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ABSTRACT Traditional underwater robots have many shortcomings in terms of resistance to sea currents,
stability and functionality. In order to improve the efficiency and quality of underwater operations, this
paper proposes and designs a new underwater robot, the navigation and crawl underwater unmanned vehicle
(NCUUYV), it has two motion modes: swimming and crawling. In order to enable the robot to have the
ability to switch motion modes, this paper designed a motion mode switching mechanism, and verified the
effectiveness of the mechanism through experiments, which proved that the mechanism has good motion
reliability and accuracy. In order to control NCUUYV to smoothly switch the motion mode, a controller based
on the central pattern generator (CPG) was developed. The upper controller reconstructs the CPG network in
the middle controller according to the feedback information of the acoustic rangefinder. The CPG network
in the middle controller has two configurations: a triangular fully symmetrical network and a hexagonal
fully symmetrical network, and the CPG network can be freely changed between the two configurations
according to the instructions of the upper controller. These two configurations control NCUUV’s swimming
and crawling respectively, so as to realize the smooth switching between swimming and crawling. The
experimental result shows that this control mechanism of motion mode switching can enable NCUUV to
stably realize motion mode switching and the switching process is smooth and reliable.

INDEX TERMS Underwater robot, swimming, crawling, motion mode switching, central pattern generator.

I. INTRODUCTION

Traditional unmanned underwater vehicles mostly use
impellers and propellers to provide power. This type of
propulsion has problems such as low efficiency, high noise,
large disturbance to the surrounding environment, and poor
concealment [1]-[3]. As people further develop the ocean,
underwater operations present a wide range, large depth,
long time, multi-function and other characteristics, which
undoubtedly put forward higher requirements for underwater
vehicles. After hundreds of millions of years of evolution,
fish have huge advantages in terms of propulsion efficiency,
maneuverability and concealment [4], [S]. Therefore, com-
pared with traditional underwater vehicles, bionic fish has
significant advantages in energy saving, maneuverability
and concealment. It is playing an increasingly important
role in underwater archaeology, water quality monitoring,
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underwater resource exploration, military reconnaissance and
other fields.

As the focus of bionic fish research, motion control has
also been greatly developed. Biologists have discovered that
the movements of vertebrates and invertebrates are controlled
by a neural network called a central pattern generator (CPG).
CPG does not require rhythmic control or feedback input
to produce rhythmic behaviors, such as walking, swimming,
flying, breathing, and chewing, etc [6].

Scientists and engineers have found that CPG has strong
robustness, and can be coupled with a variety of feedback, and
has unparalleled advantages in coordinated motion control of
multiple degrees of freedom. The motion control of the bionic
fish is a typical representative of multi-DOF coordinated
control, so CPG control is increasingly being applied to the
motion control of the bionic fish [7]-[9]. Cafer Bal et al. pro-
posed a finite state machine based on fuzzy control, which can
adjust the CPG output according to different feedback infor-
mation, so that the robot fish has good ability of autonomous
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obstacle avoidance [10]. Junzhi Yu, Wang Ming ef al. opti-
mized the output parameters of CPG through particle swarm
optimization, improved the propulsion efficiency and speed
of the robot fish, and explored the effect of CPG characteristic
parameters on energy consumption during the swimming
process of the robot fish [11]-[13]. Ming Wang et al. pro-
posed an iterative learning method and conducted simulation
experiments for the problem of robotic fish swimming trajec-
tory tracking control, which verified the effectiveness of the
trajectory tracking control method based on iterative learn-
ing [14]. JiaQuan Z et al. designed an adaptive fuzzy control
algorithm to control the direction and speed of the robotic
fish in real time, so that the robotic fish can reach the target
point quickly and accurately, which effectively improves the
control accuracy of the robotic fish [15]. Some scholars also
used fuzzy control or fuzzy PID control to control the attack
angle of the pectoral fin and the deflection angle of the caudal
fin, thus realizing the diving, floating and depth control of the
robotic fish [16]-[18].

Although the robotic fish has many functions such as cruis-
ing, hovering, underwater loading, like traditional underwater
vehicles, it still uses the hovering method for underwater
operations, so this work mode is very susceptible to ocean
currents. In order to resist the effect of ocean currents, on the
one hand, people continue to improve the control accuracy of
underwater vehicles, on the other hand, based on the charac-
teristics of land-footed robots, underwater-footed robots have
been developed.

