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Abstract: Autonomous Underwater Vehicles (AUVs) are increasingly being used for offshore
inspection tasks. This paper investigates how navigation using Simple Internal Model Control for
Proportional-Integral-Derivative Control (SIMC-PID) operates in a realistic offshore environ-
ment with waves and ocean current acting as input disturbances while the available underwater
sensors introduce time delays on the output signals. First, the time delays are determined by
investigating available absolute positioning sensor systems. Then, a model of the AUV and
the external disturbances is established. The model-based SIMC-PID controller is tuned and
examined based on acceptable disturbance rejection while tolerating the dominant time delays.
Two simulation case studies show that the heave controller, in both cases, struggles to stabilize
in 0 to 8 meters depths, while the surge and sway controllers tolerate the Doppler Velocity
Log case (DVL) acceptably. Short Baseline (SBL) shows unacceptable performance in 0 to 15
meters depths. It is concluded that the simplicity of the SIMC-PID controller is an advantage
and, therefore, useful when time delays are relatively small, but more advanced techniques must
be applied for larger delays such as those introduced by SBL systems.
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1. INTRODUCTION

Over the last decade, there has been an increasing demand
for Unmanned Underwater Vehicles (UUVs) for opera-
tions, such as seabed mapping, harbor monitoring, offshore
maintenance, and surveillance of critical infrastructure
(Mai et al. (2016)). Remotely operated vehicles (ROVs)
and autonomous underwater vehicle (AUVs) has increased
value for the offshore industry as the expenses used on
ROV and AUV operations have increased during the last
decade while the offshore industry itself has expanded and
still will in the future (Brun (2012)). Therefore, automat-
ing the operation done by the ROVs and AUVs will be
increasingly beneficial as well (Tena (2011)). Some energy-
costly operations demand a tethered ROV due to the
limited battery lifetime of AUVs (Pedersen et al. (2022)),
however, several operations, such as inspections, are typi-
cally carried out by light AUVs due to the maneuverability
and mobility (Liniger et al. (2022)).

One important requirement for completing such AUV op-
erations is accurate localization (Yang and Huang (2017);
Paull et al. (2014)). Several common localization sen-
sors developed for underwater navigation induce dominant
measurement output time delays weakening the possibility
for feedback control applications (Pedersen et al. (2019)).
Besides the output time delays, operations in offshore en-
vironments include various external disturbances, such as
waves and underwater ocean current. Both the output time
delays and external disturbances problematise the AUV

efficiency, especially at near-structure operations where
precision is more demanding than in open water, where
the allowed navigation error is larger.

This study will investigate the development of a decentral-
ized Simple Internal Model Control (SIMC-PID) scheme
where the output delays are explicitly included in the PID
coefficients, as described in Skogestad (2003); Skogestad
and Grimholt (2012). Thus, the main advantage of using
the SIMC-PID scheme is the simple tuning procedure.
Realistic time delays have been determined based on typi-
cal underwater positioning sensors; Short Baselines (SBL)
and Doppler Velocity Logs (DVL). The work in Skogestad
(2006) demonstrated the SIMC-PID provided decent dis-
turbance rejection and, hence, this study will examine how
well the developed controller rejects offshore disturbances
from waves and underwater ocean currents. The simulation
results will be based on verified AUV, wave and current
models, combined into a single model. Lastly, a conclusion
and future work will be presented.

2. SUBSEA SENSOR-INDUCED TIME DELAY

Real-time underwater positioning for autonomous naviga-
tion is challenging as common sensor technologies, such as
Global Positioning System (GPS) signals, do not penetrate
water (Paull et al. (2014)). Thus, efforts have been put
into developing sensors dedicated to underwater applica-
tions. Acoustic sensor technologies have shown potential
for underwater navigation, where SBL and DVL are com-
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Real-time underwater positioning for autonomous naviga-
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Global Positioning System (GPS) signals, do not penetrate
water (Paull et al. (2014)). Thus, efforts have been put
into developing sensors dedicated to underwater applica-
tions. Acoustic sensor technologies have shown potential
for underwater navigation, where SBL and DVL are com-

Tab. 1. Acoustic sensor technologies for underwater positioning.

