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Bioinspired Jet Propulsion for Disturbance
Rejection of Marine Robots

Michael Krieg1, Kevin Nelson1, Jeremiah Eisele1, and Kamran Mohseni1,2,3

Abstract—This investigation takes the first step towards char-
acterizing autonomous underwater vehicle (AUV) behavior trying
to perform station keeping using bioinspired thrusters under the
influence of disturbances with multiple amplitudes and frequen-
cies. We describe the similarities between periodic disturbance
rejection and the frequency response of the AUV performing os-
cillating maneuvers, and the significance of maneuvering regimes
previously identified for this type of propulsion. We measured
the exact position/orientation of the AUV using an underwater
motion capture system and provide position data to the AUV
controller in real-time for feedback control. A wave disturbance
generator was developed for this study in order to characterize
the vehicle tracking performance in the presence of both high-
amplitude low-frequency disturbances and low-amplitude high-
frequency disturbances. The bioinspired maneuvering technique
is demonstrated to provide adequate control capabilities for both
types of disturbances maintaining in all cases position errors
less than half the vehicle diameter, and proved especially adept
at compensating for low-amplitude high-frequency disturbances,
which can be difficult to overcome using traditional marine
thrusters.

Index Terms—Biologically-Inspired Robots, Marine Robotics,
Motion Control.

I. INTRODUCTION

B IOINSPIRED robotic systems are becoming more and
more common as engineers seek to leverage advantages

gained through millennia of evolution. Bioinspired designs
can be particularly attractive for underwater robotic propulsion
because many marine organisms have both accurate low speed
maneuvering and efficient long range migration; whereas,
traditional underwater robot propulsion typically attains one of
those qualities at the expense of the other. Some groups have
attempted to recreate the locomotion of flapping fish [1], [2],
[3], we have instead looked into the propulsion of squid and
jellyfish. We have demonstrated previously that a new type of
underwater jet propulsion inspired by the locomotion of squid
and jellyfish allows AUVs to provide uncoupled forces/torques
in surge sway and yaw, even at zero forward speed, without
external structures that increase vehicle drag [4], [5]. This
capability is possible because the thruster periodically ingests
and expels water jets using a flexible internal cavity. The
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Fig. 1. (a) Diagram of CephaloBot showing the thruster locations. (b) Photo
of CephaloBot with motion capture markers labeled.

thruster sucks in and shoots out the same amount of fluid
so it has a zero net mass flux, but it has a positive net transfer
of impulse and energy over a full jetting cycle. As can be seen
in figure 1, the AUV maintains a streamlined shape since the
thrusters are internal.

Due to the large density and viscosity of the surrounding
fluid, currents and waves result in significant forces on marine
robots. Therefore, being able to provide forces to appropriately
compensate for environmental disturbances is critical in under-
water engineering. Traditional propeller based thrusters have a
time delay associated with reaching a given level of thrust that
is inversely proportional to the level of thrust [6]. In addition,
without a well established flow passing through the propeller
the thrust output can exhibit large degrees of hysteresis, as
is seen in thrusters oscillating at high frequencies [7]. As
such, underwater robots typically have difficulty maintaining
position in chaotic riverine and littoral environments. There
have been several control techniques employed to improve
position tracking stability for AUVs such as sliding mode
controllers [6], [8] disturbance velocity estimators [9] and non-
linear controllers [10].

The bioinspired thruster technology has multiple features
suggesting that it should work well providing control forces
necessary to overcome chaotic disturbances. Although the
thruster forces are inherently unsteady, associated with switch-
ing back and forth between jetting and refilling phases, the
thruster reaches an average thrust nearly instantaneously [11].
The frequency response of an autonomous underwater system
performing periodic maneuvers with the bioinspired propul-
sion is heavily dependent on the ratio of vehicle length scale
to maneuver length scale [11]. Furthermore it is indicated that
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Fig. 2. Schematic diagram of the bioinspired underwater thruster inside the
vehicle hull.

the bioinspired jet propulsion is ideally suited for maneuvers
in the Docking regime, which are characterized by maneuvers
with length scale smaller than the vehicle length scale. In the
current study, we investigate the position tracking stability of
an underwater robot in the presence of disturbances of various
magnitudes. Specifically, we look into the relationship between
disturbance rejection and maneuvering regime dynamics.