Because CPG control has good flexibility and robustness,
it has also been widely used in footed robots and has gradually
developed into a research focus. Zhu et al. proposed several
typical gait patterns, and extended them to mixed gait, real-
izing the omnidirectional walking of the hexapod robot on
the ground [19]. Faigl J er al. proposed the use of adaptive
motion control to detect the contact point between the leg
and the ground, and judge the contact situation between the
foot and the ground by the torque of the feedback steering
gear, so that the small hexapod robot can walk on the rugged
terrain [20]. Daniel Gutierrez-Galan et al. preset three gait
networks for the hexapod robot through CPG. Each gait net-
work consists of 8 CPG oscillators used to control a specific
gait of the robot. Then 6 CPG oscillators are used to form a
gait selection network, and the corresponding gait network
is selected according to the feedback information of the
sensor, so as to achieve gait switching [21]. Haitao Yu et al.
developed a two-layer single-leg controller based on CPG to
realize the tripod gait of a six-legged robot. The high-level
control is a set of CPG networks formed by the coupling of
three VanderPol oscillators to adjust the phase relationship
of the output signals. The low level control uses an auxil-
iary linear converter (LC) to convert CPG signals into joint
trajectory. Finally, combine the single-leg controller with the
finite state machine to make the hexapod robot have the
ability to traverse obstacles and trenches autonomously [22].
Auke Jan Ijspeert et al. used the Kuramoto CPG network
to develop Salamander, an amphibious robot. The Kuramoto
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CPG network consists of 20 CPG oscillators, which have
the advantages of independently adjustable amplitude and
phase of the oscillator. By adjusting the connection weight
of the CPG network, achieve the switching of the motion
mode from crawling to swimming [23], [24]. Alessandro
Crespi, Auke Jan Ijspeert et al. also combined CPG with
a finite state machine to develop a robotic fish, BoxyBot,
which can swim and crawl. The finite state machine can not
only switch between different gaits according to the feedback
signals of the sensor, but also switch between swimming
mode and crawling mode [25]. Munadi M et al. proposed
a robotic salamander model based on CPG control, using
three-dimensional animation to simulate the joint angle input
generated by the CPG model, and realizing the linear walking
of the robotic salamander [26]. Karakasiliotis K et al. pro-
posed a method to construct a robotic salamander combined
with high-speed radiography technology. The raw kinematic
data extracted from the X-ray video is added to the joints of
the robot to realize the basic motion behavior of the robotic
salamander in water and on land, thus proving the movement
ability of the robot salamander [27].

To improve the ability of underwater operations, this paper
combines the advantages of bionic fish and foot robot, pro-
poses a new underwater unmanned vehicle, the navigation
and crawl underwater unmanned vehicle (NCUUYV). It has
the excellent maneuverability, concealment and propulsion
efficiency of the bionic fish, and also has the good stability
of the foot robot and the ability to adapt to the terrain. It
can not only searches quickly by swimming, but also crawls
and works on the seabed, and has good resistance to ocean
currents.

The main intellectual contributions of this article are as
follows: Firstly, a brand-new underwater vehicle—the nav-
igation and crawl underwater unmanned vehicle (NCUUV)
is proposed and designed, which combines the two modes of
swimming and crawling. Secondly, the motion mode switch-
ing mechanism was designed to realize the switching of
NCUUYV between swimming and crawling. Finally, the CPG
network reconstruction method is used to control the move-
ment mode switching, and the free and smooth switching
between swimming and crawling is completed.

The rest of the paper is organized as follows: Section 2
introduces the NCUUV’s workflow and mechatronics design.
Section 3 establishes the NCUUV’s control framework of
movement and motion mode switching. In Section 4, the
effectiveness of the control method proposed in Section 3 is
tested and verified. Finally, Section 5 gives conclusions and
suggestions for future work.

Il. MECHATRONIC DESIGN OF NCUUV

A. OVERALL DESIGN OF NCUUV

Traditional underwater robots have shortcomings such as
small range of motion, susceptibility to ocean currents, and
poor adaptability to terrain. Therefore, this paper proposes
and designs a new type of underwater unmanned vehicle,
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FIGURE 1. Navigation and crawl underwater unmanned vehicle (NCUUV)
(a) 3-D model diagram (b) Engineering prototype.

the navigation and crawl underwater unmanned vehicle
(NCUUYV), as shown in Figure 1. It has two motion modes
of swimming and crawling, and can carry different task loads
according to different work requirements, such as the robot
arm commonly used on ROV.

As can be seen from Figure 1, when swimming, NCUUV
has the shape of a fish, and the caudal fin swing mechanism
can simulate the motion of fish to provide power, and it has
good propulsion efficiency. When crawling, the six bionic
mechanical legs can adapt well to the rugged terrain of the
seabed, improving the stability of NCUUYV during crawling
and working. By changing attack angle of the pectoral fin,
NCUUYV can be floated and dived. The water absorption and
drainage of the water tank make NCUUYV have the ability to
vertically float and dive. The motion mode switching mech-
anism is responsible for switching between swimming and
crawling of NCUUV.

The imaging sonar and underwater camera located on the
head detect obstacles in front of the NCUUV and search
for targets when swimming and crawling, respectively. The
acoustic rangefinder located at the bottom of the NCUUV
can detect the height from the seabed. NCUUYV includes two
airtight cabins, which are equipped with power and electronic
circuits.