Sensor Sources Sensor Delay Range Pros Cons

SBL Kebkal and Mashoshin (2017); Pedersen et al. (2019) ∼2s Up to 100m Accuracy Demands externally fixed transponders

DVL Snyder (2010); Karmozdi et al. (2018) 0.2 s 18–100m Onboard Accumulating error through integration

monly applied in narrow range applications; see Tab. 1.
It must be noted that SBLs can be replaced by Long
Baseline (LBL) and Ultrashort Baseline (USBL) systems,
but LBLs demand impractical sea-floor mounted baseline
transponders and USBLs has limited line of sight coverage
due to the reduced transducer spacing (Vickery (1998)).
Moreover, several underwater relative positioning sensors
exist, but they all demand an object for distance estima-
tion, which is not available when navigating in open water
e.g. between subsea structures. As seabeds are easier to
identify, the DVLs provide more consistent measurement
signals. Therefore, in this study, two cases are considered;
(1) a DVL sensor with 0.2 seconds time delay, and (2)
an SBL sensor with 2 seconds time delay. The delays are
introduced for the linear motions in two of the space di-
mensions; N and E illustrated in Fig. 1. For the remaining
motion measurements, 0.1 seconds time delay is imple-
mented to represent the time delay from communication
transmission, computational time, and noise filtering for
an Inertial measurement unit (IMU) with a magnetometer
and pressure transmitter.

3. AUV MODELING

The modeling of the AUV is based on Fossen represen-
tation for underwater vehicles Fossen (2011), and the pa-
rameters have been determined through a combination of
experiments. The details on the parameters and actuation
can be found in Benzon et al. (2022). Please notice that
some of the parameters in Tab. 3 have been modified
to improve model accuracy. The governing equations are
given by.

η̇ = J(η)ν (1)

Mν̇ +C(ν)ν +D(ν)ν + g(η) = τ̄ (2)

where η =

N,E,D, ϕ̄, θ̄, ψ

T
is a combination of world

coordinates and Euler angles defined in the NED frame.

ν = [u, v, w, p, q, r]
T

is the body-fixed velocity vector. In
Fig. 1 both the NED and body-fixed frame definitions are
shown.

BODY FRAME

WORLD FRAME

𝜃𝜃𝜃𝜃 𝜙𝜙𝜙𝜙
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Pitch,q Roll,p

Heave,w

Surge,u
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Fig. 1. Figure from Benzon et al. (2021). BlueROV2
with frame-definitions in both body and world frame,
respectively.

J(η) is the rotation matrix. For the external forces τ̄ =
τx, τy, τz, τϕ̄, τθ̄, τψ

T
, which is the input given in force and

torque The rest of the variables in Eq. (1) and Eq. (2) can
be seen in Tab. 2.

Tab. 2. Variables and their components.

Notation Components

M Mrb +Ma

Mrb diag(m,m,m, Ix, Iy , Iz)
Ma -diag(Xu̇, Yv̇ , Zẇ,Kṗ,Mq̇ , Nṙ)

C(ν)


0 C1(ν)

C1(ν) C2(ν)



C1(ν)


0 (m− Zẇ)w (Yv̇ −m)v

(Zẇ −m)w 0 (m−Xu̇)u
(m− Yv̇)v (Xu̇ −m)u 0



C2(ν)


0 −(Iz +Nṙ)r (Mq̇ − Iy)q

(Nṙ + Iz)r 0 (Ix −Kṗ)p
(Iy −Mq̇)q (Kṗ − Ix)p 0



D(ν) -diag(Xu(u), Yv(v), Zw(w),Kp(p),Mq(q), Nr(r))

g(η)




(W −B) sin(θ̄)
−(W −B) cos(θ̄) sin(ϕ̄)
−(W −B) cos(θ̄) cos(ϕ̄)

ybB cos(θ̄) cos(ϕ̄)− zbB cos(θ̄) sin(ϕ̄)
−zbB sin(θ̄)− xbB cos(θ̄) cos(ϕ̄)
xbB cos(θ̄) sin(ϕ̄) + ybB sin(θ̄)




W mg
B ρg∇

Tab. 3. Parameters used for the model.
Modified parameters indicated by *.

