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Abstract. The addition of manipulators to small autonomous underwater vehicles (AUVs) can pose significant 
control challenges due to hydrodynamic interactions between the arm and the vehicle. Experiments conducted at 
the Monterey Bay Aquarium Research Institute (MBARI) using the OTTER vehicle have shown that dynamical 
interactions between an arm and a vehicle can be very significant. For the experiments reported in this paper, a 
single-link “arm” was mounted on OTTER. Tests showed that for 90-degree, two-second repetitive slews of the 
arm, the vehicle would move as much as 18 degrees in roll and 14 degrees in yaw when no vehicle control was 
applied. 

Using a new, highly accurate model of the arm/vehicle hydrodynamic interaction forces, which was developed as 
part of this research, a coordinated arm/vehicle control strategy was implemented. Under this model-based approach, 
interaction forces acting on the vehicle due to arm motion were predicted and fed into the vehicle controller. Using 
this method, station-keeping capability was greatly enhanced. Errors at the manipulator end point were reduced 
by over a factor of six when compared to results when no control was applied to the vehicle and by a factor of 
2.5 when compared to results from a standard independent arm and vehicle feedback control approach. Using the 
coordinated-control strategy, arm end-point settling times were reduced by a factor three when compared to those 
obtained with arm and vehicle feedback control alone. These dramatic performance improvements were obtained 
with only a five-percent increase in total applied thrust. 

Keywords: underwater vehicle control, underwater manipulator hydrodynamics, underwater manipulator mod- 
eling, underwater manipulator control, coordinated control, vehicle and manipulator control, underwater vehicle 
experiments 

1. Introduction to maintenance and construction of underwater struc- 
tures. Unlike ROVs, which tend to be quite stable stat- 

For users of remotely operated vehicles (ROVs), ma- ically, many smaller underwater vehicles have reduced 
nipulators have become a valuable tool for perform- static stability due to the small separation distance be- 
ing a wide variety of tasks, from scientific sampling tween their centers of mass and buoyancy. Also, for 
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vehicles designed to travel efficiently through the wa- 
ter, the requirement for a small frontal area often limits 
the achievable static stability. The addition of ma- 
nipulators to the vehicle makes control of the sys- 
tem more difficult because of the large hydrodynamic 
forces acting on the arm as it moves through the wa- 
ter Hydrodynamic forces on the arm couple into the 
vehicle system, increasing the difficulty of regulating 
the position and attitude of the vehicle. 

With the advent and implementation of higher lev- 
els of autonomy in the control of underwater robotic 
systems, it is becoming possible to move faster, and 
hence the relevance of hydrodynamic coupling is in- 
creased further. Today’s advanced manipulator sys- 
tems are typically tele-operated, using a passive “mas- 
ter” arm to control the underwater “slave” robot arm. 
These systems, are limited in a fundamental way by the 
skill, coordination, and endurance of the human oper- 
ator. High-speed, precise motion is precluded by the 
limitations of the human/machine interface. 

Human/machine interfaces incorporating increased 
autonomy, such as Task-Level Control (Wang et al., 
1993) are capable of providing commands which ex- 
ploit the full capabilities of manipulators for quick, 
precise motions. As the human operator is relieved 
of low-level control responsibilities, the limitations 
on system performance shift to the control systems 
implemented in place of the human. To enable high- 
performance control of a manipulator end point from a 
free-swimming vehicle base, low-level control systems 
that deal effectively with the complex hydrodynamics 
of fast motion must be developed. The development 
and implementation of such a controller is the focus of 
this paper. 

A common work scenario for an underwater robot on 
a science mission is to perform a task, such as picking 
up a rock, sampling a biological specimen from the 
water column, or moving a science instrument, while 
holding the position and attitude of the vehicle fixed or 
“on station.” Such tasks are examples of jobs where the 
station-keeping control of the vehicle is very important. 
By using control to keep the vehicle motionless, not 
only is the manipulation made easier, but the challenge 
of visually tracking the desired work scene is made less 
burdensome as well. 

Station keeping is made difficult due to the presence 
of disturbances in the ocean environment such as those 
due to currents or tether forces. In the research pre- 
sented here, the disturbance addressed is the large hy- 
drodynamic coupling force generated as the arm moves 

Figure I. OTTER vehicle with single-link arm. This photo shows 
the OTTER vehicle with the single-link manipulator mounted The 
single-link manipulator is 7.1 cm in diameter and 1.0 m long, while 
the vehicle is 2. I m Iong, 0.95 m wide and 0.45 m tal1. 

through the water. If precise positioning of the ma- 
nipulator end point is required, even relatively small 
motions at moderate speeds can have significant de- 
grading effects. 

For the coordinated arm/vehicle control experiments 
discussed in this paper, a single-link arm was mounted 
on the OTTER vehicle, which is shown in Fig. 1 and dis- 
cussed in Section 3. Under the coordinated-control ap- 
proach, the vehicle feedback controller was augmented 
with information about the hydrodynamic interaction 
forces between the arm and the vehicle. This informa- 
tion was produced using a very accurate model (de- 
veloped during this work) of the hydrodynamic forces 
acting on a single-link arm. Although the single-link 
arm is quite simple mechanically, hydrodynamically it 
is quite complex due to the unsteady, three-dimensional 
flows developed as the arm moves. Although it does 
not possess the functionality of a full manipulator, 
the single link allows testing and validation of the 
coordinated-control concept. It was necessary to de- 
velop a more advanced model because many of the 
unique hydrodynamic attributes ofrobotic motion (e.g., 
short unsteady swinging motions, radial-flow and tip- 
how effects, etc.) had not been addressed by previous 
models. As hydrodynamic models for manipulators 
increase in sophistication to handle accurately multi- 
ple links and degrees of freedom, the control approach 
presented here can be extended easily to accommodate 
these systems. 

The end-point-positioning and station-keeping per- 
formance of different controllers was tested by 
commanding the vehicle to maintain station while 
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moving the arm from one position to another and then 
back to the original position. This point-to-point posi- 
tioning task was chosen as the evaluation experiment 
for this research for two reasons. First, it is a generic 
task representative of other tasks of interest for an un- 
derwater system, such as sampling or pick-and-place 
maneuvers. Second, successful point-to-point posi- 
tioning of the manipulator end point requires high- 
performance control of the entire arm/vehicle system. 
Such control is difficult to achieve without compensat- 
ing for the hydrodynamic interaction forces explicitly 
in the control of the arm/vehicle system. 