The workflow of NCUUYV is as follows:

STEP 1: As shown in Figure 2, after entering the water,
NCUUYV searches for targets within a certain range by swim-
ming mode.
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FIGURE 2. The workflow of NCUUV.

STEP 2: When the sonar detects the target, NCUUV swims
towards the target. After swimming near the target, NCUUV
hovers. Then the water tank absorbs water and NCUUV
descends vertically. During the dive, NCUUYV completed the
switch from swimming to crawling, and then entered the
crawling mode.

STEP 3: After NCUUV crawls to the target point, its
body is supported by 6 mechanical legs, forming a working
platform that can adjust position and posture. Finally, the
robot arm is extended to complete the work on the target.

STEP 4: When the underwater operation is completed, the
robot arm retracts and the NCUUYV floats. Finally, the caudal
fin starts to swing, and NCUUYV returns to base.

B. DESIGN OF MOTION MODE SWITCHING MECHANISM
If 6 mechanical legs are installed directly on both sides of
NCUUY, during crawling the swing of the mechanical legs
will cause serious interference with the NCUUV’s shell and
pectoral fins. This will greatly weaken its crawling ability and
even make it lose crawling ability. Therefore, how to combine
the 6 mechanical legs with NCUUYV is crucial.

As shown in Figure 3, in order to solve the above problem,
this paper proposes a motion mode switching mechanism.
It’s a mechanical linkage mechanism, including 6 double
slider mechanisms and 2 crank slider mechanisms, which
are respectively used to drive the extension and retraction
of 6 mechanical legs and 2 pectoral fins. The motor drives
the master putter to move back and forth on the longitudinal
slide through the rack and gear to provide power for the
expansion and contraction of the double slider mechanisms
and the crank slider mechanisms. The 6 mechanical legs
and 2 pectoral fins are respectively fixed on the double slider
mechanisms and the crank slider mechanisms to realize the
contraction and expansion of the mechanical legs and pectoral
fins. The motion mode switching mechanism is located at the
bottom of NCUUYV and is driven by only one motor, which
greatly saves the internal space, reduces the control difficulty,
and improves the reliability of motion mode switching.

The working process of the motion mode switching is
shown in Figure 4. When NCUUV is in swimming mode,
the motion mode switching mechanism is in the initial state,
as shown in Figure 4 (a). When NCUUYV switches the motion
mode, the pectoral fins gradually contract to the bottom of
NCUUYV, at the same time, 6 mechanical legs extend from
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FIGURE 3. Motion mode switching mechanism.
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FIGURE 4. The working process of the motion mode switching.

both sides of NCUUYV, as shown in Figure 4 (b)-(d). Finally,
the mechanical legs are deployed and the NCUUV enters
the crawling mode, as shown in Figure 4 (e). NCUUV from
crawling mode switch to swimming is the reverse of the above
process.

C. ELECTRONIC CIRCUIT DESIGN OF NCUUV

The hardware architecture of NCUUV is shown in the
Figure 5, IMU can get the attitude, heading, 3D position and
speed information of NCUUV. Imaging sonar and underwater
camera detect the surrounding environment when NCUUV
swims and crawls, respectively. Through the E180 wireless
module and communication sonar, data interaction with the
ground computer can be completed.

The acoustic rangefinder P30 and depth gauge feed the
height and depth information of NCUUYV back to the motion
control computer Raspberry Pi 4 Model B, and the motion
control computer adjusts the motion parameters to achieve
autonomous movement.

In order to control the motor accurately and efficiently,
a motor power supply board embedded with the STM32H743
chip is connected to the motion control computer for control-
ling the motor and information communication.

Ill. CPG-BASED MOTION CONTROL AND MODE
SWITCHING

A. CPG MODEL FOR NCUuv

Commonly used CPG oscillators in actual projects include
Matsuoka oscillator, Hopf oscillator, VanderPol oscillator,
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FIGURE 5. Hardware architecture of NCUUV.
TABLE 1. Technical specifications Of NCUUV.
Items Characteristics

Dimension 1.74m*0.79m*0.62m

Weight 42.5 kg

Actuator Servo (DS300, DS100, D30)

Controller NVIDIA TW-TX-T300

Raspberry Pi 4 Model B
STM32H743
Control mode Wireless or autonomous mode

Operation time Approx. 1.5

hip joint: -13°~13°
knee joint: 0°~30°
ankle joint: 0°~10°
Mechanical leg stride 0.26m

Joint motion range

length

Underwater weight Maximum weight: 460g

CP.GI
x

/A Y
CPG?\\B\‘.'y A//'CPGS

CPG4
FIGURE 6. Topology diagram of composite CPG network.

