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Abstract—This paper presents the design, implementation, and
evaluation of a feedback control system for an autonomous
underwater vehicle (AUV) using the Marine Systems Simulator
(MSS) MATLAB toolbox. The REMUS 100 AUV is modeled
using the full nonlinear six degree-of-freedom (6-DOF) rigid-body
equations provided by MSS, and two independent PID controllers
are designed for depth regulation and heading tracking. A key
contribution of this work is the design of a course autopilot
that compensates for hydrodynamic sideslip by using onboard
IMU measurements to estimate the sideslip angle and adjust the
commanded heading in a closed loop. This enables the vehicle
to maintain a desired ground-track course under time-varying
cross-currents rather than simply holding a body-fixed heading.
A realistic stochastic ocean current simulator, modeled after the
Dryden spectral shaping approach and parameterized by a Mixed
Layer Depth profile, provides physically grounded disturbance
forcing across calm, normal, and stormy sea conditions. Six test
scenarios of varying difficulty are evaluated across three random
seeds each. Results demonstrate course-hold RMSE below 2m
over a 10km trajectory under stormy conditions, depth regu-
lation within 0.19 m during worst-case disturbances, and simul-
taneous heading-and-depth maneuver performance comparable
to independent channel operation. The controller’s disturbance
rejection properties and sideslip compensation effectiveness are
characterized across all test conditions.

Index Terms—AUYV control, PID, course autopilot, sideslip
compensation, depth autopilot, MSS toolbox, REMUS 100, dis-
turbance rejection, ocean current modeling

I. INTRODUCTION

Underwater autonomous vehicles (AUVs) operate in envi-
ronments characterized by nonlinear dynamics and persistent
external disturbances including drag, buoyancy variation, and
dynamic time and depth dependent ocean currents. These
disturbances make reliable depth and heading regulation dif-
ficult, and validating controller robustness prior to hardware
deployment requires a high-fidelity simulation environment. A
critical limitation of many prior control studies is that ROV
controllers are evaluated only under idealized, constant, or
disturbance-free conditions, leaving their real-world effective-
ness unclear [3]].

A further gap exists between heading control and course
control. A heading autopilot regulates the vehicle’s body-fixed
yaw angle, but under cross-current conditions the vehicle crabs
sideways and drifts off its intended ground track even when
heading is perfectly maintained. Correcting this requires a
course autopilot that estimates the sideslip angle from onboard
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sensors and compensates the commanded heading accordingly.
This distinction is critical for any mission requiring position
or path accuracy.

The Marine Systems Simulator (MSS) MATLAB toolbox
[2]], developed by Fossen and Perez at the Norwegian Univer-
sity of Science and Technology, provides validated models of
marine vehicles including ships, submarines, and AUVs. The
REMUS 100, a widely used fin-controlled AUV originally
developed by the Woods Hole Oceanographic Institution, is
included in MSS with experimentally validated hydrodynamic
parameters. Its fin-based depth control through pitch-induced
lift makes it an especially interesting platform for cascade
control design.

This project designs, integrates, and evaluates PID con-
trollers for depth and course regulation on the REMUS 100
within the MSS Simulink environment. The contributions of
this work are: (1) a complete Simulink-based control system
integrating the MSS nonlinear plant with depth and course
autopilots; (2) a physically grounded stochastic ocean current
disturbance model using Dryden-style spectral shaping and an
Ekman spiral depth profile; (3) a sideslip-compensating course
autopilot built on top of the MSS heading controller; and (4)
a six-scenario test suite with randomized current disturbances
evaluated across multiple random seeds.

II. LITERATURE REVIEW

Fossen’s Handbook of Marine Craft Hydrodynamics and
Motion Control [1] is the primary reference for the mathemat-
ical models used in this work. The 6-DOF rigid-body equa-
tions, added mass formulation, and hydrodynamic damping
models follow the SNAME conventions established in that
text. Chapter 8 of [[1] specifically models ocean current as
a depth-varying disturbance where wind-driven surface speed
attenuates exponentially with depth, scaled by the mixed layer
depth. The MSS toolbox [2] implements these equations in
MATLAB/Simulink and provides the remus100.m vessel
model used as the plant in this project.

