NOVIA

UNIVERSITY OF APPLIED SCIENCES

This is an electronic reprint of the original article. This reprint may differ from
the original in pagination and typographic detail.

Please cite the original version:

U. Hakonen, M. Manngard, S. Laine and R. Viitala, "Torque Reconstruction for a Full-
Scale Maritime Powertrain Using Trend Estimation," in IEEE/ASME Transactions on
Mechatronics, vol. 31, no. 1, pp. 720-729, Feb. 2026, doi:
10.1109/TMECH.2025.3587909.

CCBY 4.0



720

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 31, NO. 1, FEBRUARY 2026 Ws @7‘ d o 7”\%@”5

Society

Torque Reconstruction for a Full-Scale Maritime
Powertrain Using Trend Estimation

Urho Hakonen “, Mikael Manngard, Sampo Laine

Abstract—The aim of this article is to present a trend-
filtering approach for the simultaneous estimation of un-
known input torque and initial states, which can be used
to reconstruct the torsional response in the drivetrain of an
azimuthing thruster. Accurate information of shaft torques
is essential for condition monitoring and improving system
design practices. Torque reconstruction with virtual sen-
sors allows more freedom in choosing sensor locations
compared to using only physical sensors, and enables the
estimation of unknown external disturbances which are dif-
ficult to measure directly. Empirical analysis of the torque
estimation method is carried out with simulations. Verifi-
cation is done on experiments on a laboratory testbench
and full-scale operational measurements of an azimuthing
thruster. The results show that regularized least-squares
estimation can be used to accurately estimate propeller
shaft torque in a full-scale azimuthing thruster with mea-
surements from the driving motor shaft, by applying regu-
larization constraints based on physical characteristics of
the external forces and torsional response of the thruster.

Index Terms—Full-scale azimuthing thruster, input es-
timation, maritime propulsion, state estimation, torque
reconstruction, trend filtering.

NOMENCLATURE
A State matrix.
B Input matrix.
C Output matrix.
r Impulse response matrix.
d; External damping.
I; Moment of inertia.
O Extended observability matrix.
0; Rotational displacement.
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T Internal shaft torque.

v Noise vector.

x State vector.

Y Measurement vector.

U Input vector.

H Augmented state matrix.

© Augmented state vector.

Ay First difference matrix.

As Second difference matrix.

A(-,-) First and second difference regularization matrix.
A Regularization parameter.

L(") Regularization function.

In N-by-N identity matrix.

k Discrete-time variable.

k; Torsional stiffness.

N Number of timesteps.

T Gear ratio.

Q Process noise covariance matrix.

R Measurement noise covariance matrix.
T; External torque.

Waq Process noise covariance weight matrix.
Wr Measurement noise covariance weight matrix.
Um Motor input torque.

Up Propeller input torque.

t Continuous-time variable.

[. INTRODUCTION

ARITIME propulsion systems are subject to a large
M class of torsional excitations during operation. The most
concerning excitations originate from hydrodynamic interac-
tions of the propeller and the water body, e.g., during adverse
steering conditions and propeller-ice contact. Excitations induce
vibrations, which can cause obtrusive noise emissions [1], and
potential damage to the powertrain mechanics due to strain and
fatigue, which in the worst case lead to total failure of compo-
nents [2]. Although guidelines regarding propeller excitations
for proper design of propulsion systems are described in mar-
itime rules and regulations [3], [4], accurate measurements of
the external torques and the torsional response during operation
remain important for condition monitoring purposes.

Monitoring torsional vibrations requires measuring the re-
sponse of the powertrain using, e.g., strain gauges and encoders
installed on the propulsion system shafts. Ice-induced propeller
loads have been estimated by analyzing the torsional response

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Example of a Z-drive azimuthing thruster. The thruster consists
of a driving motor, shafts, couplings, bevel gears, and a propeller. Shaft
torque can be measured with physical sensors near the driving motor
and then reconstructed at the propeller shaft with input torque estimates
produced using the observer.

measured with strain gauges from the drivetrain of a maritime
propulsion system [5], however, such studies are scarce, and
the estimates of unknown input torques produced using only
physical sensors are limited.

