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TRAJECTORY TRACKING FOR UNDERWATER SWIMMING

MANIPULATOR USING A SUPER TWISTING ALGORITHM

l.-L. G. Borlaug' J. T. Gravdahl? J. Sverdrup-Thygeson!, K.Y. Pettersen! and A. Loria®

ABSTRACT

The underwater swimming manipulator (USM) is a snake-like, multi-
articulated, underwater robot equipped with thrusters. One of the main
purposes of the USM is to act like an underwater floating base manipulator.
As such, it is essential to achieve good station-keeping and trajectory tracking
performance for the USM using the thrusters, while using the joints to attain a
desired position and orientation of the head and tail of the USM. In this paper,
we propose a sliding mode control (SMC) law, in particular the super-twisting
algorithm with adaptive gains, for trajectory tracking of the USMs center of
mass. A higher-order sliding mode observer is proposed for state estimation.
Furthermore, we show ultimate boundedness of the tracking errors and perform
a simulation study to verify the applicability of the proposed control law and

show that it has better tracking performance than a linear PD-controller.

Key Words: Underwater Swimming Manipulator, Super-Twisting, Siding

Mode Control, Sliding Mode Observer.
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thrusters [1]. The main purposes of the thrusters
are to provide forward thrust without requiring the
snake robot to follow an undulating gait pattern,
which is of particular importance in narrow, confined
environments, and to provide sideways thrust for
station-keeping and trajectory tracking. The station-
keeping and trajectory tracking capabilities enable
the USM to act like an underwater floating base
manipulator. The slender, multi-articulated body pro-
vides the USM with outstanding accessibility and
flexibility. As such, the USM is a crossover between
a small autonomous underwater vehicle (AUV) and an
underwater snake robot. The USM possesses the high
kinematic redundancy of the USR, and at the same
time it has the advantages of the AUV in terms of full
energy-efficient hydrodynamic properties and tether-
less operation. Moreover, the USM has the advantages
of remotely operated vehicles (ROVs) regarding full
actuation and the capability of doing intervention
operations. Since the USM can use the thrusters instead
of the joints to create forward propulsion, the joints can
be used to perform manipulation tasks and, thus, exploit
the full potential of the inherent kinematic redundancy.

This has been addressed in detail in [2], [3].

As a floating base manipulator, the USM can move
itself to an area of interest, position its tail at the initial
base location, and then start to operate as a robotic
manipulator. When the USM carries out a manipulation
task, the overall motion of the USM and the joint angle
velocities can be determined by the desired velocities

of the end-effector, i.e. the desired motion of the head

of the USM. One approach for this is described in [4],
where the base motion and the joint angle motion of
the USM are assigned using a redundancy resolution
technique based on inverse kinematics. The outputs of
this procedure are time-varying velocity references for
the base and the joints. This inverse kinematics method
is only one of many ways to calculate the velocity

references.

Controller design for underwater robots (URs)
such as the USM and ROVs, is a complex problem
[5]. URs are often subject to hydrodynamic and
hydrostatic parameter uncertainties, uncertain thruster
characteristics, unknown disturbances, and unmodelled
dynamic effects, e.g. thruster dynamics and coupling
forces caused by joint motion. As the USM has no
separate vehicle base and a low mass compared to an
ROV, the motion of the joints become more significant
for the overall motion of the USM as a rigid body
than for the ROV. The coupling forces are therefore
more prominent for the USM, and this increases the
complexity of motion control of the USM, compared

to an ROV.