Notation Values/Term Unit

g 9.82 m s−2

ρ 1000 kgm−3

m 13.5 kg
∇ 0.0133 m3

(Ix, Iy , Iz) (0.26, 0.23, 0.37) kgm2

(xb, yb, zb) (0, 0, -0.01) m

Xu̇ 6.36 kg
Yv̇ 7.12 kg
Zẇ 18.68 kg
Kṗ 0.189 kgm2

Mq̇ 0.135 kgm2

Nṙ 0.222 kgm2

Xu(u) 141|u|+ 13.7 N sm−1

Yv(v) 184.3|v|+ 20* N sm−1

Zw(w) 190|w|+ 33 N sm−1

Kp(p) 0.95|p|+ 0.15* N s
Mq(q) 0.47|q|+ 0.8 N s
Nr(r) 1.17|r|+ 0.2* N s

To get a mathematical expression for the acceleration
equation Eq. (2) is solved as an inverse problem with
respect to ν̇.

ν̇ = M−1 (τ̄ −C (ν)ν −D (ν)ν − g (η)) (3)

This can then be formulated as a vector of nonlinear
functions.

f (η,ν, τ̄ ) = [u̇ (η,ν, τ̄ ) , v̇ (η,ν, τ̄ ) , ẇ (η,ν, τ̄ ) ,

ṗ (η,ν, τ̄ ) , q̇ (η,ν, τ̄ ) , ṙ (η,ν, τ̄ )]
T (4)
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From Eq. (3) and Tab. 2 it can noted that the non-linear
model only depends on ϕ̄ and θ̄ from η. Both are set to
zero due to restoring forces. Therefore, f (η,ν, τ̄ ) becomes
f (ν, τ̄ ), where ν is the state matrix and τ̄ is the input
matrix.

4. MODELING OF EXTERNAL DISTURBANCES

The main disturbances in an offshore environment can
considered to be water waves and underwater current. In
this section, we will briefly outline how these disturbances
are modeled.

4.1 Ocean waves

Tab. 4. Definitions of wave variables.

Notation Description

a Wave amplitude
c Spreading index
d Water depth
f Wave frequency
fP Peak wave frequency
Hs The significant wave height
L Wavelength
i, j Index number
k Wavenumber

n and m Natural numbers
S(f, ζ), SJS(f) Water wave spectrum

Tp Peak wave period
t Time

X(ζ) Spreading function
γ Peak enhancement factor
ζ Wave direction
Π Surface elevation
Θ Angular wave frequency

Γ(n) Gamma function
µ Random phase

The disturbance caused by the wave motion is estimated
by a Morison-type equation (Avila and Adamowski (2011);
Sayer (2008)) expressed here as

τ̄w = Dw (νw − ν1) |νw−ν1|+(Mwν̇w −Ma,wν̇1) (5)

where νw = (uw, vw, ww) are the fluid particle velocities,
Dw (νw − ν1) = D(1:3, 1:3) is the force caused by drag,
Mw = M(1:3, 1:3), Ma,w = Ma(1:3, 1:3) and ν1 =

[u, v, w]
T
. The fluid particle velocities are computed from

the JONSWAP wave spectrum Hasselmann (1973) with
a spreading function which grant multi-directional and
irregular water waves. The approach has been used to
model waves on a tethered ROV deployed to clean offshore
structures in Benzon et al. (2022).

