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In this paper, the characteristics of underactuation are analyzed according to the working principle of underwater glider, a
complete 6DOF model of underwater glider is established, and the error equation of 3D path tracking is given. Based on the line-
of-sight navigation method in three-dimensional space, the nonlinear adaptive control strategy is designed, and the roll angle
control law, pitch angle control law, and depth control law of underwater glider are given. The tracking error of underwater glider
is proved to be convergent by Lyapunov stability theorem. Finally, the results of marine experiments verify that the nonlinear
controller designed in this paper can overcome the influence of constant current disturbance under certain conditions and has
good robustness and good tracking effect under different ocean current sizes and course angles. Of course, one control method
cannot be applicable to all sea conditions. When the angle between the size and direction of the ocean current exceeds a certain
value, the tracking control of the underwater glider will show obvious divergence. Therefore, the stability range against the

interference of the sea current is given in this paper.

1. Introduction

Underwater gliders have the advantages of long endurance
and low energy consumption and can be applied to a variety
of complex sea conditions. More and more underwater
unmanned mobile platforms such as underwater gliders,
wave gliders, and underwater unmanned vehicles are used to
carry out tasks. Research on nonlinear and underactuated
characteristics of underwater unmanned mobile platform
and related control methods has become a hot topic in the
control field [1, 2].

In recent years, the working mode of autonomous ocean
vehicles has developed from the single operation mode to the
cooperative formation operation mode [3]. Multi-
autonomous ocean vehicles can cooperate with each other to
accomplish tasks that a single individual cannot accomplish.
Therefore, the research on cooperative path tracking control
of multiple autonomous marine vehicles has become a hot
spot. In Dan Wang’s doctoral thesis [4] of Dalian Maritime

University, aiming at the problem of cooperative path
tracking control about autonomous marine vehicles with
uncertainties and environmental disturbances, combined
with dynamic surface control technology, the cooperative
path tracking controllers of fully driven autonomous marine
vehicles and underactuated autonomous marine vehicles are
designed, respectively. A cooperative path tracking control
strategy based on the adaptive dynamic surface method is
proposed. Simulation results show the effectiveness of the
proposed control algorithm. Zhang studied the cooperative
tracking control of multiple UUVs to a given path under the
constraint of master-slave formation. Based on the detailed
analysis and summary of Lyapunov system theory and
backstepping design theory, combined with the master-slave
formation strategy, the cooperative formation strategy of
master-slave multiunmanned underwater vehicles is
designed according to the idea that UUV tracking error
finally converges to zero. The cooperative tracking of the
given desired path by multiple unmanned underwater
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vehicles under the constraint of master-slave formation is
realized. And the designed cooperative path tracking con-
troller is simulated and verified [5]. To solve the problem of
3D path tracking control for underactuated unmanned
underwater vehicles, Hongjian et al. [6] designed a linear
control term stabilized position tracking system in the form
of tracking error feedback gain. Then, a dynamic controller
is designed based on the backstepping method, which
eliminates some nonlinear terms, simplifies the form of
virtual control variables, and ensures the consistent and
ultimately bounded state of the closed-loop tracking error
system.

There are many research studies on unmanned platforms
with strong AUV maneuverability in domestic and foreign
literatures [7-10], considering the essential difference be-
tween the underactuation of underwater gliders and AUV
[11-15]. In this paper, a mathematical model of under-
actuated underwater glider is established and a nonlinear
controller is designed under the condition of ocean current
interference. Based on the line-of-sight navigation algorithm,
the expected pitch angle and yaw angle are designed, and the
axial thrust, pitch moment, and yaw moment are obtained. A
path tracking strategy [16-18] for the underactuated auton-
omous underwater vehicle is proposed.