Sliding mode control (SMC) is a robust and
versatile non-linear control approach, and we will in
this paper show that it is well suited for control
of USMs. For underwater vehicles, in general, some
important contributions are given in [6], [7], [8], [9],
[10] and [11]. In [6], a singularity-free SMC approach,
inspired by [12], is used for set-point regulation of a UR
with uncertainties in the hydrodynamic parameters. In

[7], [8], SMC is employed to cope with multiplicative
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uncertainty in the thruster configuration matrix. The
combination of sliding mode and adaptive control is
studied in [7], [8], [11]. In particular, in [11], sliding
mode control is combined with adaptive PID controller
gains and an adaptive update of the upper bound
on the disturbances and the parameter uncertainties.
SMC is also applicable to deal with linearisation errors
[9] and the coupling effects between an underwater
vehicle and an attached manipulator arm [10]. Sliding
mode techniques have been applied to land-based snake
robots in [13] to achieve robust tracking of a desired gait
pattern and under-actuated straight line path following.
However, SMC have to the authors’ best knowledge,
never been applied to underwater snake robots, and in

particular, to USRs with thrusters.

In this paper SMC is applied to the robot model
proposed in [14], for which the robot is equipped with
thrusters as in [1]. The model in [1] extends the 2D
model proposed in [15], by modelling also additional
effectors and considering the force allocation among
these effectors. In [14] the model from [15] used in
[1] has been revised and extended, and we here use
the revised model. In [1] a linear PD-controller was
used for tracking of the position and heading along the
reference path. In this paper, we propose to replace the
PD-controller with a super-twisting algorithm (STA)
for sliding mode control accompanied by a higher-
order sliding mode observer, for the case when only the
position measurements are available. We consider the
tracking problem for the position of the centre of mass

of the USM.

The first-order relay controller [16], has large
problems with chattering. To eliminate chattering, we
could have used saturation control, but since the sliding
mode does not exist inside the boundary layer, the
effectiveness of the controller is challenged when
parasitic dynamics are considered, [17]. Therefore the
super-twisting algorithm will be used. The STA is one
of the most powerful second-order continuous sliding
mode control algorithms. It was first introduced in [18]
and has thereafter been used for multiple applications.
The STA attenuates chattering and will, therefore, give
a smoother control signal. A challenge with the STA
is that it only works with bounded perturbations, and
therefore a conservative upper bound has to be used
when designing the controller to ensure that sliding is
maintained. To avoid this issue, we will use adaptive
STA [19]. The gains can then adapt to a level where
they are as small as possible but still guarantee that
sliding is maintained. Since the STA is only applicable
to systems where the control input appears in the
equation for the first derivative of the sliding variable,
both the position and velocity of the USM need to
be available for measurement. For the case when only
the position measurements are available, we will use a
higher-order sliding mode observer, proposed in [20],
to estimate the states. As such, we combine the results
from [19] and [20], as done in [21], but we will replace
the regular STA with a STA with adaptive gains. We
will then apply this control structure to the USM and
show ultimate boundedness of the tracking errors. We

also present simulations that verify that the proposed
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approach applies well to USMs, and also compare the
results to a standard PD-controller.

The remainder of this paper is organized as
follows. In Section II the robot model used will be
explained in more detail. The control and observer
design is presented in Section III, and in Section IV we
prove boundedness of the tracking errors. In Section V
the simulation results will be presented. Conclusions

and suggestions for future work are given in Section VI.

II. Underwater Swimming Manipulator (USM)
Model

In this section, the equations of motion for the
USM and the force allocation matrix will be explained.

We refer to [1], [14] and [15] for further details.

2.1. Kinematics

The position of the center of mass (CM) of the

USM, pcum € R?, expressed in the global frame is

D mit Z?:l m;x; 1 |eTMX
pPcMm = = ) . = e
Dy T Die MY blet My
(1)
where (x;,y;), i = 1,--- ,n are the coordinates of the

CM of link 7 in the global frame, m; is the mass

of link ¢ and m; = >, m; is the total mass of the
Motion Toma Force
> Allocation

P, Pew
f, USM —
Equation
Controller of Motion
r ;‘

Fig. 1. System overview USM, [1]