2. Background 

Controlling underwater vehicles and robots to enable 
them to perform useful functions in the deep ocean 
represents a difficult problem that has challenged re- 
searchers for many years. Lead by the initial work of 
Yoerger and Slotine (1985), the application of sliding- 
mode control techniques to underwater vehicles be- 
came an active area of interest (Dougherty et al., 1988; 
Anderson, 1992; Healey and Lienard, 1993). The mo- 
tivation for using the sliding-mode approach is to en- 
able robust control of the uncertain nonlinear vehicle 
system. Other research focused on using adaptive or 
neural-network control methods to deal with uncer- 
tainty in the plant model (Cristi et al., 1990; Goheen and 
Jefferys, 1990; Yuh, 1990; Yoerger and Slotine, 1991). 

In the underwater-vehicle community, two theore- 
tical efforts are of direct relevance to the coordinated 
arm/vehicle control approach taken in this research. In 
the work of Mahesh, et al, (1991), an adaptive con- 
troller for coordinating vehicle and arm motion was 
proposed. The arm and vehicle were considered as 
a single unit and an adaptive controller was developed 
for the whole system. This required a discrete-time ap- 
proximation to the full nonlinear arm/vehicle dynam- 
ics to be implemented in the control. The success of 
the approach is dependent on the controller’s ability 
to adapt accurately to rapidly changing hydrodynamic 
coefficients. The approach has been demonstrated us- 
ing a computer simulation of the planar motion of a 
vehicle. Experimental validation of the effectiveness 
of their approach has not been demonstrated. 

In a second, related effort, Koval (1994) proposed 
a model-based feedforward control approach for the 
stabilization of an underwater manipulation robot. In 
this work, the computational feasibility of a real-time 
hydrodynamic model implementation was addressed. 

Few implementation details were provided. No simu- 
lation or experimental results were given. 

Several recent papers have addressed the modeling 
of underwater robotic systems (LCvesque and Richard, 
1994; McMillan et al., 1994; Tarn et al., 1995). The 
focus of these papers is the efJicient simulation of un- 
derwater vehicles and manipulators with many degrees 
of freedom. The models presented assume that drag 
and added-mass coefficients are constant. The latter 
two papers give an approach for calculating an esti- 
mate of the added-mass coefficient, but do not suggest 
a value for the drag coefficient. Levesque does not 
include added-mass or other acceleration terms in his 
formulation, but suggests a value of 1.1 for the drag 
coefficient. None of these models were validated ex- 
perimentally. Experimental results from this research 
have shown that for typical robotic motions, that the 
drag and added-mass coefficients of a swinging circular 
cylinder are not constant, but state-dependent functions 
of how far the cylinder has traveled. 

Unlike the references presented here, the focus of 
this paper is not on increasing robustness or adapting 
to existing uncertainty, but rather on improving system 
performance by exploiting detailed knowledge of the 
system dynamics. The approach taken here involves 
augmenting the existing vehicle feedback control with 
information based on a fundamental physical under- 
standing of the manipulator hydrodynamics, in a way 
that benefits the control of the entire system. To achieve 
good results, this approach requires an accurate model 
of the manipulator hydrodynamics. In this paper, the 
coordinated-control approach is described and experi- 
mental validation is given. 

3. Experimental Apparatus 

The work presented here was performed as part of 
a joint research program between the Stanford Uni- 
versity Aerospace Robotics Laboratory (ARE) and the 
Monterey Bay Aquarium Research Institute (MBARI). 
To enable experimental research in the ARLMBARI. 
program, a small underwater vehicle has been devel- 
oped. OTI’ER (an Ocean Technologies Test-bed for En- 
gineering Research) is described briefly below, while 
further detail can be found in Wang et al. (1995). 

For the arm/vehicle coordinated-control experi- 
ments presented in this paper, a single-link arm was 
mounted on the OTTER vehicle. Experiments were 
carried out in the MBARI test tank located in Moss 
Landing, California. The tank is 12 m in diameter and 
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4 m deep. The OTTER vehicle is about 2.1 m long, 
0.95 m wide, and 0.45 m tall and weighs about 145 kg in 
air. A photograph of the vehicle with the arm mounted 
is shown in Fig. 1. The main structural element of the 
vehicle is a 0.36 m diameter by 1.25 m long aluminum 
pressure housing which contains the on-board comput- 
ers and sensors. Two 0.12 m diameter housings of the 
same length contain NiCad batteries that provide ap- 
proximately 750 W-h of power. The battery modules 
are mounted underneath the main housing. 

The pressure housings are surrounded by eight 
ducted thrusters which provide propulsion to the 
vehicle. Each thruster housing contains its own com- 
mutation electronics and microcontroller that allow the 
motor to be current or velocity controlled. All compo- 
nents are mounted to a welded stainless-steel frame 
which surrounds the main housing and runs the length 
of the vehicle. The vehicle is covered by a streamlined 
fiberglass shell. Additional buoyancy is provided by 
fiberglass-covered redwood blocks stored within the 
shell. Because the shell is free flooding, the effective 
mass and inertia of the robot underwater are signifi- 
cantly higher than in air. 

The arm used for the arm/vehicle control experi- 
ments was 7.1 cm in diameter and 1.0 m long. This 
length was chosen because it has roughly the same 
effective length as the prototype manipulator that has 
been designed for OTTER when it is in a nominal op- 
erating configuration. The arm was mounted from the 
fore-port corner of the vehicle frame and tilted down at 
an angle of 60 degrees from the horizontal (see Fig. I). 
This configuration was chosen because it places the 
arm in the region most likely to be the workspace of a 
future manipulator. With the arm mounted in this way, 
all of the vehicle degrees of freedom were affected by 
the forces generated as the arm moved. 