2. Underwater Glider Model Building

The structure composition of the underwater glider platform
[19, 20] is shown in Figure 1. The glider’s workflow can be
divided into four stages [21, 22]: surface preparation, gliding
down, gliding up, and waiting on the surface. At the be-
ginning of its voyage, an underwater glider floats on the
surface of the water under the effect of net buoyancy. After
receiving the control command through satellite communi-
cation or wireless communication on deck, the glider relies on
the buoyancy regulating unit to return oil from the external oil
sac to the internal oil cylinder, which reduces the drainage
volume of the glider itself and makes the buoyancy less than
gravity, thus sinking. At the same time, the attitude adjust-
ment mechanism changes the position of the center of gravity
by moving the internal weight so that the glider can reach the
desired attitude angle. During the dive, it glides forward and
down, using hydrodynamic forces on its horizontal and
vertical fins, while mission sensors measure data. After
reaching the predetermined working depth, the glider drains
the oil from the internal cylinder to the external oil bag
through the buoyancy adjusting unit, which increases the
glider’s own drainage volume and makes the buoyancy
greater than gravity, thus realizing the transformation of the
system movement from descending to ascending process. At
the same time, the attitude adjustment mechanism also works
to make it reach the attitude angle required for upward glide.
During the gliding process [23, 24], the underwater glider
adjusts its attitude in real time through the attitude adjust-
ment mechanism and carries out stable gliding movement
according to the set gliding angle and heading angle. If the
glider needs to turn, the position of the center of gravity of the
platform can be changed by the attitude adjustment mech-
anism, and the course angle can be deflected by the roll torque
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and hydrodynamic torque. After completing the task and
returning to the water surface [25, 26], the underwater glider
will make the communication antenna reach out of the water
according to the preset program, carry out satellite posi-
tioning, and transmit the measured data to the control center
through the satellite. At the same time, it will receive new
control instructions and carry out the next cycle of work.
The six-degree-of-freedom (6DOF) mathematical model
of the underactuated underwater glider [27] is as follows:

X =J(Q),

1

Mo+C@uv+D@Wv+g(X) =1, R

_ | 11(Q) Os -

where ](Q)—[ Ons 1, |’ J,(Q) =
1 sin ¢ tan 8 cos ¢ tan 0

lO cos @ —sin¢ |, and J,(Q)=[cos y cos
0 sin ¢/ cos 0 cos ¢/ cos 0

Bos v sin 0 sin ¢ —sin ¥ cos @os ¥ sin O cos ¢ +sin ¥
sin @sin ¥ cos 6in ¥ sin 0 sin ¢ + cos ¥ cos gin ¥ sin
0 cos ¢ —cos ¥ sin ¢ —sin Bos O sin gos 0 cos ¢]. X =
(%, 9,2,0,6, )" and Q = (¢,6, ) are the position and
angle in inertial coordinate system, and v = (u, v, w, p, g, 7)"
indicates the speed in the moving coordinate system and
meets the following conditions:

M=M'>0, M=o,
Cv)=-C'(v), X'CwX=0, (2)
X'D()X>0, VYoveR® VX e R\{0}.

The design goal of the control system in this paper is to
design a feedback control law for the buoyancy, rolling
moment, and pitching moment of the oil bag under the
condition of unknown constant current interference and
uncertain model parameters so that AUG position
(x,y,z)can accurately track the desired trajectory
(x4, ¥4, 24), and all closed-loop system state variables are
bounded. Figure 2 is the principle scheme of nonlinear
control of underactuated underwater glider.

3. Nonlinear Controller Design
Define tracking error as follows:
e= (61,62,63)T =Q' (X -X,), (3)

where X = (x(t),y(t),z(t))T € R? indicates the actual po-
sition of AUG, X, = (x (s),yd(s),zd(s))T € R? is the de-
sired path, and y,(s) = arctany, (s)/x,(s).

ez (s)
G (s) + Vi (s)

Cos y4co8 p; —sin y,; cos y,sin p, (4)

p(s) = arctan

Q=] sin y cos p; cosy,; sin ygsin py |,

—sin p, 0 Cos p,
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FIGURE 2: Principle scheme of nonlinear control of underactuated AUG.

where s is the expected path operator, and the corresponding
relationship of the above symbols is as follows:

, dx
x4(s) = d_sd
d
ya(s) = %
i _ dzd
24 (5) - ds >
5 (5)
. _0xy .
X4(8) = 3% >
. 0y, .
Ya(s) = 245,
. 0z,
Zy (S) = gs.

Define {X,;, Y, Z;} as the desired path coordinate
system; let p, represent the angle between plane {X,;, Y,;} and
AUG actual speed X and y, represent the angle between
coordinate axesX,; to X projected on plane {X,, Y }.