The costs of instrumentation in large maritime propulsion
systems can be substantial, thus, only few physical sensors
are typically installed on the drivetrain. Furthermore, due to
harsh operating conditions, physical measurement equipment
is subject to malfunctions, requiring maintenance and sensor
replacements. Depending on the location where the equipment
is installed, maintenance can be challenging and expensive,
especially if dry-docking of the ship is required. To overcome
challenges related to physical sensors, methods for reconstruct-
ing unknown inputs and states, referred to as observers or
“virtual sensors”, have been proposed in literature, see, for
example, [6] and references therein. Observers provide means
for estimating the complete torsional response of a maritime
powertrain, using shaft measurements from few locations on the
shaft line (Fig. 1). Thus, these kind of observers allow more
freedom in choosing sensor locations and the amount of sensors
needed for monitoring the torsional response in critical sections
of the powertrain.

Estimation of unknown inputs and states can be treated as a
filtering problem. Kalman-filtering methods have gained notable
interest in simultaneous input and state estimation problems [7],
[8], [9], [10], [11]. Kalman filters have been used for torque
estimation in applications ranging from different automotive
systems [12], [13] to large ship propulsion systems [14], [15].
A challenge with the filtering approach regarding torque esti-
mation is that, as physical input measurements are often not
available, it requires an input model based on some assumptions
or prior information, e.g., stochastic properties of the unknown
inputs [14], [15]. As maritime propulsion systems operate in
various conditions, designing an input model for the Kalman

filter that accurately describes all types of torsional excitations
is challenging. Thus, convex optimization-based methods might
provide more flexibility in this regard.

An alternative approach is to consider the reconstruction of
unknown input torques as an inverse problem. One option is
to use regularized convex optimization methods, which allow
straightforward inclusion of problem constraints based on the
physical characteristics of the system. In [16], the Kalman filter
was reformulated as an ¢, -regularized least-squares problem for
estimating states and unknown structural disturbances which
have step and ramp-like characteristics; however, the problem
does not have an analytical solution, requiring an iterative solver.
The ¢,-regularized least-squares has been successfully applied
for torque estimation in maritime propulsion systems [17], [18],
[19], [20]. It has an analytical solution, thus, being computation-
ally less demanding than methods requiring iterative solvers.
In addition, the ¢,-term can be modified to promote smooth-
ness in the estimates. Previously, the estimation of initial state
has attained relatively little consideration in torque estimation,
even though incorrect information on the initial state can cause
notable errors in the reconstructed torque.

This work extends the methodology in [20] by validating its
applicability on real-world data and conducting a comprehen-
sive performance analysis. Contributions of this article include
batch estimation of both unknown input torques and unknown
initial state, which are used to reconstruct the complete torsional
response of a Z-drive azimuthing maritime powertrain. The
estimation of unknown inputs and initial state is presented as
a trend filtering problem, which is based on the ¢,-regularized
weighted least-squares method. It is shown that the estimation
procedure can be improved by applying constraints to the un-
known initial state. The proposed method is verified with both
laboratory experiments on a small-scale thruster testbench and
measurements from a sea trial of a full-scale thruster.

[I. RESEARCH METHODS

The torsional dynamics of an azimuthing thruster were mod-
eled using the shaft-line finite-element method [21], [22] imple-
mented in the open-source library OpenTorsion [23]. The finite
element model was formulated as a discrete-time state-space
model and extended to be compatible with batch measurements.
Estimation of unknown input torques and initial state was pre-
sented as a convex trend-filtering optimization problem.

A. Torsional Model of Azimuthing Thruster

The thruster drivetrain is modeled using interconnected
lumped elements with inertia [;, stiffness ki, and damping ¢;
(cf., Fig. 2). Torque losses, e.g., due to viscous friction, can
be included in the model as internal damping of the shafts, or
external damping d;. Assuming ideal gears, they can be reduced
to single lumped elements by summing the inertias of the pinions
Li=1I,+ r%[ig, where r; = 0,11/0; = 014_1/01 characterizes
the gear ratio.
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Small-scale maritime thruster testbench, consisting of shafts, couplings and gears, was driven and loaded using two servomotors. (a) On

the driving motor shaft are Encoder 1, Encoder 2 and Torque transducer 1, and on the propeller shaft is Torque transducer 2. (b) A lumped-element
model of the testbench. It is assumed that external torque is applied only to the first and last lumped inertias. The model can be utilized to calculate
the torsional response, i.e., the internal shaft torque and rotational speed of the lumped-elements. In addition, elements corresponding to the

physical sensor locations are annotated in (b).