In order to control the position and attitude of the 
vehicle, a variety of sensors were used. The horizon- 
tal (x, y) position of the vehicle was measured using 
SHARPS, an acoustic long-baseline positioning sys- 
tem. The depth (z) of the vehicle was sensed using a 
pressure transducer. Measurements of pitch and roll 
were provided by a dual-axis inclinometer. Heading 
was measured using a flux-gate compass. Solid-state 
gyros were used to provide pitch, roll, and yaw angular 
rates. Each of these sensors is commercially avail- 
able. 

The computer hardware used for this research con- 
sisted of a UNIX-based Sun workstation networked to 
a VME-based real-time computer system. The real- 

time computer hardware consisted of a two 68040- 
based single-board computers (on separate VME chas- 
sis) and a 16-channel, IZbit analog input board housed 
on board the vehicle and a 68030-based single-board 
computer at the control station. One 68040 board was 
used for vehicle control, while the other was used for 
arm control. Communication to the arm motor was 
done at 3 1.25 kBaud through a serial connection. 

The real-time control software was developed in 
C++ for use under ControlShell (Rea, 1992), a soft- 
ware framework for real-time systems, which runs on 
top of the VxWorks operating system (Win, 1993). 

4. Approach 

Dynamically Coordinated Control 

The central idea of dynamically coordinated con- 
trol is to take advantage of physical understanding 
of system dynamics explicitly in the control of the 
arm/vehicle system. In the context of the control 
problem addressed here, this physical understanding 
is embodied in an accurate model of the manipulator 
hydrodynamic forces. Under the coordinated-control 
approach, hydrodynamic and inertial forces generated 
from the motion of the arm are modeled in real time as 
the motion progresses. Based on the predicted interac- 
tion forces, thrust commands are sent to the thrusters 
to counteract the forces generated by the arm motion. 
In this way, the control of the arm and the vehicle are 
“coordinated.” The experimental results presented in 
this paper demonstrate the validity of this coordinated- 
control approach for the arm and the vehicle. 

Figure 2 shows a simplified schematic diagram of the 
coordinated-control strategy. The main control compo- 
nents are the hydrodynamic model, the arm controller, 
the vehicle controller, the arm trajectory generator, 
and the vehicle trajectory generator. For the station- 
keeping experiments of this paper, the vehicle trajec- 
tory generator supplied zero-reference commands for 
each of the vehicle degrees of freedom. The control 
approach presented here was developed with the avail- 
ability of an accurate hydrodynamic model in mind. 
The primary benefit of this model-based control ap- 
proach was the performance increase achieved by ef- 
fectively eliminating one of the main disturbances on 
the system. Using the modeling approach presented 
here io predict the hydrodynamic forces has the addi- 
tional benefit of maintaining high reliability and low 
cost-no additional sensors are required. 
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Manipulator Control 
model 

F@re 2. Block diagram of primary coordinated-control compo- 
nents. This schematic shows a simplified block diagram for the 
coordinated-control approach. The primary components are the hy- 
drodynamic model, the manipulator and vehicle controllers, and the 
manipulator and vehicle trajectory generators. 

Hydrodynamic Model 

The experimental validation of the coordinated-control 
approach of this paper was enabled, in part, by the 
development of a very accurate hydrodynamic model 
for the in-line forces! acting on a circular cylinder ro- 
tating about its end. The theoretical foundation of this 
model is a two-dimensional analysis of the flow of an 
incompressible, inviscid fluid over a cylinder under- 
going unsteady motions. The wake and feeding layers 
were modeled using discrete vortices with independent 
positions, velocities, and strengths. The analysis ig- 
nores the effects of skin drag, which are negligible for 
the manipulator motions considered. Figure 3 shows 

Figure 3. Two-dimensional hydrodynamic model schematic, This 
diagram illustrates the flow conditions modeled in the 2-D hydrody- 
namic analysis. 

I Fhyd 

Figure 4. Diagram of strip-theory implementation. This figure 
shows how strip-theory was applied to extend the 2-D hydrodynamic 
analysis to 3-D. 

a schematic representation of the 2-D cylinder. The 
2-D portion of this analysis is similar to that done by 
Sarpkaya (1963), Sarpkaya and Garrison (1963) for a 
stationary cylinder immersed in a moving fluid. Further 
details of the model can be found in McLain (1995). 

The two-dimensional analysis resulted in the follow- 
ing equation for the acting hydrodynamic in-line force: 

Fx = G(slD) . P 
nD2dU 
4dt + C&/D). ;pDU’. 

The key outcome of this analysis was that for a cylinder 
undergoing constant acceleration motions, it was found 
that the state-dependent hydrodynamic drag and added- 
mass coefficients, Cd and C,, were functions of how 
far the cylinder had traveled only. 

Using a standard strip-theory approach, the 2-D anal- 
ysis was extended to three dimensions. This approach 
is diagrammed in Fig. 4. The forces acting on a thin seg- 
ment of the arm were calculated using a form of Eq. (1): 

SCD2 
dFi = Cmi(si/D) . pTlidli8 

1 
+Cdi((si/D). -pDlfdZ$lQ. 

2 (2) 

The hydrodynamic in-line torque and force acting at the 
hub were found using the following simple relations: 

dz = 1idFi (3) 

Thyd = $J dTi (4) 
i=l 

Fhyd = 2 dFi 
i=l 

(5) 

where n was the number of segments used in the model. 
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Figtlre 5. State-dependent drag and added-mass coefficients. This 
plot shows an example of the behavior of drag and added-mass co- 
efficients as functions of travel for a swinging circular cylinder. 

Extensive measurements of forces and torques act- 
ing on the arm were used to identify the state-dependent 
behavior of Cd and C,,, . Flow visualization studies were 
also conducted to gain insight into the behavior of the 
flow and its effects on the forces acting. Figure 5 shows 
an example of the state-dependent drag and added- 
mass coefficients identified from the experimental data. 
In the initial stages of motion when the flow was at- 

30 degree/O.4 second slew 
5, 

I I 

time (se@ 

120 decrreeil.2 second slew 

time (set) 

tached, Cd was 0 and C, was 1, as potential-flow the- 
ory would indicate. As small symmetric vortices grew 
in the wake, Cd increased and C,,, dropped off. When 
the symmetric vortex pair reached its maximum size, 
the values of Cd and C, peaked. As the vortex wake 
became established, Cd and C,,, settled in to quasi- 
steady-state values. Note that Cd was significantly 
lower than the value of 1.2 that would be expected for 
a cylinder undergoing translational motion. This was 
due to three-dimensional flow effects induced by the 
rotational motion of a cylinder of finite length. 