Yuan et al. 3] demonstrated combined depth and heading
PID control under current disturbance and buoyancy effects,
establishing PID as the standard baseline for ROV regulation
tasks. Their work motivates the use of integral action in both
control channels to reject sustained disturbances. Von Benzon
et al. [4] validated an open-source Simulink benchmark for



the BlueROV2 with experimentally validated hydrodynamics
and constant-velocity ocean current modeling, providing a
methodological reference for simulation-based evaluation and
a target platform for future hardware validation.

Sorensen [5]] surveyed marine vehicle control under environ-
mental disturbances and established the convention of treating
ocean current as a bounded, slowly-varying external input.
This modeling convention, where current enters the equations
of motion as a relative velocity disturbance in the damping
term rather than as an additive body force, is adopted directly
in this work.

The Dryden wind turbulence model [6]] governs the spectral
shaping of stochastic wind speed used in our disturbance
generator. White noise is shaped by a first-order low-pass filter
parameterized by turbulence intensity and gust length scale,
producing a physically realistic wind speed spectrum across
calm, moderate, and stormy conditions. The Nomoto model
[7]], used within the MSS heading autopilot, approximates yaw
dynamics as a first-order linear system and provides the basis
for PID gain selection in the heading channel.

III. VEHICLE DYNAMIC MODEL
A. 6-DOF Rigid-Body Equations

The MSS toolbox models the REMUS 100 using the stan-
dard 6-DOF nonlinear rigid-body equations [1]]. The inertial-
frame position and orientation vector is:

n=1[z y z ¢ 0 9 (1

where z, y, z are position coordinates in the NED frame
(positive down) and ¢, 6, ¢ are roll, pitch, and yaw Euler
angles. The body-fixed velocity vector is:

]T

V:[u vow p g ’I“}T 2)

The kinematic relationship between frames is n = J(n)v,

and the full nonlinear equation of motion is:
Mv+Cv)v+DWwv+gn)=1+d 3)

where M is the system inertia matrix (rigid body plus
added mass), C(v) represents Coriolis and centripetal forces,
D(v) is the hydrodynamic damping matrix, g(7) contains
gravitational and buoyancy restoring forces, 7 is the control
input vector, and d represents ocean current disturbances. All
matrices are provided numerically by remus100.m at each
timestep.

B. Reduced-Order Models for Controller Design

While the full nonlinear model is used for simulation,
reduced-order linear models are derived for controller design.
Both the depth and heading channels share the same structural
form. For depth:

myw+d,w=r1,, Z=w €]
yielding the transfer function Z(s)/7.(s) = 1/[s(m,s+d.)].
For yaw, the Nomoto model gives:

Li4dr=1y, $=r (5)

yielding ¥(s)/7y(s) = 1/[s(I.s + d,)]. Both channels are
structurally identical double-integrator plants, which justifies
the use of PID in both cases and explains why integral action
is necessary to reject sustained current disturbances.

IV. OCEAN CURRENT DISTURBANCE MODEL

A stochastic ocean current simulator is implemented in
Simulink to provide physically grounded environmental dis-
turbances. The simulator produces time-varying current speed
and direction as a function of vehicle depth and instantaneous
wind conditions.

A. Physical Basis: The Ekman Spiral

Wind applies drag stress to the ocean surface. The Coriolis
effect deflects the surface water approximately 45 degrees to
the right of the wind direction. As depth increases, inertial
friction in the water progressively rotates and attenuates the
current — a phenomenon known as the Ekman spiral [1]]. The
depth of the spiraling column is set by the Mixed Layer Depth
(MLD), which is approximately 15 m under calm conditions
and up to 150 m under stormy conditions.

B. Wind Speed Generator

Wind speed is modeled using the Dryden spectral shaping
approach [[6]. A band-limited white noise signal is multiplied
by the noise standard deviation o0 = I, - V.., where I, is
the turbulence intensity and V,, is the mean wind speed. This
is passed through a variable first-order low-pass filter with
time constant 7 = L, /V,,, where L, is the gust length scale.
The output is corrected for energy loss from the filter by
multiplying by /27. The variation is added to a mean wind
speed constant set by the wind condition: 2 m/s (calm), 8 m/s
(moderate), or 20 m/s (stormy). A minimum clamp of 0.01 m/s
prevents divide-by-zero conditions downstream.