The equations of motion in terms of the angular displacement
0; for the ith lumped element, withi = 1,...,n — 1, are

Izﬁz(t) = Cj—1 (Ti—léi—l (t) - QZ(t))

— ;i (ri0;(t) — i1 (1))

+ ki1 (ric1bi-1(t) — 6(1))
— kiri(1:0;(t) — 0i41(1))
— di0;(t) + T(t) )

where T;(t) is external torque applied on the ith lumped element.

The equations of motion (1) of the lumped-element model
can be rearranged into a discrete-time linear time-invariant state-
space model [14], [15], [21], [23]

z(k+1) = Az(k) + Bu(k), (2)
y(k) = Ca(k) + v(k) 3)

where (k) € R™ is the state vector at k time, with internal
torque of shafts 73 = k;(6; — 6i+1) and angular velocity 0; as
states. u(k) € R™ are unknown torque excitations, y(k) € R
are output measurements, and v(k) € R! measurement noise.
The state-space matrices A, B, and C' are assembled with the
system parameters I, ¢, ki, dj, and r;. Explicit structure of the
state space matrices is presented in Appendix B. For the present
system, it is assumed that input torque

u(k) = [ (k)up (k)]

is applied only to the first and last lumped elements, correspond-
ing to the driving motor input torque u,, and propeller input
torque u,. The measurement noise is assumed to be a zero-mean
stationary-stochastic signal with known covariance

E [v(k)v(k)'] = R. “4)

The shaft-line finite element model [Fig. 2(b)] and the state-
space model (2)—(3) used in this work were assembled using the
OpenTorsion [23] software. The testbench model parameters are
presented in Table II in Appendix A. Repeatedly substituting

TABLE |
RMSE OF THE SIMULATED TORQUE ESTIMATION EXPERIMENTS

Estimated quantity RMSE
7(0) 0.675 Nm
6(0) 0.479 rad/s
um (k) 0.087 Nm
up (k) 0.220 Nm
720(k) 0.247 Nm

(2) into (3) allows measurements y(0),y(1),...,y(N —1) to
be expressed in terms of input torques u(k) and the initial state
x(0) in block-matrix form as

y=0z(0)+Tu+v )

where N is the number of timesteps in the measurement batch,
and

y(0) u(0)
y(1) u(1)
Y= . u = .
Ly(N —1) u(N —1)
e
oA v(0)
1
O=| CA? | , = U(. )
CA.N*I v(N —1)
i 0 0 0 0
CB 0 0 0
r—| caB CB 0 0
|CAN-2B CAN-3B CB 0
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TABLE II
PARAMETERS OF THE TESTBENCH MECHANICS
Component Node number n Inertia 7,, Stiffness k,,  Internal Damping ¢,  External Damping d,,
kg m?2 Nm/rad Nms/rad Nms/rad
Driving motor 1 7.94x1074  1.90x10° 8.08 0.0030
Shaft 2 3.79x107%  6.95x103 0.29 0
Elastomer coupling hub 3 3.00x1076 90.00 0.24 0
Elastomer coupling middle piece 4 2.00x1076 90.00 0.24 0
Elastomer coupling hubs and mass 5 7.81x1073 90.00 0.24 0
Elastomer coupling middle piece 6 2.00x106 90.00 0.24 0
Elastomer coupling hub and shaft 7 3.29%x1076 94.06 0 0
Shaft, encoder and coupling 8 5.01x107°  4.19x10% 1.78 0
Torque transducer 9 6.50x1076  5.40x103 0.23 0
Coupling 10 5.65x107°  4.19x10% 1.78 0
Shaft 11 4.27x107%  1.22x102 0.52 0
Bevel gear and shaft 12 3.25x107%  4.33x10% 1.84 0.0042
Coupling 13 1.20x10~%  3.10x10% 1.32 0
Shaft 14 1.15x1072  1.14x103 0.05 0
Shaft and coupling 15 1.32x10~*  3.10x10% 1.32 0
Shaft 16 4.27x1076 1.22x104 0.52 0
Bevel gear and shaft 17 2.69x10~% 4.43x10* 1.88 0.0042
Coupling 18 1.80x10~%  1.38x10° 5.86 0
Torque transducer 19 2.00x107° 2.00x10* 0.85 0
Coupling 20 2.00x10~%  1.38x10° 5.86 0
Shaft 21 4.27x1076 1.22x10% 0.52 0
Mass and loading motor 22 4.95x1072 - - 0.24
Assessing the observability and controllability of the system subjectto v =y — Oz(0) — Tu. (8)

provide important insight on the identifiability of unknown
states and inputs. The n states of the system are observ-
able if rank[O(A, C)] = n, and the system is controllable if
rank[O(A", B")] = n. The torsional vibration model does not
fulfill these criteria, thus, the torque estimation problem is ill-
posed, however, regularization methods can be used to improve
the conditioning of the problem.