USM. Eq. (1) is valid because it is assumed that the
mass of each link is uniformly distributed. The matrix

representation of the force balance for all the links is

MX =DThy + fo+ fpu, MY =DVhy+ f, + fo,
)
where f,, and f,, are the forces from the additional
effectors, h, and h,, are the joint constraint forces and
fz and f, are the fluid forces acting on the links.
By differentiating Eq. (1) and inserting Eq. (2), the
joint constraint forces cancel out, and the translational
motion of the CM of the USM can be written as

mupy = e’ (fo + foz)s  mupy = eT(fy + foy)- )

2.2. Force Allocation

The force allocation distribution is given by

FCM,:E
TCM = FC]\/[’y
| Mcwm,z
[ €T 01><n
) . fpa
= otxn e = T(’(/})fpa
f
_GTS¢K —GTC,/,K w

“)

where T(y) is the allocation matrix and f, =

[fpkys---

The allocation matrix represents the mapping between

, [p.k,] 18 the vector of scalar effector forces.

the effector forces and the forces and moments acting
on the CM of the USM. It is assumed that the additional

effector forces are acting through the CM of each link.
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The primary objective for the force allocation method is
to distribute the efforts among the additional effectors
to obtain the desired forces and moments. In the next
section, we propose a novel method for calculation of
the desired forces and moments, together with a non-

linear observer for position and velocity.

III. Control and observer design

Control problem: Assume that there exist a
guidance system which determines a suitable path for
the USM to follow. The task at hand is to design a
motion controller that calculates the desired forces for
the translational motion Fcyy, and the desired moments
for the rotational motion Mcy, of the USM.

We will in the following use a super-twisting
algorithm with adaptive gains to calculate the desired
forces, Fcy. To calculate the desired moments, M,
we will use a proportional controller. The desired forces

and moments are represented by

Fou,a,
Fom,a
TCM,d = FCM,dy 5
Mcm,a
Mcm,q

The control input for the translational motion is
therefore Fc,q, which is the desired force we want
to impose on the system. This force will be given as
input to the force allocation matrix in Eq. (4), which
will then distribute the forces on the effectors so that
the combined force in z- and y-direction is equal to
the desired forces in z- and y-direction, i.e. Fom,d,

and Fowm g, respectively. By assuming that the actuator

dynamics is faster than the system dynamics, the

following equation is assumed to be satisfied.

Fowum,d, Fom,z el foa
Fema = =Fom = =1,
Fewma, Fewy e fry
(6)

By replacing e’ f,, and e’ f,, in Eq. (3), with Fca,
and Fcyy,q,, the translational motion of the CM of the

USM can be rewritten as

.. T
nmipy = € fy + FCM,dy-

)

. T
mPe =€ fo + Foma,,

3.1. Sliding surface design

First we define the error variable. As the output
variable for the translational motion of the USM is pcw,
the error variable can be defined as

- ﬁx Pz — Pz ref
D= = PCM — PCM,ref = ®)

Py Py — Py,ref
where pcm rer 1S the desired position of the CM of
the USM in the global frame. The sliding surface
should be selected such that the state trajectories of the
controlled system are forced onto the sliding surface
o =0 =0, where the system behaviour meets the
design specifications. The controller Fy g should also
appear in the first derivative of o, so that the relative

degree is equal to 1. The sliding surface o can then be
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chosen as where the adaptive gains are defined as
S L IS L I wi/E,  ifo, £0
Oy ﬁy Aﬁy .
- ©) b 0, ifo, =0
. . Q= = (12)
Pz — Pz ref )\(px - pw,ref) & 1 .
= —+ ) ' Y w1 2 if Oy 7é 0
| Py — Py,ref )\(py - py,ref)
0, ifo, =0
Since only the position, pcy, of the centre of mass is
available for measurement, an observer for the states and
Ba 2e0, + A + 4e?
is designed. The observer states will be used in the B = = ; (13)
By 2ear, + A + 4e?