C. Current Speed and Direction

Surface current speed is approximately 3% of wind speed,
following standard oceanographic convention. Current speed
at depth z decays exponentially as:

Vo(z) = 0.03V, - e~ =3/MLD (6)

Current direction is derived from a slowly wandering wind
angle (smoothed integrated white noise), offset by 45 degrees
for the Coriolis effect, plus a depth-dependent Ekman rotation
of (z/MLD) - 180°. The combined angle passes through
an angular momentum low-pass filter, angle wrapping, and
conversion to radians before injection into the plant as the
disturbance vector d in (3).

Consistent with [5]], the current enters the equations of
motion as a relative velocity disturbance in the hydrody-
namic damping term rather than as an additive external
force. Three wind condition modes parameterize the simula-
tor: Calm (MLD=15m, V,,= 2 m/s), Normal (MLD =50m,
V= 8m/s), and Stormy (MLD=150m, V,= 20m/s). Due to
Simulink’s utilization of pseudorandom number generators for
its white noise blocks, Seeded randomness via MATLAB’s



active_seed parameter allows reproducible but varied cur-
rent realizations across seeds 111, 222, and 333.

V. CONTROL SYSTEM ARCHITECTURE
A. Overall Structure

The control system consists of two independent SISO
feedback loops operating in parallel on decoupled channels
of the vehicle dynamics. The depth channel regulates z using
stern plane deflection ¢, and the course channel regulates the
vehicle’s ground-track course using rudder deflection §,.. Both
channels receive reference commands from parameterized Step
blocks, allowing a MATLAB batch runner to configure each
scenario without modifying the Simulink model.

B. Depth Autopilot

The depth autopilot implements a cascade control structure
standard for fin-controlled AUVs. The outer loop converts
depth error into a desired pitch angle command, and the inner
loop tracks that pitch angle using a PD controller with pitch
rate feedback.

The outer loop computes:

0at) = Ky (w04 - | Y ») @

where e, = 24 — 2z, K, = 0.1 (nominal), and T, = 100s.
A first-order lag filter (1/(20s + 1)) on the depth command
smooths large step inputs. The inner loop:

5,(t) = Kypl04— 0) + K /0 (04— 0)dr— Kag(t)  ®

with K, =10, K; = 1, K4 = 10. Pitch rate q is used directly
in the derivative path to avoid amplifying measurement noise.
For large-step depth transitions exceeding approximately 50 m,
K, is reduced to 0.02 via the batch runner to prevent pitch
saturation and integrator windup.

C. Course Autopilot with Sideslip Compensation

The standard MSS heading autopilot regulates the vehicle’s
yaw angle v, but under lateral current, the vehicle experiences
a nonzero sideslip angle 5 — the angle between the body
longitudinal axis and the actual velocity vector. A vehicle
maintaining heading 1 under sideslip drifts off its intended
ground track at rate V.sin(a. — 1), where a, is the current
direction. Over a 10km mission this produces lateral errors
exceeding 1 km under stormy conditions, as verified in simu-
lation.

The course autopilot corrects this by estimating the sideslip
angle from onboard IMU measurements and adjusting the
commanded heading accordingly. The sideslip angle is com-
puted from the ratio of sway to surge velocity:

- t
B(t) = arctan(%) )
where v and v are surge and sway velocities extracted from
the MSSS plant output. The compensated heading command is:

(10)

Ye(t) = vYalt) — B(t)

This adjusted command is passed to the MSS heading autopilot
block, which implements a PID controller with Nomoto feed-
forward. The heading controller parameters are: K, = 1.875,
Ty = 5.333s, T; = 20s. The third-order reference model
pre-filter prevents step discontinuities from saturating the
derivative path on large course commands.

The practical effect is that the vehicle actively points into the
current to cancel lateral drift, maintaining its intended ground-
track course even as current speed and direction change with
depth and time.

VI. TEST SUITE

Six test scenarios evaluate controller performance across a
range of operating conditions. Each test is parameterized by
wind condition, initial depth, target depth, and target course.
All tests run for 1 hour (3600s) with three different seeds
for the pseudorandom noise generators used in the current
simulator, for 18 total simulations. Table [I] summarizes the
configurations.

