fig. 5, and the parameters
used are shown in Table 1.

It can be seen from Fig. 5 that when the load is constant,
the only mutual inductance value can be identified by measur-
ing the effective value of the input current, so the parameter
identification can be realized without communication. Further,
because of the use of pure mathematical operations, the calcu-
lation process is complex, so in order to simplify the identifi-
cation process, this paper uses the particle swarm optimization
algorithm to solve it.

|Lin| = f (M) = (12)

3.2. Tracking Based on Particle Swarm Optimization Algorithm

In the process of parameter identification, the fitness function
of the traditional particle swarm optimization algorithm often
needs to collect the current phase, which requires the design of
additional phase calculation circuit, and when the system works
at high frequency, the phase sampling accuracy will be chal-
lenged. Therefore, on this basis, this paper realizes the phase-
independent parameter identification process by modifying its
fitness function. The identification principle is shown in Fig. 6,
and the specific control process is as follows:

1) Design population size, number of iterations and range;

2) Current effective value acquisition;

3) Calculate the fitness value of particles. The fitness func-
tion of this paper selects the error function of the effective value
of the output current of the system model and identification
model. The function expression is as follows:

— Lin (n)] (13)

4) Compare the particle fitness value with the individual ex-
treme value, and on this basis, compare with the group extreme
value;

5) Update the speed and position, and deal with the boundary
conditions.

€= |Iin_mea

G-y
G
(14) is the dynamic inertia weight coefficient formula, and wax

and wn;, are the weights.
6) To determine whether the end. If yes, the output optimiza-
tion results, otherwise return 3) continue to optimize.

w = (wmax - wmin) + Wmin (14)
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FIGURE 5. The relationship between I;,, and (M, R): (a) Three-dimensional graph under 1.2 A constraint; (b) Top view under the constraint of 1.2 A.
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FIGURE 6. The principle diagram of parameter identification control
strategy based on particle swarm optimization algorithm.

3.3. Novel Control Method Based on Fast Calculation of the
Conduction Angle

When the mutual inductance is identified by the parameter iden-
tification method, the fast calculation of the conduction angle
can be used to realize the CC charging control. The relation-
ship between equivalent input voltage U; and equivalent output
voltage U, can be obtained from (5) and (1), as shown in (15).
By combining (1), (6), and (15), the sin («/2) shown in (16)
can be obtained. Furthermore, the conduction angle « of con-
stant voltage charging can be expressed by (17), where « is the
conduction angle of the inverter corresponding to the constant
current output in the case of M disturbance.

_ U2CiRpi(R+ Rps)A
U = MR (15)
2 SR
. (% ™ ClRLl ( 7.|.2L + RLS) AIout
() - O G
2C Ry (8B + Ry, AL,
o = 2 - arcsin (W ! L1(87[}m—;\_4 Ls) ! 17)

Further, according to the parameters of the experimental plat-
form, the relationship between the output current and the mu-
tual inductance and the conduction angle is obtained by using
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the parameters of Table 1, as shown in Fig. 7. In Fig. 7(a), the
red plane is the 1.2 A target output current in the constant cur-
rent charging control, and the blue surface is the relationship
between the actual output current and the mutual inductance
M and the conduction angle .. It can be found that there is
a black common intersection line between the red plane and
blue surface. This shows that a constant current output of 1.2 A
can be achieved at any point on the black intersection into (17).
In order to more clearly see the relationship between the two,
Fig. 7(a) is projected onto the plane (M, «) to obtain the top
view shown in Fig. 7(b). The black curve is the projection
of the intersection of the red plane and blue surface. Starting
from Fig. 7(b), in the case of known mutual inductance, the CC
charging control of the system can be realized by changing the
conduction angle of the inverter bridge required for CC charg-
ing.

In summary, the flowchart of the constant voltage output
control method in this paper is shown in Fig. 8. The workflow
of this paper is as follows:

1) Collect the input current I;,, to identify the mutual induc-
tance;

2) Bring the identification results into (17) to calculate the
conduction angle «;

3) The driving circuit generates the corresponding target con-
duction angle according to the command signal, and performs
CC charging control.

4. EXPERIMENTAL VERIFICATION

In order to further verify the feasibility of the proposed method,
an experimental platform is built as shown in Fig. 9, and the
parameter identification and constant current output are exper-
imentally verified. The experimental platform includes DC
power supply module, single bridge inverter and drive power
supply, DSP control unit, primary and secondary compensation
network, acquisition module, transmitting and receiving coils,
uncontrollable rectifier bridge module, electronic load, etc. The
electrical parameters of the system are shown in Table 1.
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4.1. Parameter Identification Verification

In order to verify the accuracy of parameter identification, this
paper experimentally verifies the two topologies under differ-
ent horizontal offsets. Fig. 10 shows the comparison between
the estimated mutual inductance value and real mutual induc-
tance value under different horizontal offsets, where the blue
curve is the mutual inductance estimated by parameter identifi-
cation, and the red curve is the estimation error. It can be seen
from Fig. 10 that the estimated value is close to the real value,
and the maximum error is 2.7%. The reason for the error may
be the change of electrical parameters caused by the measure-
ment error and offset of some electrical parameters, such as the
inductance value of the coil and the inductance value and capac-
itance value of the compensation network, and the fluctuation
of the self-inductance of the transmitting coil during the offset
process. At the same time, the measurement deviation of WPT
primary side electrical may also be one of the reasons, so the
parameter identification method has good accuracy in the case
of coil offset.

4.2. Constant Current Control Verification

In order to verify the accuracy of the constant voltage control
method proposed in this paper, the experimental load is set to
10 €2, and the proposed method is experimentally verified under
different offset conditions. The experimental results are shown
inFig. 11. In Fig. 11(a), the change of the electrical information
of the system is shown when the mutual inductance changes
from 26 uH to 37 uH. Among them, the blue line is the load
charging current, and the orange curve and purple curve are the
input voltage and current of the inverter, respectively. Further,
in order to more clearly see the changes in the amount of elec-
trical information, the changes in the amount of electrical in-
formation when the mutual inductance is 26 pH and 37 uH are
shown in Fig. 11(b) and Fig. 11(c). From Fig. 11(b) and Fig.
11(c), it can be seen that by adjusting the conduction angle to
91° and 61°, the system current fluctuation can be controlled
within 3%.
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Further, the output current changes of the system under dif-
ferent coil offsets are obtained as shown in Fig. 12. From Fig.
12, it can be seen that in the case of different mutual induc-
tances, the output current fluctuation rate of the system can be
controlled within 3% by applying the constant voltage control
method in this paper, which fully proves the feasibility of the
constant current output control method based on mutual induc-
tance parameter identification proposed in this paper.

5. CONCLUSION

In order to enhance the anti-offset ability of underwater wireless
power transmission system, this paper proposes a constant cur-
rent output control method for underwater wireless power trans-
mission system based on mutual inductance parameter identifi-
cation. By introducing current mode into particle swarm op-
timization algorithm, the mutual inductance parameter iden-
tification with an error within 2.7% is realized. On this ba-
sis, through the shift constant current output control, the sys-
tem output current fluctuation can be achieved within 3% when
the coil is offset due to factors such as water flow fluctuation.
Therefore, the method in this paper can effectively improve the
anti-offset ability of the system and provide an effective solu-
tion to the constant current control problem of the underwater
WPT system.
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