S(f, ζ) = SJS (f)X(ζ) (6)

where SJS is the JONSWAP wave spectrum and X(ζ) is a
spreading function. The JONSWAP spectrum is given by,

SJS (f) = C(γ)
5

16
H2

s

f4
P

f5
e

(
−

5f4
P

4f4

)
γe

(
−

(f−fP )2

2(σfP )2

)
(7)

where C(γ) = 1− ln (γ) 0.287 is a normalizing factor, and
σw is the spectral width parameter and is 0.07 for f ≤ fp
and 0.09 for f > fp.

To model the directional short-crested waves, we introduce
a spreading function from DNV (Det Norske Veritas)
(2021), which is defined for |ζ − ζp| ≤ π

2 as

X(ζ) =
Γ(1 + c

2 )√
πΓ(0.5 + c

2 )
cosc(ζ − ζp) (8)

where Γ is the gamma function and ζp is the mean wave
direction. Typical values for the spreading index c for wind
driven for between 2-4 for a wind-driven sea state (DNV
(Det Norske Veritas) (2021)).

By assuming potential flow a model of the surface elevation
can be derived of the short-crested sea state by using the
principle of superposition, i.e. n ×m linear regular waves
are superimposed,

Π(N,E, t) =

n∑
i=1

m∑
j=1

aij cos (ϵ(N,E, t)ij) (9)

where aij =
√
2SJS (fi)X(ζj)∆f∆ζ is the amplitude of

the ith frequency in the jth direction, where ∆f is the
frequency bandwidth and ∆ζ is the direction bandwidth.
To be concise we have defined,

ϵ(N,E, t)ij = Θit− ki(Ncos(ζj) + Esin(ζj)) + µij (10)

where Θi = 2πfi is the angular wave frequency, ki =
2π
Li

is the wavenumber, ζj is the wave direction and µij is the
random phase angle for each linear wave component. To
realize the free surface, the wavenumbers are required for
each wave component and have to be derived by iteration
using an different form of the dispersion relation,

Li =
gT 2

i

2π
tanh

(
2πd

Li

)
(11)

where the deep water wavelength L0
i = gT 2

2π is used as an
initial guess for each component.

By assuming potential flow, the fluid particle velocities
and accelerations can be obtained from the superimposed
velocity potentials related to each wave component,

uw =

n∑
i=1

m∑
j=1

ai,jgki
Θi

cos(ζj)Λ
cosh
ij cos (ϵij) (12)

vw =

n∑
i=1

m∑
j=1

ai,jgki
Θi

sin(ζj)Λ
cosh
ij cos (ϵij) (13)

ww =

n∑
i=1

m∑
j=1

−ai,jgki
Θi

Λsinh
ij sin (ϵij) (14)

u̇w ≈
n∑

i=1

m∑
j=1

−ai,jgkicos(ζj)Λ
cosh
ij sin (ϵij) (15)
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From Eq. (3) and Tab. 2 it can noted that the non-linear
model only depends on ϕ̄ and θ̄ from η. Both are set to
zero due to restoring forces. Therefore, f (η,ν, τ̄ ) becomes
f (ν, τ̄ ), where ν is the state matrix and τ̄ is the input
matrix.

4. MODELING OF EXTERNAL DISTURBANCES
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are modeled.
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S(f, ζ), SJS(f) Water wave spectrum
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t Time

X(ζ) Spreading function
γ Peak enhancement factor
ζ Wave direction
Π Surface elevation
Θ Angular wave frequency

Γ(n) Gamma function
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The disturbance caused by the wave motion is estimated
by a Morison-type equation (Avila and Adamowski (2011);
Sayer (2008)) expressed here as

τ̄w = Dw (νw − ν1) |νw−ν1|+(Mwν̇w −Ma,wν̇1) (5)

where νw = (uw, vw, ww) are the fluid particle velocities,
Dw (νw − ν1) = D(1:3, 1:3) is the force caused by drag,
Mw = M(1:3, 1:3), Ma,w = Ma(1:3, 1:3) and ν1 =

[u, v, w]
T
. The fluid particle velocities are computed from

the JONSWAP wave spectrum Hasselmann (1973) with
a spreading function which grant multi-directional and
irregular water waves. The approach has been used to
model waves on a tethered ROV deployed to clean offshore
structures in Benzon et al. (2022).