sliding surface, and following the structure of Eq. (9),

the revised sliding surface is then where ¢,\,71 and w; are positive constants. For

implementation purposes, a small boundary is put on

. Oz Dz — Pa ref )\(ﬁz — Pu.ref) the sliding surface and the adaptive gains can be
o= = .
Gy Dy — Dy,ref APy — Dy, ref) expressed as
(10) - -
wiy/ 5, if |oz| > am
3.2. Control input design
P & Gy 0, if |0z < am
a’ = =
In this section the equations describing the STA ey wiy/Z, if |0y, > 14
with adaptive gains and the SMO will be given in detail. 0, if o, ] < am
These will then be used to find the desired force Fn,g. _ )
8 Be 260ty + A + 4e?
By 2ear, + A+ 4e?
3.2.1. The super-twisting algorithm with adaptive
gains where the design parameter «,, is a small positive
constant.

The STA with adaptive gains proposed in [19] can

be written as

y _USTA,:E —ag|og| Y sgn(oy) + vs
o | usTA,y —aylay['/? sgn(ay) + v,
o] _ [Fpesmton
| Oy — By sgn(oy)
(1)
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3.2.2. State observer

By designing the observer structure as in [20], the

state observer is chosen as

. D1 Pro+ 210
p1=|. =
| P1,y ] | P2,y + 21y
[ ] [ 1
. D2,z D3,z + 22,0 + - FoM,d,
P2 = | = "1” (15)
P2,y | | P3,y + 22,y + EF‘CM,dy
X ﬁS,z ZS,I
p3 =1 . =
1 P3y ] | %3,y
where
g kiler.*% sgn(er )
1 = =
| “1,y | _]<;l|@17y‘2/3 sgn(el,y)_
22,1 k2|€1,z\1/3 Sgn(el,z)
Zg = = (16)
| #2.y | _k2|‘517y‘1/‘3 sgn(el,y)_
23,z k3 Sgn(el,w)
23 = =
| #3.y | k3 sgn(e1,y)

and ki, ko and k3 are gains to be chosen according to
[22] and [23], €1, = ps — D1 and €1,y = p, — D1y
One choice of parameters that meets the requirements
in [22] and [23], is according to [21], k; = 6LY/3, ky =
11LY? and ks = 6L, where L is a sufficiently large
constant. By defining e2 =p —py and e3 = —p3 +
F(t), the error dynamics of the state observer can be

written as

é1 = —k’1|€1 ‘2/3 sgn(el) + e2
€y = fk2|el\1/3 sgn(e1) + e3 17

é3 = —ks sgn(el) + F(t)

3.2.3. Control input

In order for the STA to be applicable, the control
input needs to be chosen such that the control appears in
the equation of the first derivative of the sliding variable.
In particular, we want to have 6 = usTa, SO that o
reaches zero in finite time. Taking the time derivative of
Eq. (10) and substituting p1 and po, defined in Eq. (19),

we find that

é- = (pl _pref) + (p2 - p'ref)
. ) ) 1 .
= (P2 + 21 — Dret) + (P3 + 22 + EFCM,d — Pret)
t

(18)

By choosing Fc g to be

Fowm,a = my(=p2 — 21 + Pret — D3 — 22 + Prer + UsTA)

19)

we obtain

& = usTA. (20)

3.2.4. PD-controller

We want to compare the performance of the SMC
algorithms to an existing controller for USMs with
respect to disturbances and modelling errors. We will
to the standard PD-controller that was proposed in [1].
This is implemented by replacing ugta in Eq. (19) with

px ref — ﬁa: DPx,ref — ﬁl
M ’ M ’
upp = kg + kg

Dy,ref — ﬁy

2n

py,ref - py

where £§'* and kS are controller gains.

(© 0000 John Wiley and Sons Asia Pte Ltd and Chinese Automatic Control Society

Prepared using asjcauth.cls



8 Asian Journal of Control, Vol. 00, No. 0, pp. 1-17, Month 0000

IV. Stability Analysis

In this section we perform a stability analysis of
the closed-loop system, and it will be shown that the

tracking error converge asymptotically.