Figure 6 demonstrates the accuracy of the hydrody- 
namic model based on Eqs. (2) through (4) and Fig. 5. It 
can be seen that for a wide range of motions, that the 
model accurately predicts the hydrodynamic torque 
acting. In addition to constant acceleration motions, 
the model worked equally well with fifth-order spline 
trajectories. 

Vehicle Feedback Control System 

For the fairly low speeds characteristic of station- 
keeping operation, the motion of the independent 
degrees of freedom of the vehicle are very lightly 
damped. This is due to the signed-quadratic relation- 
ship between velocity and fluid drag. At very low 
speeds, the drag is almost non-existent. At high speeds 
the drag forces are extremely large. For the low speeds 
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Figure 6. Experimental hydrodynamic modeling results. Hydrodynamic torque model results are plotted for 30-degree, 60-degree, 120.degree, 
and 240-degree motions. The hydrodynamic model is accurate over a wide range of motions. 
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100 Hz sample rate 

Figure 7. Vehicle feedback control block diagram. This schematic shows the vehicle feedback control block diagram. The controller is 
implemented digitally and runs at 100 Hz. SHARPS position measurements are updated at 2.5 Hz while the heading (yaw) measurement from 
the flux-gate compass is updated at 10 Hz. All other sensors are sampled at the full sample rate. Thrusters are velocity controlled using their 
internal electronics. 

and nominal horizontal configuration involved in sta- 
tion keeping, the x, y and z translational motions and 
the yaw motion can be modeled approximately as 1 /s2 
plants, while the pitch and roll motions can be modeled 
as lightly damped second-order systems. 

To provide control over the individual vehicle 
degrees of freedom, classical proportional-integral- 
derivative (PID) feedback controllers were used for 
each of the quantities x, y, Z, 4, 6 and +. State-of- 
the-art position and attitude sensors provided the mea- 
surements required to achieve high-quality feedback 
control for each of the vehicle degrees of freedom. The 
integral portion of the control was implemented so that 
it was only active when the desired vehicle velocity 
was zero. In this way, good steady-state-error perfor- 
mance was achieved while preserving good transient 
response. Figure 7 shows a schematic representation 
of the vehicle feedback control implemented on the 
OTTER vehicle. The control loop was implemented 
digitally with a 100 Hz update rate. However, x and 
y position information from SHARPS was available 
at only 2.5 Hz. Yaw information from the flux-gate 
compass was produced at 10 IIz. 

For station-keeping operations, the vehicle tra- 
jectory generator produces constant desired-position 
commands. These position commands are transformed 
into the vehicle-body frame (using the appropriate 

Euler-angle rotation matrix) for use by the con- 
troller. The vehicle controller takes in body-frame- 
referenced position and velocity measurements for the 
vehicle degrees of freedom and, based on the errors, 
produces avector of three forces (F&, FJmd, Fz,,,& and 
three torques (T&~, z&~, r,z,d) to be applied to the vehi- 
cle about its center of mass in the vehicle frame. Based 
on the thruster configuration, a vector of eight thrust 
commands (TCmd) for the vehicle can be calculated. This 
is done by recognizing that the Tcmd required to pro- 
duce the desired FCmd and rC& can be calculated from 
the relation 

= RuT,md (6) 

where R, is the 6 x 8 thruster matrix map that takes into 
account the position and orientation of the thrusters rel- 
ative to the center of mass of the vehicle. Rearranging 
Eq. (6) results in 

T and - - R; 
F cmd [ 1 %md 

where RJ is the pseudo-inverse2 of R,. Since the 
configuration of the thrusters on the vehicle is known a 
priori, R, and RL can be computed beforehand without 
impacting the speed of the real-time implementation. 
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Past research has shown that good agreement be- 
tween the commanded thrust, Tc,& and the actual thrust 
produced by the thrusters can be achieved by control- 
ling the thruster motors in velocity mode and taking 
advantage of the relationship between thrust produced 
and the angular velocity of the output shaft squared 
(Healey et al., 1995). It has been found that for the 
steady-thrust case that 

T = kowl~I. (8) 

In other words, the angular velocity command required 
to produce a desired thrust command can be calculated 
from 

wand = kT sgn(&nd)&iii. (9) 

Values of kT for each of the thrusters were deter- 
mined from thruster-velocity measurements together 
with spring-scale measurements of thrust on the vehi- 
cle. From Eq. (9), thruster angular velocity commands 
can be determined for each of the thrusters. These com- 
mands are sent to the thrusters, causing the vehicle to 
move in the desired way. 

Achievable feedback gains were limited in two ways. 
First, low update rates on x, y and yaw limited the 
amount of proportional feedback that could be applied 
without causing an instability. In x and y, deriva- 
tive information was available only from differencing 
the 2.5 Hz SHARPS measurement, so it was difficult 
to get the good velocity information needed for high 
derivative gains. Second, noise on the sensors (par- 
ticularly yaw) resulted in very noisy control signals 
which caused excessive damage and wear to thrusters 
when high gains were used. These signals could have 
been be filtered more, but this would have resulted in 
more phase delay which would have had a destabiliz- 
ing effect. Even with these sensor limitations, in the 
absence of arm motion, good positioning performance 
was achieved using PID controi on the individual de- 
grees of freedom of the vehicle. 

Arm Feedback Control System 

For the single link, the in-line hydrodynamic forces, 
though nonlinear and somewhat uncertain, provided 
damping and stability to the arm dynamics. Because 
of the well-damped dynamic characteristics of the arm, 
high position feedback gains were achievable. Us- 
ing straightforward implementation of classical control 
methods, very good position control was attained. 

230 Hz sample rate 

Figure 8. Arm feedback control block diagram. This schematic 
shows the arm feedback control block diagram. The controller is 
implemented digitally at 230 Hz. The arm motor was velocity con- 
trolled by a 1 kHz, high-gain feedback controller implemented on 
the 68HCll microcontroller that is part of the motor commutation 
electronics. 