Section II gives a description of the AUV and the bioin-
spired thruster technology, then provides a summary of the
maneuvering regime analysis. In section III the experimental
equipment and procedures are described, including the un-
derwater motion capture system and disturbance generator.
Section IV reports and analyzes the AUV position tracking
results for the different disturbance types, and the work is
concluded in section V.

II. AUV DYNAMICS AND CONTROL

A. Vehicle and Thruster Description

The AUV used in this experiment, named CephaloBot, is a
slender torpedo shaped vehicle, 1120 mm in length and 150
mm in diameter, with a mass of 20 kg. The AUV is shown in
figure 1 and was described in great detail in [5]. The AUV has
a propeller in the rear for forward propulsion and four squid
inspired thrusters to provide maneuvering control forces for
yaw and sway.

The maneuvering thrusters, similar to squid and jellyfish,
create propulsive forces by ingesting and expelling jets of
water from a flexible cavity. The flexible thruster cavity that
creates the jet flow is internal to the vehicle hull so that
maneuvering forces can be generated without sacrificing a
slender hydrodynamic body shape. The layout of the thruster
inside the vehicle hull is illustrated in figure 2.

The thrust output of the device is inherently unsteady. Since
propulsive jets are created from a finite volume of fluid within
an internal cavity, the jet flow must be periodically terminated
in order to refill the cavity, resulting in the unsteady jetting
process. While the unsteady propulsion affects the frequency
response of the maneuvering system, the large inertia of
the vehicle relative to the mass of each jet minimizes any
oscillations in vehicle velocity during operation. The unsteady

nature of the jetting also results in vortex ring formation which
significantly affects the thrust dynamics.

At the start of each jetting cycle the ejected fluid forms a
shear layer with an unstable free end that rolls into a vortex
ring at the front of the jet. It is known that the formation of this
leading edge vortex ring plays a critical role in the locomotion
of jellyfish [12] and squid [13]. Therefore the output of this
type of thruster is sensitive to both the geometry/operating
conditions of the thruster, as well as the dynamics associated
with vortex ring formation in the expelled jet. As a first
order approximation, the thrust produced at any instant can
be modeled as the rate at which hydrodynamic impulse I is
generated in the jet [14],

dI

dt
=
ρπ

4
u2jD

2

(
g +

k?2 − k?1
4

)
. (1)

Here ρ is the fluid density, uj is the jet velocity, R is the
radius of the nozzle/orifice, g is a parameter related to the axial
velocity profile at the nozzle, k?1 is the non-dimensional slope
of the radial velocity profile, and k?2 is the slope of the radial
velocity gradient. The terms g, k?2 , and k?2 are determined by
the thruster geometry and vortex ring formation dynamics as
laid out in [14]. It should be noted that the instantaneous forces
produced by the thruster are not exactly equal to the rate of
impulse generated in the jet due to pressure forces associated
with accelerating/decelerating fluid inside the thruster cavity
[15]. However, these forces are cyclical, so that they do not
affect the average thrust over an entire pulsation cycle, but
they do have a net effect on the work required to generate the
propulsive jet [15].

The thrusters on CephaloBot are designed to produce jets
with a stroke ratio of ≈ 3 so that they will form a single vortex
ring, even in the presence of a co-flow due to vehicle motion,
which has the effect of reducing the formation number [16].

B. Maneuvering Regimes and Disturbance Rejection

In order to characterize and model the control bandwidth of
this type of bioinspired jetting propulsion, Krieg & Mohseni
[11] investigated a virtual AUV with a single degree of free-
dom (sway) oscillating back and forth at different frequencies
and amplitudes. By virtual vehicle we mean that the vehicle
dynamics and trajectory were numerically simulated using
forces measured from a prototype thruster in a static testing
setup as real-time input to the simulation [11]. This study
identified 3 different maneuvering regimes with fundamentally
different dynamics, based on the ratio of the maneuvering
amplitude to the vehicle length scale, A?. The docking regime
consists of maneuvers smaller than the vehicle characteristic
length scale, which for sway and yaw maneuvers is the AUV
diameter. The cruising regime consists of maneuvers larger
than the vehicle length scale, and the transition regime consists
of maneuvers with amplitude similar to the vehicle length
scale. A linear time-invariant (LTI) model of the system was
developed to account for the periodic nature of the thrust
output as well as the fast response associated with reaching a
steady average thrust, and approximated trim conditions based
on the different maneuvering regimes.
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The model accurately predicted the frequency response of
the system in the docking and transition regimes, as well as
the cutoff frequency of the cruising regime, but the frequency
response of the system in the cruising regime at frequencies
far from the cutoff frequency was not well captured due to
non-linearities in the vehicle dynamics. Furthermore, given
the fast transient behavior of the average thrust, the system
was observed to have a relatively high control bandwidth in
the docking regime, approximately 0.19 Hz for the vehicle and
thruster scaling in that paper. This suggests that the bioinspired
propulsion is adept at maneuvers requiring a high oscillation
frequency and low oscillation amplitudes. This is a regime
where traditional propeller thrusters encounter some issues.
Small maneuvering amplitudes, or small thrust amplitudes,
require low rotational velocities, which are associated with
long time scales to reach a steady state thrust [6]. In addi-
tion, the result of higher frequency oscillations in propeller
rotational speed is that a steady flow cannot be established
before the propeller changes direction. This is evidenced by
the significant hysteresis in figure 9d of [7]. For this particular
oscillation in rotational speed the produced thrust can be in
the wrong direction for more than half the speed range.