4.1. Error dynamics

T
By defining p = [px py] and dividing Eq. (7)
by m; (the total mass of the USM) the equations of
motion can be written as
- 1 (T
. |Pa mo (e’ fo+ Foma,)
p= = (22)

Py ~ (" fy + Foma,)

where e’ f, is the sum of all forces acting on the CM in
z-direction and €7 £, is the sum of all forces acting on
the CM in y-direction. These forces are hard to model
exactly and will therefore be interpreted as a time-
varying disturbance called f(t) = |:fz(t) fy(t)] T,
where it is assumed that f(¢) is bounded. The equation

can then be written as

= (f(t) + Foma) =

my
p’z B mit(fx(t) + FCM,dI) (23)
By o (fy () + Fom,a,)

The error variable was introduced in Eq. (8). By
introducing p; = p, P = p and by differentiating the
error variables the error dynamics can be written as
pL=p=7p

by =F = pretlt) = m%(f(t) + Foata) — Bret(t),

(24)

where it is assumed that the reference trajectory and its
derivatives is bounded by design. By introducing a new
function F(t) = % f(t) — Pree(t), the error dynamics

can be written as

1.71 = D2

. 1 (25)

po =F(t) + —Foma-
my

where F(t) is bounded since it is a function of two

bounded signals.

4.2. Overall closed-loop dynamics

By using the fact that p; = p — e; and that py =

p — es, from Section 3.2.2, Eq. (10) can be written as
6-:p_61_pref+p_e2_pref~ (26)

Since p; = p — Pref and po = P — Pret then Eq. (26) can

be written as
0 =p1 —el+p2—ea. (27)
By using that p = py, from Eq. (25), we get that
&=p1—er+p1—es (28)

and

PL=06—P1+e+ e (29)

The overall closed-loop dynamics with Fca,q given by

Eq. (19), G as in Eq. (20), P as in Eq. (29) and the state
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observer error as in Eq. (17) is then

PL=6—p1+er+e
21 o= —al6)/2sgn(6) + v

0 = —fsgn(o)
(30)

61 = —k1|el\2/3 sgn(er) + ey

22 é2 = —k2|€1‘1/3 sgn(el) +e3

é3 = —kssgn(e;) + F(t)

Theorem 1 Assume that the error dynamics is given
by Eq. (25), where |F(t)| < A, my is known and the
sliding surface is defined by Eq. (10). Assume that a
state observer in Eq. (15) is used to estimate p and p.
Let the control input be given by Eq. (19). Then the
origin of the cascaded system in Eq. (30) is uniformly
globally asymptotically stable (UGAS), which ensures

asymptotic convergence of the tracking error.

Proof. Analysis of subsystem 1, with e; =0 and ex =
0: With e; = 0 and e; = 0, subsystem 1 can be written
as
pL=06—p
21 o= —al6|/2sgn(6) + v €Y
0= —[Fsgn(o)

This can then be divided in two subsystems:

ZH{ pi=6—f

1/2 (32)

o = —al6) /2 sgn(6) + v

212

0 = —fsgn(5)

where [24, Lemma 2.1] can be used. Subsystem » 11

with & = 0 is analysed first. This is clearly a globally

exponentially stable linear system, but since we will

need a Lyapunov function for the analysis of this

system when & # 0, we will use the Lyapunov function
1

candidate Vi1 (p) = 5p7 for the analysis. The derivative

of the this is

Vir(p) = pipr = pi(—h1)

(33)
= —p1 < —[lp .
This means that the Lyapunov function satisfies:
killz]|* < Vii(z) < koll2||® )
20 fult ) < sl

with ky =ko =1, k3=1 and a=2. By using
Theorem 4.10 in [25] subsystem Y 15 is proven globally

exponentially stable with 6 = 0.

Subsystem » 12 has the structure of the STA
algorithm with adaptive gains. In [19] a Lyapunov
function is proposed for systems with this structure.
Here it is proven that the Lyapunov function proposed
is indeed a Lyapunov function for subsystem > 12 and
that for any initial conditions, o, & — 0 in finite time by
using the STA with adaptive gains given by Eq. (12)
and Eq. (13) where ¢, A, 1 and w; are arbitrary positive
constant. Now, since the subsystem is globally finite
time stable and autonomous it is also uniformly globally
asymptotically stable (UGAS), [26, Proposition 2 and

Proposition 3], which also implies that ||5(¢)|| < S;.