TABLE I: Test Suite Configuration

# Name Wind 20 zf Course ¢
1 Maintaining Course  Stormy S5m 5m 0°

2 Ekman Corkscrew Stormy Im 50m 0°

3 Silent Windup Calm 30m  30m 0°

4 Surface Breach Stormy 100 m Sm 0°

5  Maneuvering Stormy 10m 10m —60°
6  Combined Stormy 100 m Sm —60°

Performance metrics are computed automatically by the
RunTests.m batch runner. Course-hold tests report XY tra-
jectory RMSE and maximum lateral (Y) error. Depth transition
tests report 2% settling time and overshoot. Steady-state hold
tests report RMS and maximum depth error over the post-
transient window.

VII. RESULTS

A. Heading Control Without Course Compensation

Before presenting course autopilot results, it is instructive to
show the consequence of heading control alone under realistic
disturbances. In the High Disturbance Maintaining Course
scenario (5m depth hold, stormy conditions), a standard
heading autopilot maintains the commanded yaw angle but
does nothing to compensate for lateral current. Over a 10 km
trajectory, the vehicle drifts 1.39—1.52 km off its intended path
(maximum Y error across seeds). Depth regulation remains
tight (£0.19m), confirming that course error is entirely at-
tributable to uncompensated sideslip. Fig. [I| illustrates this
failure mode.
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Fig. 1: XY position under heading control without sideslip
compensation (stormy conditions, 5m depth). The vehicle
maintains heading but drifts over 1.4 km laterally over a 10km
trajectory.

B. Test 1: High Disturbance Maintaining Course — Course
Hold Under Stormy Conditions

With the course autopilot active, the vehicle holds its
ground-track course at Sm depth under stormy conditions.
Fig. 2] shows the XY trajectory and current direction overlay
across all three seeds. The course autopilot actively angles
the vehicle into the current, as visible from the heading-
trajectory divergence in the lower plot. RMSE across seeds
is 1.49-1.69m over a 10km run. Maximum lateral error is
9.23-9.76 m. Depth error bounds are —0.0301 m to +0.0871 m
across all seeds. This represents a reduction in lateral error of
over 99% compared to heading-only control.
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Fig. 2: Test 1: XY course hold at 5 m under stormy conditions
with sideslip compensation active. Lower plot shows heading
offset from trajectory used to negate cross-current.

C. Test 2: The Ekman Corkscrew — Depth Transition with
Course Hold

The Ekman Corkscrew evaluates a 49 m descent from 1 m
to 50 m under stormy conditions while maintaining a O-degree
course. As depth increases, the Ekman spiral rotates and
attenuates the current, continuously changing the sideslip angle
the course autopilot must compensate. Fig. 3] shows the XY
position and depth vs. time plots. Depth settles within 0.5 m
of the 50m target at approximately 187-189s across seeds,

with overshoot of 0.869-0.883 m. Course RMSE is 0.528-
0.563 m, confirming that the sideslip compensator tracks the
depth-varying current direction without requiring any manual
retuning.
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Fig. 3: Test 2: Depth descent from 1 m to 50 m under normal
conditions. Depth settle time is approximately 188s. Course
RMSE is below 0.57 m across all seeds.

D. Test 3: The Silent Windup — Steady-State Hold, Calm
Conditions

The Silent Windup validates controller behavior at the low
end of the disturbance range. The vehicle holds 30 m depth
under calm wind conditions. Course RMSE is 0.000582—
0.000641 m — effectively zero — confirming no steady-
state bias under minimal disturbance. Maximum lateral error
is 0.00369-0.00370 m. Depth error bounds are —0.030m to
40.087 m. The mild remaining lateral drift (under 4 mm) arises
from the asymmetry of the white noise wind generator, which
is centered on 6 = 0 and thus not fully balanced in the lateral
direction — a known limitation noted in Section [VIIIL
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Fig. 4: Test 3: Steady-state course and depth hold at 30 m
under calm conditions. Lateral error is below 4 mm over the
full trajectory.