Ocean environments are characterized by current/wave dis-
turbances over a wide range of frequencies and amplitudes
[17], [18]. it is straightforward to imagine that there is a
similarity between the behavior of an AUV system moving
oscillating back and forth in a stationary fluid and a system
trying to maintain a stationary position in an oscillating flow
under an equivalent disturbance amplitude and frequency. For
large scale wave/current amplitudes the uncontrolled AUV
can be considered a tracer that moves with the flow so an
equivalent disturbance rejection regime should be able to
be identified by the parameter A? replacing the maneuver
amplitude with the wave amplitude. For smaller amplitude
disturbances, the vehicle inertia will have a larger affect on
the disturbance-vehicle interaction, causing some of the wave
to flow over the vehicle rather than moving with it, and such
a simple substitution will not be adequate. This investigation
takes the first step towards characterizing AUV behavior trying
to perform station keeping using bioinspired thrusters under
the influence of disturbances with a range of amplitudes and
frequencies.

C. Station Keeping Controller Design

The AUV used to test disturbance rejection capabilities of
bioinspired thrusters uses a basic PID position error feedback
controller, where the vehicle states are determined in real-time
using an underwater motion capture system. In this section we
describe the control algorithm and the motion capture system
is described in section III.

Station keeping is a fundamental robotic behavior necessary
for a variety of missions. When designing the station keeping
controller, we assume that the vehicle is roll and pitch stable.
Under this assumption, the transformation matrix from the
inertial frame of reference to the body frame of reference
reduces to a rotation about the z axis. We also assume
that the position in the inertial frame and the Euler angles

of the vehicle can be accurately measured using a motion
capture system. For the purposes of controller design, we
will require station keeping error in the sway direction to
have an rms average less than half the AUV diameter (76
mm). However, we would like to avoid focusing in on any
single specific application, and instead investigate disturbance
rejection capabilities of the bioinspired maneuvering system
in general.

We developed a PID controller to asymptotically stabilize
the x, y, and yaw states. The position error in the inertial
frame is defined as

e(t) = ηd(t) − η(t). (2)

where e(t) = [ex, ey, eψ]T , η = [x, y, ψ]T , in which x and y
are positions in the global frame and ψ is the yaw angle of
the rigid body, and ηd is the desired position/orientation.The
PID feedback equation is:

τc = Kpe+Kdė+Ki

∫ t

0

edt (3)

where τc = [Fx, Fy, τψ]T is a vector of forces and moments
in the inertial frame and the PID control gains are defined
as Kp = diag(kpx, kpy, kpψ), Kd = diag(kdx, kdy, kdψ), and
Ki = diag(kix, kiy, kiψ). The feedback control forces, τc, are
then mapped to input signals to the thrusters. Since the surge,
sway, and yaw dynamics are decoupled, the PID gains for each
state can be tuned independently.

For this study we focus on both disturbances and position
tracking dynamics mainly restricted to the sway direction.
The control gains in this direction are set to kpy = 5 kg/s2,
kdy = 1.25 kg/s, and kiy = 0.5 kg/s3. These control gains
were selected with a basic vehicle simulation using drag and
added mass coefficients that were validated for CephaloBot
in [19]. The gains were then fine tuned during preliminary
vehicle testing. However, we will not go into the details of
that preliminary testing process because the goal of this paper
is to illustrate the disturbance rejection capabilities of the
bioinspired maneuvering technology, rather than characterize
the effectiveness of a standard PID controller.