Rayleigh oscillator and Hodgkin-Huxley oscillator. Among
them, the Matsuoka oscillator has good biological character-
istics and non-linearity, but has the disadvantages of many
parameters, complicated structure, and difficult to adjust.
VanderPol oscillator and Rayleigh oscillator models can gen-
erate human-like walking signals, which are mostly used for
biped robot walking control. The Wilson-Cowan oscillator
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has relatively few model parameters and a simple structure,
but it exhibits asymmetry in a half-cycle, making it unsuitable
as a controller for the bionic fish swinging tail motion. The
Hopf oscillator can output a sine wave signal. Each parameter
is independent and has a clear physical meaning and easy to
adjust. So it is suitable for the motion control of bionic fish
and hexapod robots. This provides the basic conditions for
switching the motion mode, so this paper uses Hopf oscillator
as the basic unit of CPG.

The mathematical model of the Hopf oscillator is as
follows

S,’Z[)'Ci)'/,] —fH(51)+k Z SUTlJ( b)
J=1Lj#
a (A2 —x2—y? —w;
Ju (si)= (A7 =5 =0) ST 2 )5
. o (A2—x2— (v — by)?)
cos @;; — sin g;;
R = | o o0
sing;;  cos g

ey

where, i = 1, 2,..., n, n is the number of oscillators. A;, w;,
x;j, y; represent the amplitude, frequency and state variables of
the i-th oscillator, respectively. « is the convergence factor.
d;j is the coupling weight, which determines the coupling
strength between the oscillators. All of them form the cou-
pling weight matrix W. A;, x;j, y;, and b; are the amplitude,
state variables and offset of the j-th oscillator. T; = r;jR(g; j),
rij = Ai/Aj, R(gp;j) is the two-dimensional rotation change
matrix of ¢; [28], ¢; = ¢; — ¢, is the phase difference
between the i-th oscillator and the j-th oscillator. All the ¢;;
form the phase matrix E. Since ¢;; = —gj; and gix = @i+ @jk
can easily get T;Tx = Ty and T;T; = I, matrix Tj
contains information about the coupling amplitude and phase
difference between oscillators.

When swimming, 3 Hopf oscillators are required to couple
into a triangular network to control the two pectoral and
caudal fins. When crawling, 6 oscillators are required to be
coupled into a hexagonal network to control the swing of
each mechanical leg. This paper uses a fully symmetrical
hexagonal CPG network to control the movement of NCUUYV,
as shown in Figurel0. The CPG network includes 6 oscil-
lators. By adjusting the coupling relationship between the
oscillators, the CPG network can switch freely between the
triangular and hexagonal configurations, thereby realizing the
control of swimming and crawling.

The crawling and swimming signals output by the CPG
network are shown in Figure 7. It can be seen from the figure
that the CPG network can generate a stable control signals in
a short time, and the signals of the CPG network can achieve
a smooth transition during the gait switching process.

B. PROOF OF THE STABILITY OF THE FULLY
SYMMETRICAL HEXAGONAL CPG NETWORK
The dynamic characteristic of each oscillator in
the fully symmetrical hexagonal network are as
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FIGURE 7. The output signals of CPG network (a) Swimming signals
(b) Crawling signals.

follows

§1 = fg (s1) + k [811T11 (51 — b1) + 812T12 (52 — b2)
+3813T13 (53 — b3)
+514T14 (54 — bg) + 815T15 (55 — bs)
+316T16 (56 — be)]
§i = fu (i) + k[6:1Ti1 (s1 — b1) + 82Tz (52 — b2)
+3i37Ti3 (s3 — b3)
+8iaTia (54 — ba)+3i5Tis (s5 — bs)+3i6Tic (56 — be)]
S6 = fu (s6) + k [861T61 (51 — b1) + 362T62 (52 — b2)
+3637T63 (53 — b3)
+064T64 (54 — bg) + 865765 (55 — b5)
+366T66 (56 — be)] 2

Equation (2) can be organized into matrix form

5 =fu(5.A) — kG5 3)
Where, E = [S19 tee 9S6]T7fH(s) = [fH (S]) ) ° 7fH (s6)]T’
coupling matrix G = D™'WD, D = diag (T11, T2, - - - , Ti¢),

W is the coupling weight matrix of the CPG network, a Lapla-
cian matrix. W;; = 81, Wj; = —8;1,8;; = )_ 8;j, where, j # i

1
andi,j = 1,2,...,6.0 is the second—ordle;; identity matrix,
and the coupling matrix G is (4), as shown at the bottom of
the next page.