Then, the position error dynamics are

€, = e,y,4¢08 p; —espy + H cos y, cos p, — Hy,

€, = —€e,Y4€08 p; —esyysin py; + H sin yp, cos p;,  (6)
€3 = ey + ey sin py — H sin py,

where Hy = /x5 + y% + 25 and H = \|x* + y* + 2%

Firstly, according to the three-dimensional LOS line-of-
sight navigation algorithm, we get

. H cos y,cos p, + ¢,

$= o (7)

"2 2 2
XgtYs tz,

Y, = arctan — e—z, (8)
A

1

)
v, = arctan—, 9)
2

where A; >0, A, = §,1/e2 + A7 >0, §, >0, and §, >0 are the
design parameters.
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vy = arcsin (sin p, cos p, cos y, + cos p;sin p,),

Vs = arctan<

It can be known that the desired pitch angle and yaw
angle are as follows:

Ores = V5 — arctan ———,
u +v

(11)

v
Ve = Vs — arctan—.
u

Let (w,,6,,¥,) be the filtered expected value of
(Wye> Oep> Vrer)- Next, design actually controls the buoyancy
T, rolling moment 7, and pitching momentr, of the input
oil bladder.

Define
Ky =k, klz]T:[S‘)_% G—HS]T, (12)
K, =v-a-= u-a, v-—a, w—as (13)
p-a, 9-as 1-ag
The virtual input is designed as follows:
as = w,,
a, = cos ¢ (¢, —k;;) +sin ¢ cos 6((95 - klz), (14)

as = —sin ¢ (¢, — k1) + cos ¢ cos 9(9S - k1z)-

Take the first derivative of both sides of equations (12)
and (13) to obtain

Kl:[kn klZ]T:[(p_(Ps é_és]T’
K =1L[p al"-[¢. 6.]" (15)

= 15G(Ky+a) [, 0,] .

_ cos ¢ —sin ¢ _
where /5 = [sin @/cos O cos ¢/cos O and G =
000100
000010/
Then, we can get
K, = -K, + J,GK,. (16)

Find the first derivative of both sides and combine the
dynamic equation of the AUG model to get
MK, = M (0 - )
=1-C()(K,+a)-D) (K, +a)-g(X)-Mad
=17-(C(v) +D(v))K, - (C(v) + D(v))a - g(X) - Ma.
(17)

The design actual control input is

. . . . . 10
COS Y4 8in y, cos p, — sin p, sin p, sin y,; + sin y; cos y, cos p, cos p, (10)
—sin y,;sin y, cos p, — sin p, sin p, cos Y, + cos y, o8 y, cos p,cos p, )

T, = —bskyy + (M = X)d, + (M - Z,)was
+(Y; - M)vag +(Xu + Xu|u||u|)a1,
T, = —bsky, — kyy cos ¢ —kyy sin ¢ cos 0
+(I, - My )ds + (Z,, — M)wa, + (M - X,;)ua,
+(Ny = L)ra, +(I, - K;)pag + (M, + My, lql)as,
Ty = —bskys + kyy sin ¢ — ki, cos ¢ cos 0
+(I, = N;)dg + (Y; — M)va, + (X,; - M)ua,
+(I, - My)qa, +(K; - I.)pas +(N, + N, lr|)as.
(18)

4. Stability Analysis

Theorem 1. Assuming that the desired path is smooth and
satisfies 14,7, € Ly, and Q4,Q4, Q4 € Ly, using the con-
troller designed in this paper, the tracking error (e, e,, e5) will
eventually tend to zero; all signals in equation V| below are
uniformly and ultimately bounded.

To prove: the Lyapunov function [28] is defined as
follows:

1 1 19 s eTos
Vv, = 5KlTBlK1 + EKZMKz +3 Y olT'6, + X1 PX,,
i=1
(19)

where B, = diag{bl,bz} > 9 is the control parameter, and
I = diag()’ij)> X, =[v7].

Derive the two sides of the above formula, substitute
them into formulas (16), (17), (21), and (25), and sort them
out as follows:

3 .
V) =K{B,K, + K; MK, + ) Q/T;'0,
i=1 (20)

T _ ~T =
+ X, PX, + X, PX,.