B. Convex Optimization Problem

The input reconstruction problem can be formulated as a
regularized weighted least-squares problem

N-1
e 1 T -1
minimize Z v(k) R (k) + L(u)
k=0
subjectto v =y — Oxz(0) —Tu (6)

for a known initial state x(0). The regularization term L(u)
is used to ensure the least-squares problem is well posed. The
regularization function L(u) should be determined based on
known properties of the unknown input signal u.

For stationary-stochastic zero-mean input excitations with
known covariance, E[u(k)u' (k)] = Q, the regularization term
can be set to

:iNq . »
L(w) =« Y _u' (k)Q "u(k) (7)
k=0

which results in the weighted Tikhonov-regularized problem

N-1
minimize% Z (v(k)" R~ v(k) +u(k) Q 'u(k))

u,v
k=0

By defining the matrices Wr = Iy ® R™' and W = Iy ®
Q~', the problem has an analytical solution

i= (Wo+TTWRD) ' T Wg (y — 02(0)).  (9)

Finally, the complete torsional response of the system can be
reconstructed with 2(0) and @ using (5)

g = 0z(0) +T'd (10)

where g is the estimated torsional response. It should be noted
that accurate knowledge of :(0) is rarely available, and maritime
propulsion systems can be affected by input torques u which are
not zero-mean and stationary-stochastic.

C. Trend Filter Formulation

In addition to the unknown input torque, knowledge of the
initial state is required to accurately reconstruct the torsional
response of a maritime propulsion system. The estimation of
unknown input torques (k) and initial state z(0) can be formu-
lated as a regularized weighted least-squares problem

minimize v’ Wrv + L(¢p)
©,v

subjectto v =y — Hyp 1D

where H = [OT], ¢ = [z(0) "u(k)"]".

The regularization function L(p) is used to improve the
conditioning of the weighted least-squares problem by enforcing
desired constraints on the unknown input torques « and initial

state 2(0). The constraints should be based on known properties
of both w and z(0).
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The optimization problem can be formulated to promote
smoothness in input estimates by constraining the second
difference of u with

N-2
Z(u(k — 1) = 2u(k) +u(k + 1))* = || Asul3.
k=1

(12)

That is to say, for input torques u,, and uy, the regularization
term is

10 2 0 1 U (0)
1 0 -2 0 1 up(0)
Aru =
1 0 -2 0 1 Um (k)
1 0 -2 0 1] Lup(k)
(13)

This approach bears resemblance to Hodrick—Prescott trend
filtering [24], where the goal is to find a tradeoff between the
smoothness of estimates and the residual error, however, here
the second order dynamics of the system are properly accounted
for.

Regarding the initial conditions, it seems reasonable to as-
sume that the states of coupled elements, i.e., the rotating speed
of two adjacent lumped masses, are relatively close to each other.
Thus, a feasible set of solutions for the unknown initial state can
be ensured by defining a regularization term for 2(0) in a similar
fashion as for the input, by constraining the first difference of the
initial state variables. Based on the assumption, regularization
term for the initial state is defined as

T1 (O)
7'2(0)
6,(0)
6:(0)

(14)

It should be noted that there are zero rows in /AA; where the
aforementioned assumption does not hold, i.e., at gear locations,
and where the physical state quantities are different to ensure for
these rows, that rotational speed is not subtracted from torque.
The complete regularization function used in (11) can now be
formulated as
2

A]Al 0

_ 2(0)
L(p) = [ 0 || ] s)
A(r,22) ¥ 2

where the matrix A(Ay, ;) consists of the first and second
difference matrices, and A and A, are user defined parameters
which scale how strictly regularization is enforced.