S(f, ζ) = SJS (f)X(ζ) (6)

where SJS is the JONSWAP wave spectrum and X(ζ) is a
spreading function. The JONSWAP spectrum is given by,

SJS (f) = C(γ)
5

16
H2

s

f4
P

f5
e

(
−

5f4
P

4f4

)
γe

(
−

(f−fP )2

2(σfP )2

)
(7)

where C(γ) = 1− ln (γ) 0.287 is a normalizing factor, and
σw is the spectral width parameter and is 0.07 for f ≤ fp
and 0.09 for f > fp.

To model the directional short-crested waves, we introduce
a spreading function from DNV (Det Norske Veritas)
(2021), which is defined for |ζ − ζp| ≤ π

2 as

X(ζ) =
Γ(1 + c

2 )√
πΓ(0.5 + c

2 )
cosc(ζ − ζp) (8)

where Γ is the gamma function and ζp is the mean wave
direction. Typical values for the spreading index c for wind
driven for between 2-4 for a wind-driven sea state (DNV
(Det Norske Veritas) (2021)).

By assuming potential flow a model of the surface elevation
can be derived of the short-crested sea state by using the
principle of superposition, i.e. n ×m linear regular waves
are superimposed,

Π(N,E, t) =

n∑
i=1

m∑
j=1

aij cos (ϵ(N,E, t)ij) (9)

where aij =
√
2SJS (fi)X(ζj)∆f∆ζ is the amplitude of

the ith frequency in the jth direction, where ∆f is the
frequency bandwidth and ∆ζ is the direction bandwidth.
To be concise we have defined,

ϵ(N,E, t)ij = Θit− ki(Ncos(ζj) + Esin(ζj)) + µij (10)

where Θi = 2πfi is the angular wave frequency, ki =
2π
Li

is the wavenumber, ζj is the wave direction and µij is the
random phase angle for each linear wave component. To
realize the free surface, the wavenumbers are required for
each wave component and have to be derived by iteration
using an different form of the dispersion relation,

Li =
gT 2

i

2π
tanh

(
2πd

Li

)
(11)

where the deep water wavelength L0
i = gT 2

2π is used as an
initial guess for each component.

By assuming potential flow, the fluid particle velocities
and accelerations can be obtained from the superimposed
velocity potentials related to each wave component,

uw =

n∑
i=1

m∑
j=1

ai,jgki
Θi

cos(ζj)Λ
cosh
ij cos (ϵij) (12)

vw =

n∑
i=1

m∑
j=1

ai,jgki
Θi

sin(ζj)Λ
cosh
ij cos (ϵij) (13)

ww =

n∑
i=1

m∑
j=1

−ai,jgki
Θi

Λsinh
ij sin (ϵij) (14)

u̇w ≈
n∑

i=1

m∑
j=1

−ai,jgkicos(ζj)Λ
cosh
ij sin (ϵij) (15)

v̇w ≈
n∑

i=1

m∑
j=1

−ai,jgkisin(ζj)Λ
cosh
ij sin (ϵij) (16)

ẇw ≈
n∑

i=1

m∑
j=1

−ai,jgkiΛ
sinh
ij cos (ϵij) (17)

where ϵij = ϵ(N,E, t)ij has been used together with the
following definitions

Λsinh
ij = Λ(D)sinhij =

sinh (ki (−D + d))

cosh (kid)
(18)

Λcosh
ij = Λ(D)coshij =

cosh (ki (−D + d))

cosh (kid)
(19)

which can now be used in the wave force disturbance vector
in Eq. (5).