To check if the solutions of > ; are uniformly

globally bounded (UGB), subsystem ) 1; has to be
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analysed with & # 0. The derivative of the Lyapunov

function V7, is then

Vi1 (p) = —[1p1]1* + 6p1
< —[|B1|* + 0[|B111> — 0]|p1|1> + Ballpnl|

A A

(35)
where 0 < 6 < 1. The solutions are then UGB, since
the conditions of [25, Theorem 4.18] are satisfied.
Consequently, the conditions of [24, Lemma 2.1] are

satisfied, which implies that the origin of subsystem

57, is UGAS.

Analysis of subsystem 2: In [27] a Lyapunov function
is proposed for a third order observer. It is proven
that the Lyapunov function is radially unbounded,
positive definite and that it is a Lyapunov function for
subsystem ) o, whose trajectories converge in finite
time to the origin e = 0 for every value of |F(t)| as
long as F(t) is bounded. Since F(t) is bounded by
assumptions, the origin is globally finite time stable for
every value of F(t), which means that the origin is also
UGAS [26, Proposition 2 and Proposition 3], which

implies ||e(t)]]| < Beo.

Analysis of the complete system: To analyse the
complete system, [24, Lemma 2.1] is used. To check
if the solutions of the complete system are UGB, the
boundedness of p; has to be evaluated when e; # 0 and
es # 0, for this the Lyapunov function V7, is used. Note

that boundedness of ¢ follows from > ;2 being UGAS,

since > 12 is not perturbed by > o.

Vii(B) = —p1|]> + (6 + e1 + e2)p1

< —[1pal)? + 0l1p1* — 0lp1]1* + (B1 + 282) |||

B1 + 202

<-1=0lalP v sl = =

(36)

where 0 < 6 < 1. The solutions are then UGB, since
the conditions of [25, Theorem 4.18] are satisfied.
Consequently, the conditions of [24, Lemma 2.1] are
satisfied, which implies that the complete system is
UGAS, and the tracking errors will therefore converge

asymptomatically. O

V. Simulation Results

5.1. Implementation

The complete model with the force allocation
matrix and controller is implemented in MATLAB
Simulink. The USM implemented has n = 16 links,
each one having length 2/; = 0.14 m and mass m; =
0.6597 kg. The thruster configuration used corresponds
to configuration 2 in [1]. This has one tail thruster
attached to link 1, exerting a force along the z-axis of
the link, and four additional thrusters located at link
number 3, 6, 11 and 14, exerting forces normal to the
links. For more details regarding the parameters used
in the model, please see [1]. We have implemented two
different case studies, one called torpedo mode, which
is described in Section 5.1.1, and one called operation

mode, described in Section 5.1.2.
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5.1.1. Case 1 - Torpedo mode

We want the USM to move as a torpedo-shaped
AUV when it is moving from one place to another. To
achieve this type of behaviour, the link angles were
set to zero, i.e. there was no lateral undulation, and
a line-of-sight (LOS) guidance law defined by ¥ s =
—arctan(p,/A), where A is the look-ahead distance
and p, is the cross-track error from the path, was used
for heading control. This was motivated by [28] and
[29], but as [1] the heading of the USM was defined
as the head link angle ¥ = W,,. This simulation case is

shown in Fig. 2.

