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Why do we want automated ships?
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• Safety

• ~90 % of ship accidents are 
caused by human error*

• Cutting costs

• ~80 % of the volume of 
international trade in goods is 
carried by sea**

• Sustainability

• ~3 % of global GHG emissions 
are from shipping***

*Annual Overview of Marine Casualties and Incidents 2021, EMSA
**Review of Martime Transport 2021, UN
***Fourth Greenhouse Gas Study, 2020, IMO

Image courtesy of the Earth Science and Remote Sensing Unit, NASA Johnson Space Center



Why are models needed?
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• Model-based control

• Simplified development

• Other driver-assistance functionality

Image courtesy of ABB



Ship commissioning
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Experiments for:

• Controller tuning

• Testing of system functionality

• Data collection for system identification

Challenges:

• Associated with high costs

→ Experiment time needs to be kept short

• Planned well in advance

→Weather conditions can vary

Circle test

Zig-zag maneuver



Ship modelling
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ሶ𝜼 = 𝑹 𝜼 𝝂
𝑴𝑅𝐵 ሶ𝝂 + 𝑪𝑅𝐵 𝝂 𝝂 +𝑴𝐴 ሶ𝝂𝑟 + 𝑪𝐴(𝝂𝑟)𝝂𝑟 + 𝑫 𝝂𝑟 𝝂𝑟 + 𝑭(𝝂𝑞)𝝂𝑞 = 𝝉𝑎𝑐𝑡

Disturbed equations of motion

Variable Description

𝜼 = [𝑥𝑛, 𝑦𝑛, 𝑧𝑛, 𝜙, 𝜃, 𝜓] Generalized position

𝝂 = [𝑢, 𝑣, 𝑤, 𝑝, 𝑞, 𝑟] Generalized velocity

𝝂𝑐 = 𝑹−1 𝜂 𝝂𝑐,𝑛
𝝂𝑤 = 𝑹−1 𝜂 𝝂𝑤,𝑛

Current velocity in b-frame
Wind velocity in b-frame

𝝂𝑟 = 𝝂 − 𝝂𝑐
𝝂𝑞 = 𝝂 − 𝝂𝑤

Relative velocity to current
Relative velocity to wind

Rigid-body effects Hydrodynamics Aerodynamics



Problem formulation
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𝒙 𝑘 + 1 = 𝒇𝑆𝑂𝑀
𝒙 𝑘 + 𝑹 𝑘 𝒗 𝑘

𝒖 𝑘
, 𝛉0 +𝒘(𝑘)

𝒚 𝑘 = 𝒙(𝑘) + 𝒆(𝑘)

𝒀𝑅 𝑘 = 𝑹(𝑘) + 𝑬𝑅(𝑘)

• 𝒇𝑆𝑂𝑀 ⋅ is a second-order modulus function
• 𝒆 𝑘 ,𝑬𝑅 𝑘 , 𝒗 𝑘 and 𝒘(𝑘) are disturbance signals
• 𝒖 𝑘 is the control signal
• 𝒙 𝑘 is the system state

• 𝑹 𝑘 is a time-varying matrix
• 𝐲 𝑘 and 𝐘R 𝑘 are measured signals

Estimate the parameter vector 𝛉0 in 

Definition: A second-order modulus function is a function 𝒇𝑆𝑂𝑀 ∶ ℝ𝑛𝑥+𝑛𝜃 → ℝ𝑛𝑓 that can be 
written as

where each element of the 𝑛𝜃 × 𝑛𝑓 matrix 𝚽(𝐱) is on one of the forms 𝑥𝑖 , |𝑥𝑖|, 𝑥𝑖𝑥𝑗 or 𝑥𝑖|𝑥𝑗| for

𝑖, 𝑗 ≤ 𝑛𝑥 or zero and 𝜽 ∈ ℝ𝑛𝜃 is a vector of coefficients.

𝒇𝑆𝑂𝑀 𝒙, 𝜽 = 𝚽𝐓 𝒙 𝜽



Instrumental variable (IV) method
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• The IV method is a common way of dealing with measurement uncertainty.
• sol{𝑓 𝑥 = 0} is the solution to 𝑓 𝑥 = 0.
• 𝒁 𝑘 is called the instrument matrix and should be correlated with the system state but

uncorrelated with the system disturbances.
• The method coincides with LS if 𝒁 𝑘 = 𝚽(𝑘). 