For practical applications, the regularization parameter X is
often determined using heuristic methods, e.g., the L-curve [25],

0.00

—0.24

a

~0.48 ;‘N

(%, 22) = (0.1,10) om &

S

= ~096 =
< <
S =
& —120 T
s

7144'4':
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168 2
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2

-1.92

-2.16

logio(1)

Fig. 3. Normalized sum of the residual norm and solution norm when
the regularization parameter values are varied 1| = 1, = 1074,...,10*
in logarithmic scale. The red dot highlights a point (11, A2) = (0.1, 10), in
the region where the sum of the norms is small.

where a pareto-optimal A can be found by comparing the norm
sizes of the regularization term L(u) and the residual v. How-
ever, the L-curve is not sufficient for determining two regular-
ization parameters simultaneously. Instead, a heuristic approach
inspired by the principles of L-curve is used for finding suitable
values (A1, A2). The regularization parameters are searched by
performing torque estimation using simulated measurements for
a range of values A; and A,. The simulated measurements are
described later in Section II-D. The sum of the residual norm
and norm of the regularization term for each point (A1, A;) is
shown in Fig. 3. A pareto-efficient (11, A;) is found where the
sum of the norms is small. The proposed torque estimation
method does not appear to be particularly sensitive to A; or
A2, thus, it is assumed that more than one pair (A, A2) could
be used to produce accurate torque estimates. Simultaneously,
there remains a possibility to adjust how strongly regularization
is applied to the unknown initial state and input torques without
compromising estimation accuracy. Comparison of estimates for
different (A, 1) is considered later in Section III.

Finally, with (11) and (15) the /¢,-regularized weighted
least-squares problem can be written as

minimize v Wrv + [|A(A1, 22)0|13
P,V

subjectto v=y— Hp (16)
which has an analytical solution
¢ = (A, k) "A(A, A0) +HTWRH)71 H'Wry (17)

where ¢ is an estimate of the augmented state vector containing
the initial state and input torques. The KKT conditions for the op-
timality of the analytical solution are presented in Appendix C.
Subsequently, the torsional response can be reconstructed
with

(18)

where ¢ contains shaft torque and rotational speed estimates.

y=Hep
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D. Experimental Verification

Verification of torque estimation by trend filtering was per-
formed using a small-scale maritime thruster testbench shown
in Fig. 2. The testbench consists of shafts, couplings, two bevel
gears, and a planetary gear. The gear ratios are 3:1, 4:1, and
1:8, respectively. Two 2.63-kW Bosch Rexroth MS2N06 syn-
chronous servomotors installed on the ends of the drivetrain
were used for driving and applying loads on the testbench.
The testbench is designed to have its lowest torsional natural
frequencies and the angular displacement of the shafts under
nominal load comparable to a full-scale system. The testbench
was equipped with two Heidenhain incremental encoders and
one strain gauge-based ETH-Messtechnic torque transducer on
the driving motor shaft and another on the propeller shaft. For a
more detailed description of the testbench the reader is referred
to [26].

The small-scale maritime thruster testbench was modeled us-
ing the shaft-line FEM as described in Section II-A. Parameters
of the testbench model are presented in Table II. Simulations
with the testbench model were used for theoretical analysis of the
torque estimation method presented in Section II-C. Simulation
time was 1.5 s with step size At = 0.001 s. A constant torque
uy, = 2.8 Nm was applied on the lumped element correspond-
ing to the driving motor, while at¢ = 0.7 s animpulse, consisting
of equally long upward and downward ramp of in total 56 time
steps with a maximum value of u, = 10 Nm, was applied to
the element corresponding to the loading motor. Similar to the
physical sensors installed on the testbench (Fig. 2), simulated
rotational speed and shaft torque measurements were used in
the estimation of input torques and initial state, and subsequent
reconstruction of the torsional response of the testbench. Explicit
structure of the measurement vector for the testbench model was

y(k) = [rs(s(fsh)]

where the indexing refers to the lumped element nodes. Gaus-
sian white noise with standard deviation o = 0.1 was added
to include measurement error in the simulation. The simulated
measurements were divided in to batches of 500 timesteps.
Values of regularization parameters of the trend filter (17) were
A1 = 0.1 and X, = 10 (c.f,, Fig. 3). Fig. 4 presents the results
of the simulated torque estimation experiment. Estimates of the
unknown input torques and initial state allow reconstructing the
torsional response accurately.

Performance of the trend filter method in the simulated im-
pulse experiment was analyzed using the Monte Carlo method.
Gaussian white noise with 0 = 0.1 was included in 2000 in-
stances of simulated measurements, which were subsequently
used to perform torque estimation. The total root mean square
error (RMSE) over the 2000 simulations was calculated for the
initial state 7(0) and 6(0), the input torques uy, (k) and u,(k),
and the internal propeller shaft torque 750(k). The resulting
RMSE values are presented in Table I.