Figure 8 shows a schematic block diagram of the arm 
controller implemented for the experiments described 
in this paper. This implementation takes advantage 
of the 1 kHz, high-gain velocity feedback controller 
internal to the motor electronics. By controhing the 
arm motor in “velocity control” mode, the arm actuator 
behaved as a velocity source. 

A fifth-order trajectory generator was used to pro- 
vide smooth desired commands to the controller. 
Desired velocity commands direct from the trajectory 
generator were sent to the motor as feedforward sig- 
nals. A proportional position feedback loop was closed 
around the internal velocity feedback loop to provide 
control of the arm joint angle LY. The sample rate was 
limited to 230 Hz by the achievable serial communica- 
tion bandwidth between the VME cage and the 68HC 11 
microcontroller in the motor housing. 

Coordinated-Control Implementation 

The coordinated-control approach implemented here 
involved augmenting existing independent arm and 
vehicle controllers with information about their dy- 
namic interaction to produce improved control of the 
system. Figure 9 shows a schematic representation 
of the coordinated-control approach implemented on 
the OTTER system. The coordinating information 
between the two systems came from the manipulator 
hydrodynamic model and the decoupling thrust com- 
mands it generated. 

Implementation Assumptions. The essential pieces 
of information necessary for implementation of the 
single-link manipulator hydrodynamic model devel- 
oped and described above are the position, velocity, 
and acceleration of the link relative to the water. In im- 
plementing this approach, four key assumptions were 
made: 
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230 Hz sample rate 

Vehicle Control 
.OO Hz sample rate 

J 
momm. rate 

Figure 9. Coordinated-control implementation block diagram. This schematic shows the block diagram of the coordinated-control scheme as 
implemented on the OTTER vehicle. The arm controller runs in one VME cage at 230 Hz, while the vehicle controller runs in a second VME cage 
at 100 Hz. The hydrodynamic model information is sent from the arm controller to the vehicle controller over an Ethernet connection at 60 Hz, 

1. Vehicle motions are small and do not contribute 
significantly to the net motion of the manipulator 
relative to the water. 

2. Desired arm-joint acceleration is a good approxi- 
mation of the actual joint acceleration. 

3. The water through which the arm is moving is still. 
4. Transverse (lift) forces are insignificant in compar- 

ison to the in-line forces. 

Under the condition that the vehicle and arm con- 
trollers are functioning as intended, the first two as- 
sumptions are reasonable and valid. The benefit of the 
first assumption is an increase in the control bandwidth 
due both to a reduction in computational complexity 
and to a decrease in the amount of information passed 
over the limited-bandwidth communication link be- 
tween the arm and the vehicle. The benefit of the 
second assumption (which is standard for many model- 
based robot controllers) is that measurements of indi- 
vidual joint accelerations are not required. The third 
assumption is valid for the tests reported here: In the 
large MBARI tank, fluid motion is due solely to thruster 
discharge which does not impinge on the arm. The va- 
lidity of the fourth assumption has been demonstrated 
experimentally at the AFCL (McLain, 1995). For the 

apparatus used and the types of motions considered 
here, strong periodic vortex shedding did not become 
well-established, hence transverse (lift) forces are com- 
paratively very small. 

Figure 10 shows the hydrodynamic model perfor- 
mance under the assumptions outlined above. The 

Figure IO. Measured and modeled joint torque on OTTER vehi- 
cle. This plot compares measured joint torque with the modeled 
joint torque when the arm was moved back and forth on the OTTER 
vehicle. 
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agreement between the measured arm-joint torque and 
the modeled arm-joint torque was quite good. Some 
errors existed at the beginning and end of arm trajec- 
tories due to accelerations, caused by joint flexibility, 
which were not incorporated into the model when the 
desired acceleration signal was used. Errors during 
the middle of the trajectory (near the torque peaks) 
were due primarily to vehicle motions which were not 
included in the model. In spite of the simplifying as- 
sumptions made, it can be seen that good modeling 
accuracy was maintained. 

Implementation Description. Feedback controllers 
were applied to the arm and vehicle as described 
above. In addition, the hydrodynamic model and de- 
coupling control connection were added to complete 
the coordinated-control implementation as shown in 
Fig. 9. To provide the rate information required 
for the model, the arm position signal was pseudo- 
differentiated using a digital filter. Position informa- 
tion came directly from the motor encoder, while the 
desired acceleration signal was used to provide the re- 
quired acceleration information. 

The hydrodynamic model was implemented as de- 
scribed above. The output of the model was a vec- 
tor of three forces ( FzYd, F&, F&J and three torques 

(‘ltyd ’ ‘hYyd 7 rz hyd ) acting about the base of the arm joint. 
These were the forces and torques required to coun- 
teract the forces generated by the motion of the arm. 
As with the feedback control, a thruster configuration 
map was used to determine the required decoupling 
control commands to the thrusters, T&pi, to counteract 
the hydrodynamic coupling forces: 

Tdcg = R: Fh yd [ 1 thyd 

R, was the 6 x 8 thruster matrix map that took into 
account the position and orientation of the thrusters 
relative to the base of the arm. 

The vector TdcPl of decoupling thruster commands 
was sent to the vehicle controller 60 times per second 
over an Ethernet connection between the arm and ve- 
hicle card cages. These decoupling commands were 
summed directly with the feedback commands, Tfb&, 
to produce the total thrust command to be sent to the 
thrusters, T&d. 

As shown in Fig. 9, the model-based decoupling 
control implemented here is calculated based upon the 

desired arm acceleration and upon measurements of 
arm position and velocity. As such, the output of 
the decoupling controller is a combination of nonlin- 
ear, model-based feedforward and feedback control 
(though not error based). This nonlinear feedforward 
and feedback combination is used to “cancel” the un- 
desirable nonlinear coupling between two components 
of the system. In this regard, it is similar to computed- 
torque control (Craig, 1989), which uses model-based 
feedback and feedforward loops to linearize and de- 
couple the controlled system. 

Combining feedback control with decoupling con- 
trol, as depicted in Fig. 9, results in a vehicle controller 
that possesses the positive attributes of both types of 
control. Feedback control provides regulation capabil- 
ity, robustness to disturbances, and robustness to plant 
model uncertainties. However, feedback control is in- 
herently error-based. This implies that an error must 
exist before the controller does anything in response. In 
this situation, a predictive model providing decoupling 
control commands is very useful. Rather than waiting 
for an error to build up, decoupling control predicts 
what the control command should be to regulate the 
errors in the system before the errors occur. 