III. EXPERIMENTAL SETUP

The AUV testing environment consists of a large testing
tank, a motion capture system, and a wave disturbance gen-
erator. The tank is 7.6 m in diameter, 4.6 m deep and holds
227 kl of water. The tank has an aluminum platform running
across the top which allows physical access to the water,
and is used to mount various testing equipment including
the disturbance generator. In the following subsections we
describe the motion capture system and disturbance generator,
respectively, in greater detail.

A. Real-Time Motion Capture Trajectory Feedback

Our group’s motion capture system consists of six under-
water Qualisys OQUS cameras, and a software package, the
Qualisys Track Manager (QTM), that converts the cameras vi-
sual information to spatial measurements. The motion capture
system is incorporated into our group’s underwater vehicle



4 IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. FEBRUARY, 2018

(UUV Testing Tank) (View Inside Tank)
Fig. 3. Large water tank used to test AUV prototypes, showing the underwater motion capture system.

testing tank, and is capable of tracking multiple six degree of
freedom (6 DOF) rigid bodies and determining their position
and attitude in real time.

Though our group has used the motion capture system in
several projects involving CephaloBot [20], [19], data from
the system has been extracted in post-processing. Since this
project required state estimates to provide feedback for closed-
loop control of CephaloBot, it was necessary to acquire the
states in near real-time. To improve the QTMs ability to
distinguish between actual and false markers, the marker
type was changed from two-dimensional circular markers to
three-dimensional spherical markers, as shown in figure 1.
Additionally, the QTM settings were adjusted to filter out any
markers of the wrong size.

B. Disturbance Generation

In this experiment wave disturbances are generated by
oscillating a large flat plate in the water to generate waves
that impact the vehicle. A schematic of this mechanism is
shown in figure 4. As can be inferred from the geometry of
the mechanism, it creates a coupled heaving/pitching motion
of the plate. These motions cannot be actuated independently,
but by alternating the location of the pivot point we can adjust
the relationship between pitching and heaving motions. If the
depth of the plate root is hp and the angle it makes with the
horizontal plane is θ, as labeled in fig. 4, then in general the
motion of the plate is described by,

hp = h0 + a cos(θ) + b sin(θ)

θ =
Aθ
2

cos (2πft)
(4)

where a and b are characteristic lengths shown in figure 4.
For this experiment a and b are 914 mm (36 in) and 152
mm (6 in), respectively. The plate has a chord length of 609
mm (24 in) and a span of 1.8 m (72 in). The flat plate
has a sufficiently long span so that the AUV experiences a
uniform wave along its length, and the disturbance can be
largely isolated to the heave and sway directions, reducing
the dynamics to a 2D problem. It should be noted that due
to the rigid disturbance generator geometry, the heave and
pitch amplitudes of the flapping plate oscillation, Ah and

t Point

a

Steel Framing

Flapping Plate

b

Plate Root

Encoder

Fig. 4. Diagram illustrating the disturbance generator used in this experiment

Aθ are coupled. More specifically, their relationship is given
by Aθ = cAh/(a − b); therefore, throughout the rest of the
paper we will describe a given flapping motion by the heave
amplitude Ah, and the pitch amplitude can be determined from
this correlation.

The disturbance generator pivot point is rigidly attached to
the platform extending across the vehicle testing tank, and the
oscillations are created by manually swinging the lever. For
this study we look at two general classes of disturbances, large-
amplitude low-frequency disturbances, and small-amplitude
high-frequency disturbances. The AUV attempting to maintain
steady position under these disturbances should be function-
ally similar to behavior in the cruising and docking regimes
described in section II-B, respectively. Since the disturbance
generator is operated by hand, the disturbances cannot be
repeated exactly, but effort was taken to maintain a sufficient
degree of consistency between the two types of disturbances.
Table I summarizes the heaving amplitude as well as the
dominant frequency component for each testing case providing
the statistical distribution of different trials for each case. The
variation in disturbance generator parameters for the different
trials is also shown graphically in figure 6. As representative
examples for the different types of disturbances, the pitching
height of the flat plate is shown as a function of time for
both a high and low frequency disturbance in figure 5. As
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Fig. 5. Representative examples of the different disturbance generator oscillations for this study. (a) The height of the flat plate for a high-amplitude
low-frequency disturbance, and (b) the height of the plate for the low-amplitude high-frequency disturbance.