[ll. RESULTS

Verification of the proposed trend-filtering method for
estimation of unknown input torques and torsional response
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Fig. 4. Simulation experiment of torque estimation using the testbench

model. Estimated initial state at the beginning of the second batch,
including (a) shaft torques 7(0) and (b) rotational speeds 6(0) in terms
of lumped-element node values, estimated input torques of (c) driving
motor u,, and (d) loading motor uy,, and (e) the reconstructed propeller
shaft torque 7y compared to true values.

for an azimuthing thruster was conducted in two parts. First,
an ice excitation experiment was conducted on the laboratory-
scale testbench presented in Section II-D. Then, estimation of
propeller shaft torque in a full-scale azimuthing thruster was
performed using operational measurements from a sea trial. The
experiments were conducted offline, i.e., measurement data was
first collected, and then torque estimation was performed.

A. Torque Estimation for Small-Scale Thruster
Testbench

An ice excitation experiment was conducted on the
laboratory-scale testbench. The ice excitation profile was mod-
eled according to the description in maritime regulations [3],
[4]. The excitation consisted of consecutive impulses with a
half-sinusoidal shape, emulating propeller blades striking blocks
of ice. The driving motor speed was kept constant at 2000 r/min
while the loading motor was used to apply the ice excitation to
the testbench drivetrain. Shaft torque and speed were measured
close to the driving motor [c.f., Fig. 2(a)] to be used in torque
estimation. Shaft torque close to the loading motor was measured
for verification of the estimation results.

For the ice excitation experiment, the model structure was
the same as in the simulated experiment in Section II-D. The
measurements were divided to batches of 500 time steps.
The measurement error covariance matrix used was R =
diag([0.050.10.20]), which was determined using measure-
ments from the testbench. The regularization parameter values
used were A = 0.1 and A, = 10. The regularization parameters
were determined based on the simulation results described in
Section II-C.

Fig. 5(a) and (b) present the estimated input torques from the
driving and loading motors, and (c) the reconstructed propeller
shaft torque compared to reference measurements. The trend
filter produced a smooth estimate which closely matches the
physical measurement. A small transient, e.g., at t = 4.48 s in
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(a) Driving motor torque, (b) loading motor torque, and (c) propeller shaft torque estimates with (i;,%2) = (0.1,10) compared to

measurements on the testbench in an ice excitation experiment. The driving motor speed was kept constant at 2000 r/min while a series of
torque impulses, shown in (b), were applied on the drivetrain using the loading motor. Shaft torque estimates with different values A are shown in (d)
and (e). In (d), the blue line is the estimate with (11, 22) = (0.1, 100), and the gray line with (1, 22) = (0.1,0.001). In (e), the blue line is the estimate

with (11, 22) = (10, 10), and the gray line with (1, 12) = (0, 10).

Fig. 5, which is most likely not part of the motor input torques,
can be seen in the input estimates. It occurs at the beginning of
measurement batches used in the estimation. It is related to the
least-squares solution, however, its effect on the reconstructed
propeller shaft torque is small. Fig. 5(d) and (e) show the torque
estimation experiment with different values (1, A,). Increasing
XA, makes the torque estimate smoother and vice versa. Both
too large and too small values A; can result in poor initial state
estimates, which can be seen as large impulses in the recon-
structed torsional response. When regularization was not applied
to the unknown initial state, i.e., A; = 0, the reconstructed shaft
torque included impulses orders of magnitude larger than the
measured shaft torque. The impulses are a result of poor initial
state estimates, which can be explained by the ill-posedness of
the unregularized least-squares problem.