The limitation of the decoupling control imple- 
mented here is that since it was designed to cancel a 
particular interaction, it (alone) does not reject errors 
due to unknown disturbances or uncertainty in the plant 
model: Its nonlinear feedforward and feedback loops 
are only active when the arm moves, and even when 
active they do not provide the position and attitude reg- 
ulation capability required for precise control of an un- 
derwater vehicle system. For the problem considered 
here, a balanced combination of decoupling control and 
position feedback control provides the best solution. 

Experimental Test Strategy 

To determine the value of the proposed coordinated- 
control strategy, four different vehicle controllers were 
implemented and tested. In each of the four evaluated 
vehicle controllers, the arm control used was identical 
(see Fig. 8). The four different controllers evaluated 
are briefly described below. 

No Vehicle Control. In this case, both the decoupling 
path from the arm hydrodynamic model and the vehicle 
feedback control loop were open. With no control ac- 
tive, the effects of arm motion on the open-loop vehicle 
dynamics were observed. 
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Feedback Control Only. In this control configuration, 
the vehicle feedback control loop was closed while the 
decoupling path from the arm model to the vehicle re- 
mained open. In this case, the effects of arm motion 
on the closed-loop vehicle dynamics were seen and the 
disturbance rejection capabilities of closed-loop con- 
trol were demonstrated. 

Decoupling Control Only. In this implementation, 
the vehicle feedback control loop remained open while 
the decoupling path from the hydrodynamic modei to 
the vehicle was closed. Using this configuration, the 
effectiveness and accuracy of the decoupling control 
application were determined. 

Feedback with Decoupling Control, In this case, both 
the vehicle feedback control loop and the decoupling 
path from the arm model were closed. In this control 
configuration, the performance benefits of combining 
the decoupling control, which provides predictive co- 
ordination between the motion of the arm and control of 
the vehicle, with the vehicle feedback control, which 
provides robustness to disturbances and uncertainty, 
were tested. 

The Feedback Control Only test case, along with the 
No Vehicle Control case, provide performance base- 
lines against which the Feedback with Decoupling 
Control approach are compared. 

5. Experimental Results 

This section presents results from the coordinated 
arm/vehicle control experiments. Data from two 
difierent types of tests are presented-multiple-swing 
motions and single-swing motions of the arm. In 
Figs. 11 through 18, data from experiments where the 
arm was swung back and forth between two positions 
multiple times are shown. In Figs. 19 through 21, data 
are presented where the arm was slewed a single time 
from one point to another. 

Several different types of data are presented includ- 
ing image sequences from video footage of the exper- 
iments, vehicle error regulation data, arm end-point 
error data, and thruster usage data. Using these re- 
sults comparisons are drawn between the different con- 
troller types. The results demonstrate the benefits of 
both feedback control and decoupling control and their 
complementary attributes that result in the best con- 
trol behavior when feedback and decoupling control 
are combined. 

-50 ’ I 
0 5 IO 15 20 

lime (set) 

Figure II, Arm-joint-angle time history. This figure shows the arm 
joint angle versus time for the multiple-swing arm motion results 
shown in Figs. 12 through 18. 

Vehicle Station Keeping 

Figures 12 through 15 show image sequences taken 
from video footage shot during arm/vehicle control ex- 
periments with the OTTER vehicle. In each sequence, 
the images were taken at approximately one-second 
intervals during the first three swings of the arm in a 
multiple-swing sequence. Figure 11 shows a typical 
time history of the arm joint angle for the multiple- 
swing motions of the arm. The image sequences give 
a qualitative feel for the performance of the different 
controllers. 

No Vehicle Control. Figure 12 shows images taken 
for the No Vehicle Control case. It can be seen that the 
open-loop roll mode of t:he vehicle was excited by the 
motion of the arm. Errors in roll were as large as 18 
degrees in both directions from the horizontal. A sig- 
nificant error in yaw can also be observed. During this 
sequence, the vehicle.drifted about 15 degrees in yaw 
from its initial heading. These images demonstrate that 
the hydrodynamic coupling forces involved in moving 
an arm at moderately fast speeds are very large and that 
they have a significant degrading effect on the station- 
keeping capability of a small, agile vehicle such as 
OTTER. 

Feedback Control Only. When compared with the No 
Vehicle Control case, the benefits of feedback control, 
as shown in the sequences of Fig. 13, are readily ap- 
parent. Errors in yaw and roll were reduced, but still 
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Figure 12. Arm/vehicle response-No vehicle control. For this sequence, all control commands to the thrusters were disabled. The vehicle 
rolled as much as 18 degrees in both directions from its nominal horizontal position. In yaw, the vehicle rotated about 15 degrees from its initial 
heading angle. 

very significant. The closed-loop roll mode, although 
much more damped than the open-loop mode, was still 
excited by the arm motion. Roll motions were as large 
as nine degrees in both directions. The yaw angle of 
the vehicle varied as much as eight degrees from its 
nominal position. While the benefits of closed-loop 
control are obvious from this sequence of images, the 
disturbances introduced from the arm/vehicle coupling 

still resulted in substantial deviations in the vehicle’s 
position and attitude. 

Decoupling Control Only. The sequence of Fig. 14 
illustrates the performance of the controller in the De- 
coupling Control case. It can be seen that the influence 
of the arm motion on the vehicle was greatly reduced. 
Errors in roll and yaw were noticeably smaller. Since 
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I$WW 13 Arm/vehiclercsponse-Feedback control only. In this scqucucc, the vehicle was under positicn acd attitude feedback control. Rut1 
crrcrs were as large as 9 degrees in bwth directions, wbilc yaw errors were as. large as 8 degrws. 

the application of the decoupling control did not per- 
f~ufjy cancel the interaction forces, the open-loop roll 
mode was excited slightly by the combination 01 arm 
and thruster iorcas acting. 