5.1.2. Case 2- Operation mode

When the USM is in operation mode, it will use
the thrusters to stay in one place or move around, and
use the end-effector at the head of the USM to do the
operation. The motion of the joints can be seen as a

disturbance to the CM position control system, as it will

t=19.4804
ar
3l
ot
1t
£ 0 (EEEPEEENe)
-
Ar
2r
-3r
g | | | | | | | | |
-1 0 1 2 3 4 5 G T 8
X [m]

Fig. 2. Torpedo mode USM simulation

inflict unwanted motion on the CM of the USM. This
simulation case investigates how well the proposed STA
attenuates the unwanted effects of the joint motion. The
simulated operation is an inspection, which entails that
the head of the USM first moves in one direction and
then the other, while the thrusters should keep the USM
on the reference path. This type of simulation is shown
in Fig. 3, where the USM head changes direction at 10,
20 and 30 seconds.

5.2. Simulations

As described in Section 3.2.2 the gain parameter
L needs to be chosen sufficiently large, and for
the simulations L was tuned manually to get good
performance. The PD-controller gains were chosen
by pole placement, and then slightly tuned to get
better performance. The sliding surface parameter A in
Eq. (10) was set to 1. For the simulations, a fixed-step

solver, with fixed step size 10~° was used. In Table 1

t=59

¥ [m]

X [m]

Fig. 3. Operation mode USM simulation
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the maximum position error after settling is presented

for both the PD and SMC controllers.

5.2.1. The super-twisting algorithm with adaptive

gains:

The gains in the super-twisting algorithm with
adaptive gains were set to: e =1, A =1,y =1, w; =
8, ., = 0.05, and the observer gain was set to: L = 55.
The simulations for torpedo mode can be seen in Fig. 4,
and the simulations for operation mode can be seen in
Fig. 5. The position error for case 2, operation mode can

be seen better in Fig. 6.

xde& with X
10 T T T T T T T
E st — Xdes [
e X
0 I 1 I 1 1 I
0 5 10 15 20 25 30 35 40
Time [s]
Vd with Y
s
1 T T T T T T T
% 0 Yetes |
a —
4 1 I 1 I 1 1 I
0 5 10 15 20 25 30 35 40
Time [s]
2 Control input u

Force

0 5 10 15 20 25 30 35 40
Time [s]
Sliding variable o
0.2 T _9_’_ - T
0 X
/ —
02 L L I I . | L
0 5 10 15 20 25 30 35 40
Time [s]
Position error
0.05 . . osition err :
0 X
% :
005 1 I I I ! I I
0 5 10 15 20 25 30 35 40
Time [s]
<1073 Observer errors e,
5 T . .
0 X
y
5 1 1 1
0 5 10 15 20 2 30 35 2
Time [s]
<107 Observer errors e,

Time [s]

Fig. 4. Torpedo mode:Simulation of STA with state observer
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5.2.2. The PD-controller

The gains for the PD-controller were set to:
kGM =6 and k5™ = 200. The torpedo mode simu-
lation can be seen in Fig. 7 and the operation mode
simulation can be seen in Fig. 8. The position error for

case 2, operation mode can be seen better in Fig. 9.

Table 1. Absolute maximum value for position error

IS
5

IS
5

N
3

Algorithm Error
Torpedo Operation
X y X y
The STA with | 3.6134- | 2.8766-
adaptive gains | 107* 107* | 0.0126 | 0.0264
PD-controller | 0.0018 | 0.0095 | 0.0195 | 0.0227
X ith X
10 T T T des ‘IM T T T
¢ 0 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Time [s]
Y gos With Y
1 T T T T T T T
¢ 4 1 1 1 1 1 1 I Y
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Time [s]
100 . . . Control input u : : .
8 0 V{b;;&;f —— *
2 —
100 L 1 L I L L L
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Time [s]
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. N x
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Fig. 5. Operation mode: Simulation of STA with state observer
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5.3. Discussion

From Figs. 4 and 5 we can see that the proposed
control law is indeed applicable since the position error
converges to zero. From Figs. 4 to 8 and Table 1,
we can also see that the STA algorithm with adaptive
gains is superior to the PD-controller because it has
smaller position errors in both simulation cases. The
improved tracking performance is important to be able
to control the tail or head of the USM better, to perform
high-precision work, and to be able to move around in

confined spaces.