We need to define a flow-invariant subspace of the CPG
network, and the flow-invariant subspace satisfies the follow-
ing conditions

Ac={se R sy =Tysi, i=23-.6] ©

Transform the flow-invariant subspace in equation (3)
into an equation about the first state vector, and obtain the
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equivalent flow-invariant subspace as

A§=[§GR2N|x1=x2=---=x6} 6)
where, X = [x1,x2, -+ , X617, X; = r1;R (¢1;) si. Multiply by
D to the left and use equation x = D’s, we can get the equation
of the CPG network in the new coordinate system as

X =Df (5, A) — kL% %

where, A = [A1,As, - -+, Ag], because the limit cycle of
the Hopf oscillator has symmetrical characteristics [29],
DfH(E, X) = ]?H ()? , A1) can be obtained, after equivalent
transformation, the matrix equation of the CPG model is
simplified.

For the sake of generality, the uneven value of the coupling
weight in the CPG network should be considered, that is,
discuss the stability of the CPG network when the coupling
weight matrix W is unbalanced. In the fully symmetrical
hexagonal CPG network as shown in Figure 6, any 3 or more
oscillators can form a closed loop. For the same closed loop,
whether it is in a clockwise or counterclockwise direction, the
products of the connection weights are all equal. Therefore,
according to the global exponential synchronization charac-
teristics of the unbalanced CPG network [28], a new matrix V
can be constructed to prove that when the coupling weights of
the CPG network are not uniform, it does not affect the global
exponential synchronization characteristics of the entire CPG
network.

Introduce matrix ® = diag (01, O3, --- , Og) to balance
equation (7)

b5) i=1

®; = [ T 8
T TR i=2,3,4,5,6. ®
j=18ii-1
Let 7 = Ox, the following equation can be obtained
2=0fy (@’IE,A1> —kOLO'Z ©9)

where, the new coupling matrix @LO~! is symmetric and
positive semi-definite.

In the new coordinate system, the flow-invariant subspace
is transformed into

A2 = [2 e RN | 3i,i+]R(§0i+l,i) Zi

= Vo i £ n i N (10)

Using the constraint relationship in the equation of AE to
construct matrix V', its rows consist of the basis of AQ, and
orthogonalizing V' to obtain matrix V

A/ 812R21 —+/6211 0

0 +/623R3p 0
V = 0 0 —A/0321
0 0 é34R43
0 0 0
0 0 0
0 0 0
/sl 0 0 (11)

A/045Rs54 —+/0541 O
0 /ds56Re5 —+/O651

According to the shrinkage theory [30], when the sym-
metric part of the generalized Jacobian matrix is always
uniformly negative definite, that is, VJsVT < 0, the system
shown in Equation (7) converges globally and exponentially
toward A?'

The Jacobian matrix of the system shown in Equation (7)
isJ = F—©OLO"!, where, F = diag (F1, F», ..., Fe), F; =
0 {@lf (®; 12, A } /9zi. According to the amplitude char-
acteristics of the Hopf oscillator, fy (rRx, A) = rRfy(x,A/r),
can get F; = 0fy (zi, ®;A1) /oz. I?S is the symmetric part
of I?, VI?SVT has an upper bound and VI?SVT < ol,x
is the convergence factor, all the convergence factors in the
CPG network have the same value, and A, (F;) < o can be
obtained, where A, represents the largest eigenvector value
of F i

Therefore, the sufficient condition of VJsVT < 0 can be
transformed into

o < Khmin (VG)L@—lvT) (12)
where, A, (A) represents the minimum eigenvector value of
matrix A. Because A, (V OLO™! VT) is negatively definite,
when the coupling gain & is large enough, VJsV! < 0 holds.
Therefore, 7 can converge to A2 globally and at the same
time converge to A globally. So far, the stability of the fully
symmetrical hexagonal CPG network has been proved.

C. MOTION MODE SWITCHING METHOD BASED ON CPG
NETWORK RECONSTRUCTION

The swimming of NCUUV is controlled by a fully symmetri-
cal triangular CPG network, while the crawling is controlled
by a fully symmetrical hexagonal CPG network. Therefore,

Sid  —=812T12 —613T13
—621T21 822l —823T73
—631T31 —0632T32 6331

G=

—641T41 —042T42 —843T43
—0851T51 —0652T52 —053753
—861T61 —062T62 —063763
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—6814T14 —615T15 —816716
—6824T24 —025T25 —826T26
—6834T34 —035T35 —336136

“

Sgal  —845T45 —d46T46
—054T54 551  —856T56
—b864T6a —065T65 66l
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the key to switching the motion mode is how to make the CPG
network freely reconstruct between the two configurations
of fully symmetrical hexagon and fully symmetrical triangle.
The reconstruction of the CPG network is realized by estab-
lishing or disconnecting the coupling relationship between
the oscillators, that is, the essence of the reconstruction of
the CPG network is to transform the coupling weight matrix
W of the CPG network.