4.2 Underwater current

The effect of the current is implemented in Eq. (2) as
an additional velocity term that is constant in the water
column, given by,

Mν̇ +C(νr)νr +D (νr)νr + g(η) = τ̄ + τ̄w (20)

Eq. (20) is in terms of relative velocity in body frame given
by νr = ν − νc. The current in world frame is given by
vc, the body frame current is specified by,

νc = R−1vc (21)

where,

vc = (uc, jc, wc, 0, 0, 0)
⊤

(22)

uc, jc, wc is the world frame velocity in north, east and
down direction respectably.

5. CONTROLLER DESCRIPTION

SIMC-PID is a systematic procedure for finding the coef-
ficients of a series (cascade) form PID controller:

Cpid(s) =
U(s)

E(s)
= Kc

(
τIs+ 1

τIs

)
(τDs+ 1) (23)

where Kc is the controller gain, τI the integral time, and
τD the derivative time. Compared to alternative tuning
rules, SIMC-PID works well for both integrating and pure
time delay processes, and for both setpoints and load
disturbances; see Skogestad (2003). The main motivation
for using SIMC-PID can be summarized to be (Skogestad
and Grimholt (2012); Skogestad (2006)):

• The tuning rules are well motivated, model-based
and analytically derived. The time delay is explicitly
included in the controller coefficients.

• It has shown to work well on a wide range of appli-
cations and has demonstrated acceptable disturbance
rejection.

• The tuning rules are simple and easy to memorize.

In this study, 0 m/s (for linear velocities) and 0 rad/s
(for angular velocities) are used as operational points for
linearization, as stable positions are required for most
offshore operations.

For ϕ̄ and θ̄ the respective linearized models can be
expressed as second-order transfer functions with left-half

plane (LHP) real-valued poles. Consider a second-order
transfer function model, G(s) describing the dynamics of
the system:

G(s) =
k

(τ1s+ 1)(τ2s+ 1)
e−θs (24)

where the time delay is rewritten based on Pade’s approx-
imation:

e−θs = 1− θs (25)

then the controller, Cpid(s), is

Cpid(s) =
U(s)

E(s)
=

(τ1s+ 1)(τ2s+ 1)

k(τc + θ)s
(26)

where τc is the sole tuning parameter. This is a cascade
form PID controller with

Kc =
1

k

τ1
τc + θ

, τI = τ1, τD = τ2 (27)

In some cases it is necessary to modify the integral time for
improving the disturbance rejection, especially for input
disturbances as the wave and current loads introduced in
this work. Hence, τI is modified such that

τI = min{τ1, 4(τc + θ)} (28)

τc can be chosen freely but the optimal value is a trade-
off between fast response with good disturbance rejection
(favored by a small value of τc) and robustness (favored by
a large value of τc) and in this work is obtained by choosing
τc = θ as recommended in Skogestad (2003). Please notice
that ϕ̄ and θ̄ values yield an underdamped system, which
according to Manum (2005) demands rewriting of Eq. (24)
and Eq. (26), such that

G(s) =
k

(τ20 s
2 + 2τ0ϕs+ 1)

e−θs (29)

where 0 < ϕ < 1 is the damping factor and τ0 is the time
constant, such that τ0 = 1/ωn where ωn is the natural
frequency. The updated controller, Cpid(s), for Eq. (29) is

Cpid(s) =
1

k

1

k(τc + θ)s
(τ20 s

2 + 2τ0ϕs+ 1) (30)

For N, E, D, and ψ the respective linearized models
can be expressed as second-order type-1 transfer functions
with one LHP pole and one pole at the origin. For this,
consider a transfer function model, G2(s), describing the
dynamics of the system using an integrator with lag:

G2(s) =
k

′

s(τ2s+ 1)
e−θs (31)

where k
′
:= k/τ2. Once again, Pade’s approximation in

Eq. (25) and the control structure as in Eq. (23) are used,
where:

Kc =
1

k′

1

τc + θ
, τI = 4(τc + θ), τD = τ2 (32)

6. RESULTS

This section examines the results from two offshore cases,
where the time delay (θ) values are 0.2 and 2 seconds,
respectively, as discussed in section 2. In both cases, the
references are set to zero for all positions except for the
D direction, where the reference is changed with a series
of steps from the initial position at 25 meters depth to
the splash zone (defined as the range between 0-5 meters
depths) at 3 meters depths. As the AUV approaches
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the sea surface the wave-induced disturbance will be
increasing. Then, it will be investigated how close the AUV
can go to the sea surface before reaching instability.

The operating conditions for the ocean waves and current
will be based on data collected from an offshore structure
located in the North sea. The parameters for wave and
current are shown in Tab. 5, note that ocean current is
from east.

Tab. 5. Wave and current constants.

Notation Value Units

c 2 -
d 50 m
Hs 1 m
Tp 5 sec

uc, wc 0 ms−1

jc 0.1 ms−1

γ 3.3 -
ζ -0.7854 rad

6.1 Case study: DVL (θ = 0.2)

The results are evaluated based on input actuation and
output response at each respective step. It is clear that
the closer the AUV is to the sea surface (D = 0) the more
force is demanded from the thrusters. Figure 2 shows the
depth variations from the reference value and the ROV
approaches the sea level (from 8 to 4 meters). At larger
depths the fluctuations are neglectable, but the figure
clearly shows the disturbance effects are difficult to reject
for the controller when the operating range is above 8
meters. The roll, pitch, and yaw motions have not been
plotted as the induced oscillations are small relative to the
linear motion’s oscillations and therefore they are being
evaluated as providing acceptable performances.

Fig. 2. For θ = 0.2: The depth reference (blue) in the range
from 8 to 4 meters compared to the measured value
(red).

Fig. 3 shows the entire range for N and E where the
references are 0. The AUV is gradually oscillating more
as the depth decreases. At around 5 meters depth the
AUV oscillates with ± 0.2 meters which is typically too
much for inspection tasks. Therefore, the results show that
the SIMC-PID controller tolerates the given disturbances
acceptably until around 7 meters depth.

Fig. 3. For θ = 0.2: The N (red) and E (blue) measured
values where the references are 0, but the AUV is
heaving step-wise.

6.2 Case study: SBL (θ = 2)

In comparison to the DVL the N and E directions’ time
delays have been changed from 0.2 to 2 seconds which
means these are the motions of interest. Both motions
have larger oscillations at varying frequencies as can be
seen in Fig. 4. The results are summarized in Tab. 6 where
the two cases are compared. It is clear that the controller
struggle to reject the disturbances especially closer to the
surface and the results clearly indicate that the SIMC-PID
cannot tolerate θ = 2 at these operating conditions unless
variations up to ± 0.3 m can be allowed. It should also be
noted that the AUV’s velocities in surge and heave at lower
depths are constantly large which in practice will make it
impossible for operations, such as visual inspection using
cameras, where a stable position is demanded.

Fig. 4. For θ = 2. The N (red) and E (blue) measured
values where the references are 0, but the AUV is
heaving step-wise.

Tab. 6. The mean oscillation amplitude for u
and v at different depths. At each entry, the
first value is for θ = 0.2 and the second for

θ = 2.

Depth Mean oscillation, u Mean oscillation, v

25 m ±0.01 ; ±0.02 m ±0.01 ; ±0.03 m
20 m ±0.02 ; ±0.05 m ±0.03 ; ±0.05 m
15 m ±0.06 ; ±0.10 m ±0.06 ; ±0.11 m
10 m ±0.11 ; ±0.13 m ±0.08 ; ±0.13 m
5 m ±0.16 ; ±0.23 m ±0.17 ; ±0.25 m
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the sea surface the wave-induced disturbance will be
increasing. Then, it will be investigated how close the AUV
can go to the sea surface before reaching instability.