It is worth noticing that for case 2, operation mode,
the difference in position error is not very large. From
Fig. 6 and Fig. 9, it can be seen that for the PD-
controller the absolute position error is more varying
than for the STA with adaptive gains. The reason for the
larger absolute position error for the STA is the peaks

that can be seen in Fig. 6. These peaks are from when

0.04 ; . IPosntloln error

X
—vy| -

\
ob—1

-0.02 | 1

-0.04

-0.06

-0.08

0.1 . . . . . . .
0 5 10 15 20 25 30 35 40

Time [s]

Fig. 6. Operation mode: Position error for the STA

0 5 10 15 20 25 30 35
Time [s]

Control input u

0 5 10 15 20 25 30 35
Time [s]

Position error
osition err

0,02 1 | | | 1 1 1
0 5 10 15 20 25 30 35

Time [s]
10 Observer errors e,

5 T T T

5 ! 1 1 I I 1 !

0 5 10 15 20 25 30 35
Time [s]

©10% Observer errors e,

T T T

I 1 1 1 1 1 1

0 5 10 15 20 25 30 35
Time [s]

Fig. 7. Torpedo mode: Simulation of PD-controller

the USM shifts position, and the error is therefore only
larger in some small time period while the USM shifts
position. The absolute position error when it has settled
is for the STA in z-direction equal to 3.6088 - 10~* and
in y-direction equal to 2.8847 - 10~%, while for the PD-
controller it is in z-direction equal to 0.0032 and in
y-direction equal to 0.0073. This means that the error
most of the time is less for the STA. From Fig. 9 it can
also be seen that the error is not constant and adding
integral effect would therefore not improve the results

noticeably.

From the control input in the plots it is possible

to see that the increase in performance does not change
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the magnitude of the force needed to control the USM
noticeably. In operation mode, when using the STA the
control input does have some peaks when the USM
shifts position, but that is to be expected as the position
error is nearly not affected at all by the shift. It is
important that the increase in force needed is not too
large, as that will affect the power usage of the USM.
From Figs. 4 and 5 we can see that the sliding
surface does indeed converge to zero, and so do the
observer errors. From Fig. 7 and Fig. 8 we can see that
the observer errors also converge to zero when the PD-

controller is used.

The PD gains for the linear controller might not be

X o With X

5 10 15 20 25 30 35 40
Time [s]
Y gos With Y
es

5 10 15 20 25 30 35 40
Time [s]

Control input u

5 10 15 20 25 30 35 40
Time [s]

Position error
ositien err

5 10 15 20 25 30 35 4
Time [s]

3

Observer errors e,

5 10 15 20 25 30 35 4
Time [s]

3

Observer errors e,

T
| | |

5 10 15 20 25 30 35 40
Time [s]

Fig. 8. Operation mode: Simulation of PD-controller

completely optimal, since finding the optimal gains is
a difficult task. This gives the STA with adaptive gains
one more advantage as finding the optimal gains is no

longer a problem.

VI. Conclusions and Future Research

In this paper, we have discussed the use of the
USM as a floating base manipulator, for which the
trajectory tracking performance is important, and how
the complexity of motion control is larger for USMs
than for ROVs. We have proposed a second-order
sliding mode control law for trajectory tracking, with
the use of a sliding mode observer for the case when
velocity measurements are not available. Furthermore,
we have proved asymptotic convergence of the tracking
error and performed a simulation study to verify the

applicability of the proposed control law and shown that

0.04 ; i lPosmo'n error

X

0.02

-0.02

-0.04 i

-0.06 1

-0.08 i

0.1 . . . ) . . .
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Time [s]

Fig. 9. Operation mode: Position error for the PD-controller
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it gives better tracking performance than a linear PD- International Publishing; 2014.

controller. 6. Antonelli G, Chiaverini S.  Singularity-free
Future work includes investigating the best choice regulation of underwater vehicle-manipulator

of control parameters and extending the results to 3D. systems. In: Proc. American Control Conference.
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