Disconnect CPG1, CPG3 and CPGS in the crawling CPG
network from other oscillators can reconstruct the crawling
CPG network into a swimming CPG network. The coupling
weight matrix W and phase matrix E of the swimming CPG
network and the crawling CPG network are shown in the
Equation (13)-(16), respectively.
[0000007]
000101
Wswimming = 8 (1) 8 8 8 (1) (13)
000000
1010100 |

[0111117]
101111

Wcrawling = (14)
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An acoustic rangefinder is installed at the bottom of the
NCUUYV to feed back the height 4 of the NCUUV from the
seabed to the high-level controller. When the height & of
NCUUYV reaches the critical value hp, the high-level con-
troller transforms the coupling weight matrix W and phase
matrix E in the CPG network, and then realizes the switching
of the motion mode by reconstructing the CPG network. The
relationship of the height % and the coupling weight matrix
W and phase matrix E as shown in the Equation (17).

W = Wywim min g h > h
Wcrawling h = hl

E— Esyimming h > h (17)
Ecrawling h<mh

The output signals of the CPG network before and after
reconstruction is shown in the Figure 8. It can be seen from
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FIGURE 8. The output signals of the CPG network before and after
reconstruction.

the Figure 8 (a) and Figure 8 (b) that before reconstruction,
only the three oscillators of CPG2, CPG4 and CPG6 are
coupled with each other to form a swimming CPG network,
which can produce a stable phase difference within 1.5s.
The output signals x>, x4 and xg can respectively control the
NCUUV’s left pectoral fin, caudal fin and right pectoral fin.
There is no change in the phase of the output signal of the
oscillators CPG1, CPG3 and CPGS5 during the swimming
process, so they vibrate independently and have no coupling
relationship with other oscillators. When ¢+ = 3s, the CPG
network starts to restructure. The 6 oscillators are coupled
with each other to form a crawling CPG network. After 0.65s,
the crawling CPG network produces a stable phase difference.
At this time, the outputs of the 6 oscillators are divided into
two groups, that is, x1, x3 and x5 overlap each other, and x,, x4
and xg overlap each other. Two sets of signals control the two
sets of mechanical legs in the tripod gait, respectively. It can
be seen that the CPG network reconstruction method can well
realize the NCUUV’s motion mode switching.

The output signals of the CPG network need to be separated
and amplified to control the swimming, crawling and motion
mode switching of the NCUUYV, respectively, so we mapped
the output signals of the CPG network twice. The purpose of
the first mapping is to separate the CPG signals that control
the swimming from the numerous signals, and to set the
duration of the motion mode switching. The purpose of the
second mapping is to amplify the CPG signals into rotation
angle signals that can control motors. The mapping functions
of the first and second mapping are shown in Equation (18)
and Equation (19).

;) 0 @=13)9
7 ax; (i=2,4,6) , hi <h
1
d = =0G= 1206, < h <y o
xizx,'
i=1,2 ,0),h<h
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FIGURE 9. Output signals after mapping (a) The output signals of the first mapping (b) The output signals of the second
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where, x[I and yll represent the output signals after the

first mapping. 6;;
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, B2, B3 represent the motor rotation angle

signals generated after two mappings, i = 1, 2, 3,....6.
Adjusting the magnification factor A, kg, k1, k2, k3, k4, b1, b2,
b3, bs can change the output angle. h; and h; are the critical
height values. When the height of NCUUYV is higher than
h1, it is in the swimming mode. When the height is between
hi1 and hy, the motion mode is switched. When the height is
lower than Ay, it is in the crawling mode.

Due to the limitation of the mechanical structure, and
because the mechanical legs on the left and right sides are
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FIGURE 10. The CPG control principle diagram of NCUUV.

mirror images during the swing process, the angle values of
the rotation are opposite to each other. take the amplification
factor A =1, ko = 13, k1 = 23,k = 0, ks = =+£1,
ks = 0, b1 = F100, by = F100, b3 = £85, by = 85,
and get the output signals of the first mapping and the second
mapping respectively as shown in Figure 9. It can be seen
from Figure 9 (a) that after the first mapping, the controller
only outputs three groups of signals xé, x£ and xé during
the swimming process, and other signals are all 0. During
the switching process, the output of all signals is 0 and the
duration is 2s. On the one hand, it provides time for the action
of the motion mode switching mechanism, and on the other
hand, it offsets the disordered signals generated during the
reconstruction of the CPG network. When crawling, 6 sets
of signals are released, and then the 6 mechanical legs are
controlled, respectively. It can be seen from Figure 9 (b) that
after the second mapping, during the swimming process, the
three groups of motor angle signals 652, 642 and 6¢; output by
the controller are sent to the motors of the left pectoral fin,
caudal fin and right pectoral fin, and all other signals are 0.
When crawling, the 6 groups of signals generated by the first
mapping are mapped into 18 groups of motor angle signals,
among them, 6;1, 6, 6;3 are the angle signals of hip joint,
knee joint and ankle joint, respectively,i =1, 2, ..., 6.