Feedback with Decoupiing Control. Figure 15 shows 
the performance ~csulls obtained using the Fcc& 
back with DccoupIing Control approach. As with Ihe 

Decoupling Control Only case, the hydrodynamic in- 
leraction forces were largely canceled by the decou- 
pling component of the controi. The advantage of 
adding the feedback control was that the remaining er- 
rors from the inexact decoupling control were further 
reduced by the error regulation of the feedback con- 
~rol. With the addition of feedback control, robustness 
to system uncertainty was provided and the Tendency 

151 



226 MA&n, Rock uad L..ce 

ul Ihc vchiclc IO drili off station WBS eliminated. These 
benefits are demonstrated clearly in fi more quantitative 
way in Ihc I’ollowing sxtions. 

roll and yaw were the largesl contributors to the arm 
end-point error, especially in the casts of No Vehicle 
Control and Fccdhack Control Only. 

Figure 16 shows tme histories oL’ vehicle rol1 er- 
Vth.iuIe Ruil ~tad Yaw Error: As a final comparison of ror dam for each of the four controller types consid- 
the station-keeping perfnrmancc of the different vehi- ered. With no control effort, roll errors were vely large 
cle controllers, selected vehicle roll and yaw anglcdala (between LIL 18 degrees) as the open-loop roll mode 
are presented. In this parkular application. errors in of the vcl~ic1c was cxciltil. The addition of feedback 
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control improved lhc roll error regulating performance! 
but the errors wcrc All signilicanI (between 3~ 9 de- 
grees). Decoupling conlrol alone effecectively coun- 
tered much of the rol! moment generated from the 
arm motion. In this case: decrqling control allowed 
the vehicle to responct to arm interaction forces before 
significant attitude errors wcrc induced. Furt^her im- 
prrwement was realized when decoupling and feedback 

control were combined. Peak roll errors were !imited 
to less tian 1.5 degrees in this cast. 

‘l’imc histories of vehicle yaw error I’or the different 
controlIers are shown in Fig. 17. When no f&&a& 
or decoupling control was applied, the vehicle heading 
angle drifted signi1icantly from Its nominal position. 
Unlike the roll and pitch attitude degrees of freedom: 
the yaw degree of freedom has no passive restoring 
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Figure 16. Vehicle roll error versus time. Vehicle roll error is plot- 
ted for each controller type. The corresponding arm motion is shown 
in Fig. 11. In each case, the roll mode of the vehicle was excited by 
the arm motion. The effects of this excitation were reduced signifi- 
cantly by the decoupling control. 
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Figure 18. Arm end-point error-multiple swings. This plot shows 
a time history of the arm end-point errors corresponding to the arm 
motions shown in Fig. 11. Mean errors were as follows: No vehicle 
control-28 cm, feedback only - 11 cm, decoupling only -9.1 cm, 
feedback with decoupling -4.6 cm. 
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Figure 17. Vehicle yaw error versus time. This figure shows yaw 
error for each controller type tested. The corresponding arm motion 
is shown in Fig. 11. Yaw errors were roughly three times smaller 
for the decoupling only and feedback with decoupling cases than for 
the feedback only case. 

force inherent to its open-loop dynamics. Because 
of this the yaw degree of freedom was fully depen- 
dent on feedback control to prevent drifting due to dis- 
turbances or uncertainty in the plant model. When 
feedback control alone was applied, the tendency to 
drift was reduced, but the closed-loop dynamics of the 
yaw controller became apparent. As the controller at- 
tempted to reject the yaw disturbance, it caused the 
vehicle to oscillate significantly in response (up to 9 

Decoupling Control Only Feedback with Decoupling Control 

1.5 ,I_ _:_:_‘~_:t----.-““” ~o,~~ ilrn 

0 5 10 0 5 10 
time (set) time (set) 

Figure 19. Arm end-point settling time. This figure gives an indi- 
cation of the settling-time performance of the different controllers. 
Note that without feedback control, the end point doesn’t come within 
f5% of the target. Settling times are approximately 6.5 seconds for 
the feedback only case and 2 seconds for the feedback with decou- 
pling case. 

degrees error). When decoupling control only was 
applied, the yaw disturbance due to arm motion ef- 
fectively was canceled resulting in much smaller yaw 
errors. With feedback and decoupling control com- 
bined, the yaw errors were again small. Yaw errors 
were roughly three times smaller for the Decoupling 
Only and Feedback with Decoupling cases than for the 
Feedback Only case. 
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Figure 20. Horizontal thruster usage. This figure depicts the thrust commands sent to the individual horizontal thrusters for the motion shown 
in Fig. 19. Thrusts applied in the feedback with decoupling case are much larger, but are applied earlier and with much shorter duration. 
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Figure 21. Vertical thruster usage. This figure depicts the thrust commands sent to the individual vertical thrusters for the single-swing motion 
shown in Fig. 19. Thrusts applied in the feedback with decoupling case are significantly larger during the transient phase. After the transient, 
both vertical-aft thrusters remain on due to integral control on the pitch error. 

Summary For each of the degrees of freedom of the 
vehicle, the best error regulation results were obtained 
when both decoupling and feedback control were com- 
bined. The decoupling control effectively canceled 
most of the dynamical coupling between the arm and 

the vehicle. Much of the remaining coupling effect 
was eliminated by the feedback control. The feedback 
control also provided for the rejection of other distur- 
bances (e.g., tether forces, currents) and robustness to 
uncertainties in the plant. 
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Arm End-Point Positioning Performance 

While not sensed and controlled directly in these 
experiments, arm end-point position error is a useful 
indicator of the quality of the performance of the 
arm/vehicle controller. End-point position data were 
generated by post-processing vehicle position and at- 
titude and arm position measurements based on the 
kinematic configuration of the system. Data sampling 
on the vehicle controller and arm controller was syn- 
chronously triggered to allow correlation of arm and 
vehicle data in time. 

For the multiple-swing motions of the arm, Fig. 18 
shows time histories of the arm end-point error for the 
four controllers tested. The mean end-point errors were 
calculated to be 28 cm for the No Vehicle Control case, 
11 cm for the Feedback Control Only case, 9.1 cm for 
the Decoupling Control Only case, and 4.6 cm for the 
Feedback with Decoupling Control case. It can be seen 
that with combined decoupling and feedback control, 
that the end-point errors were reduced by a factor of 
six when compared with the No Vehicle Control case 
and a factor of 2.5 when compared to the Feedback 
Control Only case. In the Feedback with Decoupling 
Control case, where end-point errors were smallest, a 
more significant portion of the error can be attributed to 
the arm joint-angle error. During the arm slews, joint 
tracking errors were typically around 2 to 3 cm. 