TABLE I
SUMMARY OF THE DIFFERENT TESTING CONDITIONS AND DISTURBANCE
PARAMETERS. n IS THE NUMBER OF TRIALS FOR EACH CASE, Ah IS THE

AMPLITUDE OF THE PLATE HEAVING OSCILLATION (IN MM), AND f IS THE
FREQUENCY OF THE OSCILLATION (IN HZ). THE STANDARD DEVIATION

OF THE TRIALS IS LISTED AFTER THE MEAN VALUE FOR EACH
PARAMETER.

Case Control n Ah f

1 None 4 70 ± 35 0.37 ± 0.03
2 PID 4 83 ± 8 0.34 ± 0.03
3 None 4 184 ± 28 0.22 ± 0.03
4 PID 5 157 ± 23 0.20 ± 0.01
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Fig. 6. The exact heaving amplitude and frequency of the disturbance
generator for each test case. The tests contributing to case 1 are indicated
by circle markers, those for case 2 by square markers, those for case 3 by
diamond markers, and those for case 4 by triangular markers. The mean and
standard deviation of each case is marked by intersecting error bars.

is indicated in Table I, some cases use PID feedback control
and some have no control at all. This is so that we have a
reference for how much the passive vehicle moves with the
waves to compare with the position tracking stability under
feedback control.

The flow created by flapping foils has been the subject of
numerous studies as it relates to flutter in aircraft [21] and
both aquatic and aerial biological propulsion [22]. When a flat
plate accelerates through a fluid, the shear layer extending into
the surrounding fluid forms one or more horseshoe vortices in
each flapping direction. The complex interaction between these

AUV
AUV

Vdist

≈

Fig. 7. A schematic diagram of the flow field created by the flapping plate
of the wave generator. The flow is approximated by a reverse Karman vortex
street. A vortex street is a repeating array of vortices of strength γ and vertical
and horizontal spacing hVS and aVS, respectively.

vortices and their evolution can be difficult to model. However,
we have designed the plate of the disturbance generator to have
a span of 1.8 m, so that it extends well beyond the front and
back of CephaloBot. In this region, the flow can be generally
described by a 2D reverse Karman vortex street [21], which
is depicted on the left side of figure 7. The vortex street is
characterized by the vertical spacing hVS , horizontal spacing
aVS, and vortex strength γ.

Obviously the flow associated with the reverse Karman
vortex street varies with both position and time, so there is no
single disturbance velocity that can be associated with a given
set of disturbance generator parameters Ah and f . However,
the translational velocity of the vortices will provide a velocity
scale as a function of the flapping frequency and amplitude.
The translational velocity of vortices in a vortex street is given
by [23],

Vtrans =
γ

2aVS
tanh

(
πhVS

aVS

)
. (5)

The translational velocity must also be equal to the product of
horizontal spacing and flapping frequency, Vtrans = aVSf . Uti-
lizing this fact, and assuming that the vertical vortex spacing is
proportional to the total heaving amplitude, hVS = C1Ah, we
can show that the vortex strength is proportional to the follow-
ing vorticity scale, γ = CγA

2
hf where Cγ = C2

1/k
2 tanh(πk).

Here k is the ratio of of the vortex street spacing k = hVS/aVS.
We will not require the vortex street to be stable (k ≈ 0.28)
given how close the AUV is to the disturbance generator, we
will however assume that this ratio is constant for different
cases. Plugging these relationships back into (5) we show that
the translational velocity is proportional to a similar velocity
scale, Vtrans = CVAhf , where CV = C1/2k.

We relate Vtrans to an equivalent steady disturbance velocity,
Vdist, by assuming that the average force in the sway direction
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Fig. 8. The equivalent steady disturbance velocity, V̄dist, calculated from (8),
is shown as a function of the disturbance velocity scale, Ahf , confirming an
approximately linear proportionality between the two.

is steady, V̄dist, (see the right side of figure 7), and correlating
drag forces determined from tracked motion of the vehicle
to the disturbance velocity through previously measured drag
coefficients. The disturbance velocity should be proportional
to the same velocity scale,

V̄dist = CVDAhf , (6)

and the coefficient CVD is fitted empirically using the passive
(no control) cases 1 and 3, and hydrodynamic coefficients for
the vehicle determined in [19]. Typical governing dynamic
models for marine vehicles characterize hydrodynamic forces
in terms of drag and added mass as functions of relative
fluid velocity and acceleration respectively [24]. In the sway
direction this can be summarized by,