The operating conditions for the ocean waves and current
will be based on data collected from an offshore structure
located in the North sea. The parameters for wave and
current are shown in Tab. 5, note that ocean current is
from east.
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depths the fluctuations are neglectable, but the figure
clearly shows the disturbance effects are difficult to reject
for the controller when the operating range is above 8
meters. The roll, pitch, and yaw motions have not been
plotted as the induced oscillations are small relative to the
linear motion’s oscillations and therefore they are being
evaluated as providing acceptable performances.

Fig. 2. For θ = 0.2: The depth reference (blue) in the range
from 8 to 4 meters compared to the measured value
(red).

Fig. 3 shows the entire range for N and E where the
references are 0. The AUV is gradually oscillating more
as the depth decreases. At around 5 meters depth the
AUV oscillates with ± 0.2 meters which is typically too
much for inspection tasks. Therefore, the results show that
the SIMC-PID controller tolerates the given disturbances
acceptably until around 7 meters depth.

Fig. 3. For θ = 0.2: The N (red) and E (blue) measured
values where the references are 0, but the AUV is
heaving step-wise.

6.2 Case study: SBL (θ = 2)

In comparison to the DVL the N and E directions’ time
delays have been changed from 0.2 to 2 seconds which
means these are the motions of interest. Both motions
have larger oscillations at varying frequencies as can be
seen in Fig. 4. The results are summarized in Tab. 6 where
the two cases are compared. It is clear that the controller
struggle to reject the disturbances especially closer to the
surface and the results clearly indicate that the SIMC-PID
cannot tolerate θ = 2 at these operating conditions unless
variations up to ± 0.3 m can be allowed. It should also be
noted that the AUV’s velocities in surge and heave at lower
depths are constantly large which in practice will make it
impossible for operations, such as visual inspection using
cameras, where a stable position is demanded.

Fig. 4. For θ = 2. The N (red) and E (blue) measured
values where the references are 0, but the AUV is
heaving step-wise.

Tab. 6. The mean oscillation amplitude for u
and v at different depths. At each entry, the
first value is for θ = 0.2 and the second for

θ = 2.

Depth Mean oscillation, u Mean oscillation, v

25 m ±0.01 ; ±0.02 m ±0.01 ; ±0.03 m
20 m ±0.02 ; ±0.05 m ±0.03 ; ±0.05 m
15 m ±0.06 ; ±0.10 m ±0.06 ; ±0.11 m
10 m ±0.11 ; ±0.13 m ±0.08 ; ±0.13 m
5 m ±0.16 ; ±0.23 m ±0.17 ; ±0.25 m

7. CONCLUSION

This paper examines the performance of SIMC-PID for
AUVs with output time delays and input disturbances.
SIMC-PID is selected due to the simple tuning principle
where time delays are explicitly included in the controller
coefficients. Existing sensor technologies are evaluated and
typical sensors (DVL and SBL) are used where dominant
time delays exist in the N and E directions. The input
disturbances are modeled as offshore waves and ocean
currents where existing data from the North Sea is applied.

Simulations show that the D (depth) controller tolerates
the time delay acceptably up to around 8 meters depth,
while the roll, pitch, and yaw all perform acceptably in
the entire range. When using the SIMC-PID controller,
especially for the surge and sway motions, the DVL works
acceptably up to around 7 to 8 meters depth, while the
SBL introduces a time delay to these motions which cannot
be above 15 m depth. It should be noted that a DVL in
reality also introduces drifting in the signal and that has
been neglected in this study.

It is concluded that the SIMC-PID controllers work well
for most motions and at relatively small time delays. With
larger time delays, such as being introduced by an SBL,
more advanced controller schemes must be considered.
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