[k 1
Let A= [—K4 0],
V, = -K|B,K, - K DK, - KiCK,

+K§(GTIZZ1B1 +7-g-Da+ Dv-Ca+Cv —Mci)

3 - =T - ~ -
+ Y QlT'0, + X, A"PX, + X[ PAX,.
i=1
(21)

According to formula (2), KICK, = 0.

Combined with formula (18), there is a positive definite
matrix P so that ATP+ PA = —Q, where Qis a Hermite
matrix, so that
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V,< -KI'BK, - K! (D +B,)K, - X,QX,
< = Ain BK = i D+ BT (22)
s Q[T
Then,
Vi< —uV, 434, (23)

where

B, = diag{b, b, by b, bs bs},

20 . (D+B,) A
e

max (

NI'—‘

V()< (k)e “(70) 4 2
(24)
Furtherly, we get

mm(i; min (M), %}1, o (PUX D )

mm (M) YI]l’

N —
o —

<[[X° (t)[] max et (5

EVZj’EVSj’Amin(P)

0
+-
4

where X (t) = [Z1 zZ, 0, Q, O, X, ]T and
Z,(t0), Z, (ty), @ (to)

0, (t5), 03 (to), X1 (t)
Define Lyapunov function as follows:
1, 1, 1,

V,= 7€ +262+2€3,

X" (ty) = (26)

(27)
V2 =e€; + €6, + e;6;5.
Substitute into formulas (6) and (7) to get
V, = ~816] + eoH sin(y - y4)cos(p - py)
- e3H sin(p - p,)
(28)
= —0,e1 + e, H sin (ky, +y,)cos (kyy +p,)
—e3H sin(ky; +p,).

Substitute into formulas (8) and (9) and sort it out as
follows:

0,H
\lAg + e§

—e,A; sin ky, cos ky; —

2 2
V,=-0,e] - (e2 cos k;,cos;;

H
[\2, 2. [\2, 2
A5 +es\A] + e (29)

. . 2 .
(e2e3A1 sin k;,sin;; —e5e; sin k;; cos klz)

H
- (A2e3 sin k;; + e§ cos kn).

\/A§ + e§

As |ugl = |ty iy >0, there is a finite time ¢, >£,>0
which makesH >H_;, >0, Vt>t,. And there is a finite
timet, >, which makes|k,| < |k, |, where V,(k,,)<0,
defined on the interval (t,,t,), V, >0, (H, cos k;;, sin k,
sin ky,, cos ky,) € L. Therefore, for e, (t,) e, (t,) e5(ty)
from any point, e, (t;), e, (t;), and e; (¢,), when t — oo,
(e;,e5,€5) — 0.

5. Experimental Verification

The physical parameters of the underwater glider platform in
the numerical simulation experiments and sea trials are
shown in Table 1. The correctness and effectiveness of the
path tracking control method studied above are verified.

5.1. Interference Experiments with Different Sea Conditions.
The nonlinear adaptive control algorithm designed in this
paper has been programmed into embedded program and
loaded into the embedded control system of underwater
glider. The embedded control system uses STM32F407 as the
core processor, integrates FPU and DSP instructions, and
the main frequency of the system is 72 MHz, which can carry
out 32-bit floating point operation. C/OS-II real-time op-
erating system is adopted, which can realize high speed
operation and large capacity storage. Figure 3 shows the
motion control test process of an underwater glider in the
South China Sea.

Underwater glider test parameter setting: the coordinate
system adopts the southeast geocoordinate system, the test
time is 30 h, and the control frequency is 10 Hz; the path is
designed as a straight line, the length of the path is about
30km, and the path node set is set as follows:
x4 = [0,5,10,15,20,25] and y,; = [0,0,0,0,0,0], and the
unit is km. Single platform control parameters are as follows:
roll angle control k, = 1200, k; = 0,and k; = —22; trim angle
control k,, = 220, k; = 10, and k; = —30; and depth control
k, = 1500, k; = 10, and k; = —150. Parameters of nonlinear
adaptlve control module are as follows: K, =I*% K, = I%¢,
A, =32, §; =12, and §, = 2.0, where I is the 1dent1ty
matrix.