𝜽 = sol
1

𝑁


𝑘=1

𝑁

𝒁 𝑘 𝐲 k − 𝚽𝑇 𝑘 𝜽 = 0



Dealing with disturbances
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• Scenario 1: 𝐸 𝒗 𝑘 = 0.

• Interpretation: Only bursty wind gusts (or currents).

• Solution: Excitation offset and zero-mean instruments.

• Scenario 2: 𝐸 𝒗 𝑘 = ഥ𝒗 and |𝒗 𝑘 | < |𝒙 𝑘 | for 𝑘 = 1,… , 𝑁.

• Interpretation: Wind (or current) moves slower than the ship and has an 
unknown first-order moment.

• Solution: Excitation offset, zero-mean instruments and extended predictor
with orientation-dependent regressors.

• Scenario 3: 𝐸 𝒗 𝑘 = ഥ𝒗 and 𝒗 𝑘 ≮|𝒙 𝑘 | for 𝑘 = 1,… , 𝑁.

• Interpretation: Wind (or current) occasionally moves faster than the ship and 
has an unknown first-order moment.

• Solution: Excitation offset, zero-mean instruments and auxiliary disturbance
measurement: 𝒚𝒂𝒖𝒙 𝑘 = 𝑹 𝑘 𝐯(𝑘) + 𝒆𝑎𝑢𝑥(𝑘). 

ෝ𝒚 𝑘 𝜽, 𝝆 = 𝑦 𝑘 𝑦 𝑘 ,… , 𝑢 𝑘 ,𝜑1(𝒀𝑹(𝑘)), 𝜑2(𝒀𝑅(𝑘) , … ) 𝜃1, … , 𝜃𝑛, 𝜌1 , 𝜌2, …
𝑇



Results I/II (simulated data)
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Setup I/II: 
Low wind speed

Low current speed



Results II/II (simulated data)
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Setup II/II: 
High wind speed

Low current speed



Informative mix of sub-experiments
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Goal: Find 𝒖 𝑘 that maximizes the determinant of

Solution in steps:

1. Choose candidate signals 𝒖1 𝑘 ,… . , 𝒖𝑄 𝑘 (standard maneuvers).

2. Estimate ത𝚪1, … , ത𝚪𝑄 (information matrices) based on simulation experiments with a nominal 
model or based on initial experiments with the real platform. 

3. Assume that 𝒖1 𝑘 ,… . , 𝒖𝑄 𝑘 are to be applied in sequence and solve

𝑮 𝑁 ≜
1

2

𝑑2

𝑑𝜃2
𝑉𝑁
𝐼𝑉 𝜃 =

1

𝑁


𝑘=1

𝑁

𝚽 𝑘 𝒁𝑇(𝑘)]
1

𝑁


𝑘=1

𝑁

𝜱 𝑘 𝒁𝑇(𝑘)]

𝑇

≜ 𝚪(𝑁)

(𝑁1
∗, … , 𝑁𝑄

∗) = argmax
𝑁1,…,𝑁𝑄

log | det 𝑻 |

𝑻 = 𝑁1ത𝚪1+. . . + 𝑁𝑄 ത𝚪𝑄
𝑁1+. . . + 𝑁𝑄 = 𝑁

𝑁𝑞 ≥ 0, q = 1,… , Q

s.t.



Results
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• 11 different candidate input signals, 𝒖1 𝑘 ,… . , 𝒖11 𝑘 .
• Data collected from 55 sub-experiments (5 of each type).
• Improved design: Pick 6 sub-experiments that work well together.
• Random design: Pick 6 sub-experiments at random.
• Evaluation by comparing simulation accuracy of resulting models. 

Simulated data Model-ship data



Obtaining an experiment trajectory
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• The signals, 𝒖1 𝑘 ,… , 𝒖𝑸 𝑘 , are used to 
form motion primitives.

• The ratios found in the previous step are
respected by augmenting the state
vector with motion-primitive counters.



Conclusions
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Main Results

• A framework for obtaining consistent estimators for the parameters of second-order modulus
models that are robust to data having been collected in the presence of

• Measurement uncertainty.

• Environmental disturbances.

• A method for improved experiment design for ships that gives informative data as well as a 
spatially feasible trajectory.



Thank you!