Arm End-Point Settling-Time Performance 

Figure 19 shows plots of the distance of the arm end 
point from the desired target for the four different 
controllers. This data was obtained by slewing the 
arm through 90 degrees in two seconds. For the slews 
considered, the distance traveled by the end point was 
about 1.5 m. Here settling time is defined as the time 
required to stay within five percent (of the total distance 
traveled) of the target-in this case rt 7.5 cm. 

These settling-time plots demonstrate the impor- 
tance of the feedback component of the vehicle control. 
Without feedback, the arm end point either fails to come 
within five percent of the target (as in the No Vehicle 
Control case) or it fails to remain within the five-percent 
error bound around the target point (as in the Decou- 
pling Control Only case). 

In the Feedback Control Only case, the time required 
to settle to within five percent of the target was about 6.5 
seconds. As the arm moved, significant errors in roll, 
yaw, x and y resulted. Coming and staying within the 

error bound required these errors to be reduced which 
took a substantial amount of time. 

In the Feedback with Decoupling Control case, the 
observed settling time was about two seconds. This 
represents an improvement of over three times com- 
pared to the settling time of the Feedback Control case. 
Because the vehicle stayed on station, the settling time 
corresponded directly to the duration of the slew. 

Thruster Usage 

Horizontal Thrusters. Figure 20 shows thruster re- 
sponses for each of the horizontal thrusters on the ve- 
hicle for the Feedback Only and Feedback with Decou- 
pling cases. For each thruster, it can be seen that the 
Feedback with Decoupling thrusts spiked up to com- 
paratively large values during the slew, but then settled 
to very small values almost immediately after the slew 
ended. On the other hand, for the Feedback Only case 
it can be seen that the thruster commands were much 
smaller initially, but that the thrusters fired over much 
longer durations. Long after the thrusters had essen- 
tially shut off in the Feedback with Decoupling case, 
they continued to fire in the Feedback Only case in 
an effort to regulate the errors in the system. These 
plots illustrate the predictive capability of the decou- 
pling control, which in each case leads the feedback 
control in responding to the arm motion. 

Note that the largest thrust command by far came 
from the lateral-fore thruster. This makes sense physi- 
cally since the lateral-fore thruster was positioned very 
close to the base of the arm joint and the lateral forces 
generated by the arm were very large. The responsi- 
bility for countering these forces fell largely upon the 
lateral-fore thruster. 

Vertical Thrusters. Figure 21 shows thruster re- 
sponses for each of the vertical thrusters on the vehicle 
for the Feedback Only and Feedback with Decoupling 
cases. As with the horizontal thrusters, the vertical 
Feedback with Decoupling thrust commands spiked 
up to large values during the arm motion to compen- 
sate for the interaction forces generated. Unlike the 
horizontal thrusters, the vertical thrusters responded 
fairly quickly to the roll errors introduced in the Feed- 
back Only case. Notice that in both control cases the 
vertical-aft thrusters remained on well after the com- 
pletion of the arm motion. This was due to the integral 
control acting to zero the pitch error of the vehicle. 
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Comparison of Thruster Usage. Two useful indi- 
caters of thruster usage are peak thrust applied and 
the total thrust3 applied over the ZO-second duration 
shown. Peak thrusts give a good indication of worst- 
case instantaneous demand on the thrusters, while total 
thrust usage gives a better indication the total thrust 
(and hence battery power) required over the duration 
of the test. For the thruster data shown in Figs. 20 and 
21, the peak thrusts were 1.8 to 2.7 times larger in 
the Feedback with Decoupling case, with the excep- 
tion of the lateral-fore thruster where it was five times 
larger. While the peaks are much higher due to the de- 
coupling component of the command coming from the 
hydrodynamic model, the thrust durations were shorter 
for the Feedback with Decoupling case. This is re- 
flected in the relative values of the total thrust used in 
each control case: Only five percent more total thrust 
was used in the Feedback with Decoupling case than 
for the Feedback Only case. 

to the values obtained using feedback control alone. It 
is important to note that these dramatic performance 
improvements were achieved with only a five-percent 
increase in total control effort. 
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Notes 

1. The net hydrodynamic force acting on the cross section of a cylin- 
der is often viewed as the vector sum of the in-line forces and the 
transverse (lift) forces. In-line forces, which act in the plane of 
the cylinder’s motion, are due to drag and added-mass effects. 
Transverse forces, which act normal to the plane of motion, are 
caused by the shedding of vortices into the wake. 

2. Using the Moore-Penrose pseudo-inverse, At = AT (AAT)-‘. 
3. Total thrust was calculated by summing the absolute values of 

the thrusts applied over the duration of the test, while subtract- 
ing out any DC components. This is analogous to evaluating the 
expression j” lrcrndl dt. 

The key result of this comparison is that for a slight 
increase in total thrust used, a very substantial perfor- 
mance improvement was realized (see Fig. 19). This 
was accomplished by taking advantage of knowledge 
of the system dynamics and coordinating the control in 
a sensible way. 

6. Conclusions 

In this paper, an intuitively straightforward approach 
developed for the coordinated control of an under- 
water arm/vehicle system has been described in de- 
tail. Relevant background information has been pre- 
sented along with detailed discussion of the control 
system implementation. Experiments demonstrated 
that the hydrodynamic coupling forces between an 
arm and a vehicle can be very significant, resulting 
in large disturbances to the station-keeping control of 
the vehicle. Experimental results showed that substan- 
tial performance improvements can be realized in the 
control of an underwater arm/vehicle system by incor- 
porating model-based information about the hydrody- 
namic coupling into the control of the system. Track- 
ing errors at the manipulator end point were typically 
reduced by over a factor of six using the coordinated 
control approach when compared to the vehicle with 
no control applied and by a factor of 2.5 when com- 
pared to the standard approach of independent arm and 
vehicle feedback controllers. Using the approach pre- 
sented here, settling times at the manipulator end point 
were also reduced by over three times when compared 
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