(m+A22) v̇ +D22v = Fy , (7)

where m is the vehicle mass, v is the relative sway velocity,
Fy is the total thruster control force, and A22 and D22 are
dimensional added mass and drag coefficients in the sway
direction. These coefficients were measured and validated
for CephaloBot at typical operating speeds as A22 = 1.97
kg and D22 = 21.05 kg/s in [19]. When the first wave
impacts the vehicle its velocity will be small compared to
the disturbance velocity, so the drag/disturbance force can be
considered constant. By measuring the sway distance traveled
by the AUV, ∆y1, over the period of the first wave, ∆t1,
during cases 1 and 3 where Fy = 0, the equivalent steady
disturbance velocity can be calculated as,

V̄dist =
2 (m+A22) ∆y1

D22∆t21
. (8)

We used this relationship to calculate V̄dist during cases 1
and 3 and then calibrated CVD, inserting the heave amplitude
and frequency of each test into (6).

IV. RESULTS
A. Disturbance Velocity

As was discussed in section III-B, basic scaling analysis
suggests that an equivalent steady disturbance velocity is

TABLE II
SUMMARY OF VEHICLE TRACKING STABILITY PERFORMANCE. MEAN

Y − error IS THE FIRST ORDER MEAN OF THE SWAY POSITION TRACKING
ERROR AND RMS Y -ERROR IS THE ROOT MEAN SQUARE OF THE SWAY

ERROR.

Case Mean Y -error (mm) RMS Y -error (mm)
1 636 763
2 196 218
3 984 1156
4 190 201
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Fig. 9. Sway position error of the AUV when it encounters a high amplitude
low-frequency wave-disturbance. The passive response of the vehicle is shown
by the dashed line, while the position tracking error under PID control is
shown by the solid line. The error bars indicate the standard deviation between
the different trials.

proportional to the velocity scale, Ahf , and the coefficient
CVD can be calibrated using the vehicle trajectory data during
the passive/no-control cases. Figure 8 shows V̄dist, calculated
from (8), with respect to the velocity scale, Ahf , for each
test in cases 1 and 3. Using this data, we have calculated
CVD = 27.18 as the best linear fit to the data, which is shown
in figure 8.

The data in figure 8 converges fairly well on this linear
trend, at least qualitatively validating the assumption that the
different tests have similar vortex street ratios, k, and heave
separation coefficients, C1. This also validates the derivation
that the velocity scale, Ahf , correlates with the disturbance
force/velocity. It can also be observed from figure 8 that the
test cases have equivalent steady disturbance velocities ranging
from ≈ 1 − 2 body diameters a second.

B. Position Tracking Stability

The AUV described in II is tracked using an underwater
motion capture system while it responds to wave disturbances
in the sway direction generated as described in III. In order
to characterize the station keeping abilities using bioinspired
thrusters under different types of disturbances, we first record
the passive vehicle response to the disturbances, and then
compare that to the position tracking stability under feedback
control. For each case, the wave disturbance parameters are
described in table I.

The position tracking stability of the AUV/thruster system,
for the large-amplitude low-frequency disturbances is illus-
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Fig. 10. Sway position error of the AUV when it encounters a low-amplitude
high-frequency wave disturbance. The passive response of the vehicle is shown
by the dashed line, while the position tracking error under PID control is
shown by the solid line. The error bars indicate the standard deviation between
the different trials.

trated by figure 9. This figure shows the trajectory of the
vehicle averaged over all the tests for both cases 3 and 4.
For all tests, the instant the vehicle encounters the initial
disturbance wave, time is set to t = 0. The error bars
indicate the standard deviation between the different tests in
each case. It can be seen from this figure that, as would
be expected, the position tracking error is much lower for
the cases with feedback control, demonstrating the capability
of the bioinspired propulsion to handle high-amplitude low-
frequency disturbances. The amplitude of the feedback control
rms position error is 17% of the passive test drift and is on
the order of the vehicle diameter. The reason that the position
error for the uncontrolled cases is tracked for a shorter period
of time than the controlled tests, is because the vehicle is
pushed out of the motion capture measurement zone.