5.1.1. The Size of the Ocean Current is 1.0 kN, and It Runs
under the Condition of 8" Angle with the Direction of the Set
Path. Under the condition that the path of the glider is a
straight line, the size of the ocean current is 1.0 kN, and the



TaBLE 1: Lots of AUG model parameters.

Variables Values
M 69kg
m, 18kg
m, 18kg
L 217 m
I, 0.54 kg - m?
I, 19.75kg - m?
I, 19.82 kg - m?
Y, 79.66 kg
Zy 60.53 kg
K, Okg - m?
M, 21.83kg - m?
N, 23.56kg - m?
X, -50kg/s
Y, ~100kg/s
Z, —-100kg/s
Y, -80kg/s
Z, -80kg/s
K, —-20kg - m?/s
M, -35kg - m?%/s
N, -35kg - m?/s
Xu‘u‘ -12.37 kg/m
YV|V| 19.35 kg/m
iwm ookkg/m2

g m
]\/I};ﬂ 21.83kg - m?
N, 23.56kg - m?

FIGURE 3: Underwater glider tests in the South China Sea.

angle between the direction of the ocean current and the
direction of the path is 8% the glider is operated by the
nonlinear adaptive control method proposed in the paper.

Figure 4 shows the tracking process of the actual path
and the expected path of the underwater glider. It can be
seen from the figure that, in the case of unknown ocean
current interference and unknown model parameters in the
model, the controller can make the underwater glider track
the expected trajectory stably, and the tracking error is
within 10 m, achieving the expected effect.

During the underwater glider test, the maximum gliding
depth was set as 1000 m. The gliding process of profile is
shown in Figure 5. It can be seen that the underwater glider
carried out repeated gliding movement at a depth of
0-1000 m, and the depth control process was stable.

As shown in Figure 6, it can be seen that the trim angle of
the underwater glider is stable tracking set value. The diving
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FIGURE 4: Stable running process of underwater glider tracking
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FIGURE 5: Depth profile control of underwater glider.

Pitch angle adjustment curve of AUG
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F1GURE 6: Trim angle control process of underwater glider.



Mathematical Problems in Engineering

value is —30" and the floating value is +30°, which achieves
the expected effect.

As shown in Figure 7, it can be seen that the roll angle of
the underwater glider is stable and tracks the set value, and
the actual roll angle control achieves the desired effect.

5.1.2. The Size of the Ocean Current is 1.0 kN, and the Angle
with the Path Direction is 10°. Under the condition that all
test parameters and parameters of the glider remain un-
changed, the size of the ocean current is set to be 1.0 kN and
the included angle with the path direction is 10°. The running
results are shown in Figure 8. The tracking control of the
glider is in a critical stable state with the tracking error
within 50 m.

5.1.3. The Size of the Ocean Current is 1.0 kN, and the Angle
with the Path Direction is 12°. When all test parameters and
parameters of the glider remain unchanged, the size of the
ocean current is set at 1.0 kN and the included angle with the
path is 12°. The running results are shown in Figure 9, and
the tracking control of the glider is gradually divergent.

5.2. Comparison Experiment of Control Effect. On the basis of
the test in 5.1, all test parameters and control parameters of
the underwater glider are kept unchanged. The control effect
of the traditional PID control algorithm and the nonlinear
adaptive control algorithm designed in this paper is
compared.

5.2.1. Traditional Control Method. Single platform control
parameters are as follows: roll angle control: kp = 1200,
k; =0, and k; = =22; trim angle control: k, = 220, k; = 10,
and k; = -30; and depth control: k, = 1500, k; = 10, and
k; = —150. During the test, the expected yaw angle of the
glider was set at 10°, the current size was 1.0kN, and the
included angle between the glider and the set heading was 8°.
The test results are obtained in Figure 10. It can be found that
the yaw angle of the underwater glider is controlled around
10°, and the trim angle has obvious oscillation within the
range of up and down fluctuation of 2°. When the current
amplitude decreases or the angle between the current di-
rection and the set course decreases, the yaw angle control
converges stably. When the current amplitude or the angle
between the current direction and the set course increases,
the divergence of yaw angle control will appear. Therefore,
the stable range of the traditional control method against the
ocean current interference at this time is within the size of
the ocean current 1.0 kN and within the angle of 8” with the
set course.