E. Test 4: The Surface Breach — Large-Step Ascent

The Surface Breach evaluates a 95m ascent from 100 m
to 5m under stormy conditions using the reduced outer gain

K,. = 0.02. Fig. | shows depth vs. time and the XY



trajectory. Depth settles within 0.5m of the 5m target at
approximately 297 s across all seeds, with overshoot of 3.11-
3.17m. Course RMSE during the ascent is 1.34-1.54 m, and
maximum lateral error is 9.84-10.3 m. The course autopilot
continues to function during the ascent, though the larger
sideslip transient during the depth transition temporarily in-
creases lateral error before the controller recovers.
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Fig. 5: Test 4: Ascent from 100m to 5m under stormy
conditions (K, = 0.02). Depth settle time is approximately
297 s with overshoot near 3.1 m.

FE Test 5: High Disturbance Maneuvering — Course Change

The High Disturbance Maneuvering test evaluates a —60°
course change at 10m depth under Stormy conditions. Fig. [f]
shows the XY plot of the turning maneuver. The vehicle
achieves the target course with a mean lateral error of 87.67 m
relative to the target path — which is approximately 90 m of
offset on a 9km trajectory. Once the course is established
(Y settle time of approximately 640s for seed 111), the
vehicle holds it with maximum Y error of 22.1-22.2 m. Depth
error bounds remain —0.0168 m to +0.184 m throughout the
maneuver.
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Fig. 6: Test 5: —60° course change at 10m under normal

conditions. Mean path error is approximately 87.7 m; steady-
state course RMSE is below 4.3 m after settling.

G. Test 6: Combined Ascent and Maneuver — Simultaneous
Depth and Course Change

The Combined Ascent and Maneuver test evaluates simul-
taneous ascent from a depth of 100 m to 5m and —60° course
change under stormy conditions. Fig. [7] shows the combined
XY and depth response. Depth settle time is approximately
303 s with overshoot of 3.28-3.30m — comparable to the
depth-only ascent in Test 4. Course RMSE is 3.54-3.69 m and
mean path error is approximately 60.8 m. Y settle time ranges
from 469-731 s across seeds. Importantly, the performance of
each channel is not significantly degraded by simultaneous op-
eration of the other, validating the decoupled SISO architecture
for this combined maneuver.
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Fig. 7: Test 6: Simultaneous —60° course change and ascent
from 100m to 5m under stormy conditions. Both channels
perform comparably to independent operation.

H. Summary of Performance Metrics

Table [lI| summarizes the quantitative performance metrics
across all tests.

TABLE II: Performance Metrics Summary

Test  Metric Value (seed range)  Status

1 Course RMSE (10km)  1.49-1.69m Pass

1 Max lateral error 9.23-9.76 m Pass

1 Depth error bounds +0.09m Pass

2 Depth settle time 187-189s Pass

2 Depth overshoot 0.87-0.88 m Pass

2 Course RMSE 0.53-0.56m Pass

3 Max lateral error <4 mm Pass

3 Depth error bounds +0.09m Pass

4 Depth settle time ~297s Marginal
4 Depth overshoot 3.1-32m Marginal
5 Mean path error ~87.7m Pass

5 Steady course RMSE <43m Pass

6 Depth settle time ~303s Pass

6 Course RMSE 3.54-3.69m Pass

VIII. DISCUSSION
A. Course Control vs. Heading Control

The most significant result of this work is the quantified
difference between heading control and course control un-
der realistic disturbances. Without sideslip compensation, the
vehicle drifts over 1.4km laterally over a 10km mission in



stormy conditions — a failure mode that would be invisible in
disturbance-free simulation. The sideslip estimator (9) reduces
this to below 10m RMSE under the same conditions. This
confirms that for any AUV mission with a ground-track
accuracy requirement, heading control alone is insufficient and
course compensation is essential.

The estimator works because the REMUS 100 maintains
near-constant forward speed through the fixed propeller RPM,
making surge velocity u large relative to sway velocity v. This
keeps the sideslip angle small (typically a few degrees) and
the small-angle approximation 3 & v/u accurate. At very low
surge speeds, the estimator would lose accuracy and a GPS or
DVL-based position fix would be needed instead.

B. Depth Controller Gain Scheduling

The cascade depth controller requires gain scheduling for
large-step transitions. The nominal K, = 0.1 works well for
depth holds and transitions up to approximately 50 m. For the
95 m ascent in Test 4, K,, = 0.02 prevents pitch saturation but
produces a slower, more oscillatory response (overshoot ~3 m,
settle time ~297s). A depth reference rate limiter would be a
cleaner solution, allowing nominal gains to be used throughout
by preventing the reference from changing faster than the plant
can track.