The position tracking stability for the low-amplitude high-
frequency tests are illustrated in figure 10. As can be seen
in this figure the bioinspired propulsion is also capable of
performing station keeping in the presence of high frequency
disturbances which are troublesome to traditional propeller
thrusters. The rms position error of the control test is 28%
of the uncontrolled case. Although this is a larger percentage
of the passive sway error, the absolute tracking error is nearly
equivalent to the high amplitude cases. This suggests that the
observed tracking error may be limited by the PID control
scheme, rather than thruster settling times. Furthermore it
should be noted that the frequency of the disturbance for case
2 is 0.34 Hz, meaning that it successfully handles the distur-
bances even though the disturbance frequency is higher than
the control bandwidth for oscillating maneuvers in the docking
regime. This is due to the fact that driving vehicle maneuvers
at that frequency requires overcoming vehicle inertia; whereas
disturbance rejection requires overcoming the hydrodynamic
forces. For low-amplitude high-frequency disturbances these
forces may be small in comparison to inertial forces. As such
the control bandwidth for disturbance rejection is going to be
much higher than the maneuvering control bandwidth in this
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Fig. 11. Yaw position error of the AUV when it encounters (a) a high
amplitude low-frequency wave-disturbance, and (b) a low amplitude high
frequency wave-disturbance. The passive response of the vehicle is shown by
the dashed line, while the position tracking error under PID control is shown
by the solid line. The error bars indicate the standard deviation between the
different trials.

regime. The high control bandwidth of the bioinspired thruster
technology makes it ideal for these small-scale high-frequency
disturbances.

As a general note, we’d like to point out that CephaloBot
has by far the largest surface area and coefficient of drag in the
sway direction. Since disturbances during open water testing
will rarely line up exactly in this direction, The component of
disturbance velocity in the max drag direction will be reduced.
Therefore it is reasonable to expect a similar performance for
larger waves, in practice.

The disturbances cause forces predominantly in the sway
direction, but the testing is performed on an unconstrained
AUV, so any small shift in the yaw angle will make subsequent
disturbances non-uniform, amplifying the yaw angle error. We
have also included the heading angle error for all cases in
figures 11a and 11b. For the uncontrolled cases, any small error
is amplified until the vehicle reaches a heading of Ψ = ±π/2,
which has a minimized area with respect to the incoming wave
and is hence a stable position. For the controlled cases, very
little energy is required to maintain the desired heading, and
does so easily.

C. Comparison With Other AUVs

Lawrance et al. [25] report the position tracking perfor-
mance of a Seabotix vLBV300 observation-class ROV using
PID feedback control during an ocean deployment with wave
disturbances measuring as high as 700 mm in amplitude which
is about 40% larger than the oscillation of the flat plate tip
(combination of heaving and pitching) for the low-frequency
disturbances. The ROV in this study has a mass of 19 kg
which is very similar to the 20 kg mass of CephaloBot. That
study observed mean tracking errors in the sway direction of
145 mm and rms errors at 191 mm, which are comparable
to the errors of our vehicle utilizing bioinspired propulsion.
Similarly, Kim et al. [26] report sway position rms error of
82 mm for an AUV using PD control in waves generating 15
N sinusoidal sway forces at a frequency of 0.10 Hz, which
is comparable to our vehicle response to large amplitude
waves. That AUV, called Cyclops, has a mass of 219 kg, and
dimensions of 1477 × 868 × 920 mm, so it is significantly
larger than CephaloBot, and performed the position tracking
in a test basin with a wave generator consisting of multiple
thrusters. Fischer et al. report that the AUV SubjuGator has
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sway position errors of 92 mm in the presence of waves 0.5-
1.25 m in height [10], using a non-linear RISE-controller. This
AUV has a mass of 38 kg and measures 381×558×558 mm,
and testing was performed in the gulf of Mexico.

V. CONCLUSIONS

In this paper, we show that our novel, biologically inspired
squid thrusters are able to match the performance of traditional
propellers for hydrodynamic disturbance rejection, without
impacting the vehicle forward drag. We integrated the squid
thrusters into our AUV, CephaloBot, in a configuration such
that they provide decoupled control authority over the sway
and yaw dynamics of the vehicle. We developed and presented
a model of the vehicle and actuators; from this model, a
PID controller was developed to perform a station-keeping
maneuver in the presence of hydrodynamic disturbances. To
experimentally validate our actuators and controller, a wave
generator was constructed and placed in our testing facility.
A motion capture system was used to localize the vehicle and
disturbance generator. Several sets of data were collected in
the presence of both low frequency, high amplitude and high
frequency, low amplitude waves. The data compares favorably
with other state-of-the-art underwater vehicles being used in
research applications.
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