5.2.2. Nonlinear Adaptive Control Method. Single platform
control parameters are as follows: roll angle control:
k, =1200, k; =0, and k;=-22; trim angle control:
k, =220, k;=10, and k;=-30; and depth control:
k, = 1500, k; = 10, and k; = —150. Parameters of nonlinear
adaptive control module are as follows: K, = [*2, K, = I®*¢,

Roll angle adjustment curve of AUG

80 T

1| [

Roll angle (degree)

-80 . . . . . . .
0 2 4 6 8 10 12 14 16

Time (hours)

—— Designed angle
—— Real angle

FIGURE 7: Roll angle control process of underwater glider.

Longitude direction (km)

0 5 10 15 20 25 30
Latitude direction (km)

% Planned path ~ ----- AUG2
AUGO == AUG3
----- AUGI

FiGure 8: Critical stabilization process of underwater glider
tracking control.

A, =32, §, =12, and 6§, = 2.0, where I is the identity
matrix. The experimental conditions and ocean current
disturbance are consistent with those of traditional methods.
The yaw angle of the underwater glider was set as expected
value of 10°, the current size was 1.0 kN, and the included
angle with the set heading was 8°. The test results are ob-
tained in Figure 11. It can be found that the yaw angle of the
underwater glider is controlled in the vicinity of 10° and
within the range of fluctuation of 0.5°, which reaches the
control expectation. When the current amplitude decreases
or the angle between the current direction and the set course
decreases, the yaw angle control converges stably. When the
size of ocean current is 1.0 kN and the angle between it and
the set course is increased to 10°, the critical oscillation
phenomenon will appear in the yaw angle control. Therefore,
the stable range of the nonlinear adaptive control method
designed in this paper against the ocean current interference
is within 1.0kN of the ocean current size and within 10" of
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Stability analysis of formation cooperative control

under ocean current disturbance

........................

10 X
.
St BRI . : 4
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Current velocity (kN)

FIGURE 12: Stability analysis of formation cooperative control
under ocean current disturbance.

the angle with the set course. The stability range of the
nonlinear adaptive control method is larger than that of the
traditional method, and the control effect is more obvious.
However, for the step response index of the control algo-
rithm, the steady-state running time is 0.5s. Since the
control frequency of the underwater glider is slower than
that of 10 Hz, there is no obvious difference in the response
time between the two control methods, and both of them can
meet the dynamic course adjustment process of the un-
derwater glider.

5.2.3. Stable Range of Nonlinear Adaptive Control Method.
The nonlinear adaptive control method for underwater
vehicle interference designed in this paper cannot be applied
to all interference situations. Of course, there is no control
algorithm that can be applied to all interference situations.
The applicable scope of the control method of this paper is
shown in Figure 12. Figure 12 shows the stability analysis of
the formation of underwater gliders under the interference
of ocean currents.

6. Conclusions

In this paper, the path tracking problem of underactuated
underwater glider under the condition of ocean current
interference is studied. Combined with the line-of-sight
navigation method, an underactuated path tracking model
of underwater glider is established and a nonlinear adaptive
controller is designed. The roll angle control law, pitch angle
control law, and depth control law of underwater glider are
given. Through a large number of sea experiments, the
control effect of underwater glider path following under
different ocean current sizes and directions is analyzed. (1)
Under the condition that the size of the ocean current is
1.0kN and the angle with the latitude direction is 8, the
tracking control of the underwater glider runs stably. (2)
Under the condition that the ocean current size is 1.0 kN and
the angle with the latitude direction is 10°, the tracking
control of the underwater glider is critical stable. (3) The
tracking control of the glider gradually diverges under the
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condition that the ocean current size is 1.0 kN and the angle
with the latitude direction is 12°. (4) Compared with the
traditional control algorithm, the nonlinear adaptive control
algorithm designed in this paper has better control effect
under the same sea conditions. It can be seen that when the
size and direction of ocean current meet certain conditions,
the controller proposed in this paper can overcome the
influence of constant ocean current disturbance and un-
known model parameters and has good robustness and good
tracking effect. Of course, one control method cannot be
applicable to all sea conditions. When the angle between
ocean current size and direction exceeds a certain value, the
tracking control of the underwater glider will show obvious
divergence. Therefore, the stability range against ocean
current interference is given in this paper (Figure 12).
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