C. Channel Decoupling

The SISO architecture assumes sufficient decoupling be-
tween depth and heading channels. Test 6 validates this:
simultaneous heading and depth maneuvers produce perfor-
mance comparable to independent operation in Tests 4 and
5. The REMUS 100’s separated control surfaces support this
decoupling naturally.

D. Known Limitations

The wind direction simulator models environmental wander-
ing by integrating normally distributed white noise, effectively
creating a random walk initialized at & = 0°. Because this ran-
dom walk lacks a uniform distribution over time, the simulated
wind tends to wander around the initial heading, rather than
being truly random. This means the resulting current is biased
in a fixed direction, as seen in the current vectors in Fig. E]
and 2] and the sub-millimeter Y drift in Test 3. While this is
actually relatively accurate to how wind on the open ocean
behaves, it doesn’t model any of the exceptions such as squall
lines and downbursts which would represent the actual worst-
case scenarios for rapid wind direction changes. Additionally,
sensor noise is not modeled — the sideslip estimator uses clean
velocity signals from the plant, while an actual implementation
would get these values from integrating the linear accelerations
given by an IMU, resulting in much noisier data.

IX. CONCLUSION

This project designed and evaluated depth and course
PID controllers for the REMUS 100 AUV within the MSS
MATLAB/Simulink environment. The central contribution is
a sideslip-compensating course autopilot that estimates lat-
eral drift from onboard IMU measurements and adjusts the

heading command to maintain a desired ground-track course
under realistic time-varying ocean currents. Combined with a
physically grounded stochastic current model based on Dryden
spectral shaping and an Ekman spiral depth profile, the system
enables meaningful evaluation of controller robustness across
calm, normal, and stormy sea conditions.

Key results: course-hold RMSE below 2m over a 10km
trajectory under stormy conditions; depth regulation within
40.09 m during steady-state holds; depth settle time of 187—
189 s for a 49 m descent; and simultaneous heading-and-depth
maneuver performance comparable to independent channel
operation. The controller’s operational boundary under large-
step depth transitions was identified and addressed through
gain scheduling.

X. FUTURE WORK

Several extensions would improve performance and gen-
erality. A depth reference rate limiter would eliminate gain
scheduling by preventing large pitch commands regardless
of step magnitude. DVL or position-aided sideslip estimation
would extend course compensation to low-speed operations
where the IMU-only estimator loses accuracy. Simulating
sensor noise would provide a more accurate assessment of
the robots limitations and reliability in real world conditions.
Remaking the current direction generator to be able to simulate
more chaotic wind behaviors would allow for more realistic
worst-case controller testing. Additionally, finding a way to
implement recorded meteorological data into the current simu-
lator, instead of random noise, would provide the gold standard
for realistic conditions. Implementing LQR alongside PID
using the already-established state-space model would provide
a direct comparison of optimal vs. tuned control for both
channels. Transitioning to BlueROV2 identified parameters
from [4] would tie the simulation to a real platform currently
in use at WPI. Finally, extending to a full path-following
controller using position feedback would enable waypoint
navigation rather than course-only regulation.

XI. LEARNING OUTCOMES

This project provided hands-on experience with several
practical aspects of marine control design. Decoupling the 6-
DOF model into independent depth and yaw channels made
the modeling digestible, and recognizing that both are double-
integrator plants clarified why PID with integral action is
appropriate for sustained disturbance rejection. The most
important modeling lesson was that ocean current must be
injected as a relative velocity disturbance in the damping term
rather than as an additive force — an error that produces
qualitatively wrong disturbance behavior even if the force
magnitudes appear reasonable.

The distinction between heading control and course control
emerged as the central practical lesson. Early simulations using
the built-in MSS heading autopilot appeared satisfactory in
heading tracking but failed completely in trajectory accuracy.
Discovering and correcting this through sideslip estimation
was the most significant design iteration of the project.



If starting again, we would verify nominal closed-loop
stability before introducing stochastic disturbances, separating
controller performance from disturbance effects. We would
also add sensor noise to the sideslip estimator from the start
and implement LQR as a parallel comparison controller, since
the state-space model was already established at the time of
design.
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