The CPG control principle diagram of NCUUYV is shown in
Figure 10. The control center of NCUUYV includes high-level

VOLUME 8, 2020

controller and low-level center. The high-level controller is
the brainstem, which adjusts the CPG parameters of the low-
level center according to the feedback signals of the sensor,
so as to achieve the purpose of adjusting the output of the CPG
network. The low-level center includes the upper-layer CPG
network and the lower-layer mapping function. The CPG
network generates corresponding output signals after being
adjusted by the brainstem. These output signals are converted
into rotation angle trajectories that control the pectoral fins,
caudal fin, and mechanical legs through the mapping func-
tions, and then the rotation angle trajectories send to PWM
generator and brain stem separately. The PWM generator
converts the rotation angle trajectories into PWM signals that
can directly control the motor. Finally, the PWM signal is sent
to each motor to control the rotation of the motor, thereby
completing the motion control of NCUUYV. The motion output
signals of NCUUYV and the environmental signals are feed
back to the high-level controller and CPG network to further
adjust the motion output of NCUUV.

IV. EXPERIMENT

In order to evaluate the effectiveness of the developed control
method on NCUUYV, on the basis of computer simulation,
a more in-depth study on the performance of NCUUV’s
swimming, crawling and motion mode switching was car-
ried out through experiments. As shown in the Figure 11,

224879



IEEE Access

Z. Yan et al.: Research on Motion Mode Switching Method Based on CPG Network Reconstruction

Video Capture Card Top Camera
User Computer Control Computer
£
v
f deelis- Communication Sonar

NCUUV- [

S
B

Experimental Pool

9.8m

FIGURE 11. Schematic experimental platform.

FIGURE 12. Swimming performance experiment.

an experimental system is designed to verify the movement
performance of NCUUV. The experimental system includes
environment, image capture module, communication module,
data processing module and NCUUV. The pool is 5.3m wide,
9.8m long, and 2.5m depth. The system also includes a SONY
HDR-CX680 top camera, a communication sonar, a user
computer equipped with i5-7300HQ, 2.5GHz processor, 8GB
DDR4 RAM and JOVISIONJVS-C301 video capture card
and a control computer.

A. SWIMMING EXPERIMENT

The maximum rotation angles of the caudal and pectoral fins
obtained by setting the mapping functions are 10°, when
diving, the attack angle of the pectoral fin is 5°, and the swing
frequency is 1.5Hz. The Figure 12 shows the swimming
performance experiment of NCUUV.

Figure 12 shows that NCUUV swims very smoothly, and
the swimming speed is 1.152m/s, that is, calculated accord-
ing to the body length (BL), the speed is 0.662 BL/s, and the
diving speed is 0.481m/s.

Then, through the control variable method, after many
experiments, the effect of the joint rotation’s amplitude A
and frequency f on swimming and diving speed were tested
respectively, and the results are shown in the Figure 13.

Experimental result shows that increasing the amplitude A
and frequency f of the joint rotation can increase the forward
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FIGURE 13. Swimming performance test results (a) The effect of the joint
rotation’s amplitude A and frequency f on forward speed (b) The effect of
the joint rotation’s amplitude A and frequency f on the dive speed (c) The
effect of the attack angle « on the dive speed.

speed and the dive speed, and increasing the attack angle
o can also increase the dive speed. When A = 25° and
f = 2Hz, the maximum forward speed is 2.116m/s, which
is 1.216BL/s. When A = 25°, f = 2Hz, « = 20°, the
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FIGURE 14. Crawling performance experiment.
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FIGURE 15. The effect of the joint rotation’s frequency f on the crawling
speed.

maximum diving speed is 1.324m/s. It can be seen from
Figure 13 (a) and Figure 13 (b) that as the amplitude A of joint
rotation increases, the acceleration of forward and downward
decreases gradually. This is because as the amplitude A of
joint rotation increases, the tail produces more thrust while
also producing more resistance. Compared with this, increas-
ing the frequency f of joint rotation can significantly increase
the speed. It can be seen from Figure 13 (c) that increasing the
attack angle o can also increase the dive speed, but the effect
of increasing speed is no more significant than increasing the
frequency f of joint rotation.

B. CRAWLING EXPERIMENT

By setting the mapping function, the swing amplitude of the
hip joint of the NCUUV mechanical leg is 13°, and the fre-
quency is 0.2Hz. Figure 14 shows the crawling performance
experiment process. It can be seen that the movement of
each mechanical leg of NCUUYV is very coordinated when
crawling and there is no problem of mutual interference. The
crawling speed is 0.05m/s.

Through many experiments, the effect of the frequency f
of joint rotation on the crawling speed has been tested, and
the results are shown in the Figure 15.

The theoretical value of the crawling speed of NCUUYV can
be obtained by Equation (20).

Verawling = Lf (20)
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where, L is the Mechanical leg stride length, L = 0.26m, f is
the frequency of the mechanical leg swing.

The experimental result shows that increasing the fre-
quency f of joint rotation can significantly increase the crawl-
ing speed of NCUUV. However, there is a significant gap
between the actual value of the crawling speed and the the-
oretical value, and as the frequency increases, the difference
between the actual value and the theoretical value becomes
larger. This is because the ground of the experimental pool is
relatively smooth. NCUUYV has slipped during the crawling
process, and as the crawling speed increases, the slipping phe-
nomenon becomes more obvious. Therefore, when the fre-
quency reaches f = 1.7, the crawling speed is only 0.27m/s.
In order to improve this problem, we have increased the water
absorption of the tank from 220g to 460g to make NCUUV
have greater gravity when crawling. The improved value is
shown in the Figure 15, when the frequency reaches f = 1.7,
the crawling speed is increased to 0.34m/s. Although there
is still a phenomenon of slipping, the crawling speed can
be significantly increased by increasing the gravity, and the
slippage problem can be improved.

C. MOTION MODE SWITCHING EXPERIMENT

After many experiments, we have determined the critical
heights as follows: Ay = 1.5m, h, = 0.5m. Then it is
measured that it takes 2.44s for NCUUYV to dive from depth
hi to depth hy, so the movement time of the motion mode
switching mechanism is set to 2s.

The experimental process of the motion mode switching
is shown in Figure 16. Initially, NCUUV is in swimming
mode. Then, NCUUV began to dive, it dives to the crit-
ical height iy = 1.5m at t+ = 6.35s. At this time, the
CPG network began to restructure, and transform from a
fully symmetrical triangular network to a fully symmetrical
hexagonal network. NCUUYV stops swimming and the motion
mode switching mechanism began to move forward. After 2s,
the 6 mechanical legs were fully extended from both sides
of NCUUYV, and the pectoral fins contracted to the abdomen.
When NCUUYV dives to the critical height i = 0.5m att =
9.43s, the 6 mechanical legs unfold and enter the crawling
mode, completing the switch from the swimming mode to the
crawling mode.

When t = 21.01s, as the water tank drains and NCUUV
starts to float. NCUUV floats up to the critical height
hy =0.5m at ¢t = 25.27s. At this time, the CPG network
began to restructure, and transform from a fully symmet-
rical hexagonal network to a fully symmetrical triangular
network. NCUUV stops crawling, after 2s, the 6 mechanical
legs retracted completely into the both sides of NCUUYV, and
the pectoral fins were expanded. When floating up to the
critical height hy = 1.5m at t+ = 29.63s, the caudal fin
and pectoral fins begin to swing and enter the swimming
mode, completing the switch from the crawling mode to the
swimming mode.

Through the motion mode switching experiment, it can be
seen that the motion mode switching mechanism can quickly
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FIGURE 16. The experimental process of the motion mode switching.

and accurately complete the switching of the motion mode.
The switching process is smooth and stable, and the retract-
ing accuracy is very high. It solves the problem of mutual
interference between mechanical legs, shell and pectoral fins
during crawling, so that NCUUV has the basic conditions
for free switching of motion modes. In addition, experiments
have proved the effectiveness of the method of CPG net-
work reconstruction proposed in this paper. This method can
effectively solve the problem of free and smooth switching
between the swimming and crawling modes of NCUUV. The
high-level controller only adjusts the coupling weight matrix
W and phase matrix E of the composite CPG network to
realize the switching of the motion mode, so the control
process is very simple and reliable.

V. CONCLUSION AND FUTURE WORK

In this work, we propose and design a navigation and crawl
underwater unmanned vehicle (NCUUV) based on CPG con-
trol, which has two motion modes: swimming and crawling.
In order to enable NCUUYV to switch freely between the
swimming and crawling modes, we designed a motion mode
switching mechanism. And then by analyzing the character-
istics of the CPG network, we propose a control method for
motion mode switching based on CPG network reconstruc-
tion. Finally, through experiments, the depth critical values
for controlling NCUUYV to switch motion modes are deter-
mined. The experimental results show that by adjusting the
coupling weight matrix W and phase matrix E of the CPG
network, free and smooth switching of motion modes can
be achieved. It also verifies the effectiveness of the motion
mode switching mechanism. In addition, we also tested the
swimming and crawling performance of NCUUV. We found
that when swimming, increasing the amplitude and frequency
of joint rotation can increase the forward speed and dive
speed, and the effect of increasing the frequency is more
significant. When crawling, as the frequency of joint rotation
increases, the crawling speed also increases. At the same
time, the phenomenon of mechanical legs slipping on the
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ground becomes more obvious. After adjusting the water
absorption of the tank, the slipping phenomenon has been
significantly improved.

In future work, we will adopt Newton-Euler method and
Hamiltonian mechanics formula to establish the dynamic
model of swimming and crawling, so as to improve the
control accuracy of NCUUV and optimize the motion per-
formance.
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