B. Torque Estimation for a Full-Scale Thruster

Torque and speed from the shafts of a full-scale azimuthing
thruster were measured during a sea trial. A section of the
dataset, during which the propulsion system was driven at a con-
stant speed, was used for estimating propeller shaft torque. As is
often the case in full-scale operational measurements, the motor
shaft speed data contained some notable measurement errors
caused by sensor issues. Furthermore, the propeller shaft torque
data contained a frequency component matching the propeller
shaft rotational speed, which was not visible in the motor shaft
torque data. This could be due to alignment error in installation
of the strain gauges, causing the bending of the propeller shaft to
be visible in the measurements. The measurement errors were
included in the data used in torque estimation. Parameters of

the full-scale thruster model are given in Table III. The gear
ratios of the upper and lower bevel gears are 17:42 and 14:38,
respectively. The parameters were provided by the OEM.
Results of the full-scale torque estimation are presented in
Fig. 6. The used regularization parameters were A; = 0.0001
and A, = 1. The regularization parameters were chosen simi-
larly to those used in the testbench experiments. Comparing the
frequency spectra of the measured and estimated propeller shaft
torque showed that the components corresponding to the first
torsional natural frequency, propeller blade frequency and motor
shaft rotational frequency could be estimated. The differences
in amplitude could be explained by inaccurate modeling of
viscous damping in the drivetrain, or other inaccuracies in the
full-scale thruster parameters provided by the OEM. Physical
measurements of the external torques were not available.

IV. DISCUSSION

The proposed trend filtering method contributes to the im-
proving condition monitoring procedures of maritime propul-
sion systems. The system dynamics have to be properly taken
into account when estimating torque, especially during large
torque variations. Accurate information on the large shaft torque
variations in the propulsion system allows proper maintenance
scheduling and avoiding fatal scenarios such as failure of me-
chanical components. With industry-standard modeling meth-
ods, application of the torque estimation procedure is straight-
forward for various different systems.

Compared to conventional Kalman-filter methods, the trend-
filter formulation simplifies the imposition of additional con-
straints such as ensuring smoothness in the estimates. This
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TABLE IlI
PARAMETERS OF THE FULL-SCALE THRUSTER MECHANICS

Component Node number n  Inertia I,,  Stiffness k,,  Internal Damping c,,  External Damping d,,
- kg m? Nm/rad Nms/rad Nms/rad
Engine part 1 1 1.94 39.00x 103 226 0
Engine part 2 2 2.37 12.00x 106 10.79x103 0
Engine part 3 3 2.02 8.66x10° 7.78 %103 4.62
Engine part 4 4 1.94 8.66x10° 7.78 %103 4.62
Engine part 5 5 1.96 8.47x10° 7.61x103 4.62
Engine part 6 6 1.96 8.66x10° 7.78x103 4.62
Engine part 7 7 1.94 8.66x10° 7.78x103 4.62
Engine part 8 8 2.02 12.00x 106 10.79x103 4.62
Flexible coupling part 1 9 25.79 66.00x 103 0.18 7.69
Flexible coupling part 2 10 2.31 1.60x106 0.20x103 0
Motor shaft part 1 11 2.36 60.00x 106 7.55%103 0
Motor shaft part 2 12 3.57 10.29% 106 1.29%103 0.0042
Motor shaft part 3 13 2.79 9.18x106 1.16x10° 0
Upper bevel gear and coupling 14 2.00 8.25x106 1.04x103 74
Vertical shaft part 1 15 1.54 57.76x106 7.27x103 0
Vertical shaft part 2 16 2.18 4.66x109 0.59x103 0
Lower bevel gear and propeller shaft 17 5.36 25.40x 106 3.20x103 7.4
Propeller 18 716.60 - - 0
(@) (b) (d)
T T T . . . 500 T T T T . .
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Fig. 6. Torque estimates produced with the trend filter compared to measurements from the propeller shaft of the full-scale azimuthing thruster,

(a) estimated driving motor input torque, (b) estimated propeller input torque, (c) estimated propeller shaft torque, and (d) frequency spectra of the
measured and estimated propeller shaft torques, where the propeller rotational frequency wy,, the first torsional natural frequency w,, the first blade
frequency 4 x w,, and the motor shaft rotational frequency wy, are annotated in the figure, respectively.

makes the design of torque observers more convenient and
flexible. Constraints in torque estimation aid in ensuring that
the reconstructed signals adhere to physical principles. Fur-
thermore, real-time torque estimation remains possible, as the
analytical solution of the trend filtering problem (17) can be
partially precomputed, i.e., only the measurement vector y
changes across data batches, provided that the regularization
parameters are defined prior to estimation. In this study, the
regularization parameters A; and A, were determined using
simulations with a torsional vibration model. This does not
guarantee that the regularization parameters are necessarily
as pareto-efficient as possible for all data batches used in

torque estimation, but it is computationally less demanding
compared to searching the A, A, for each individual data batch
separately.

Results of the simulated experiments showed that the pro-
posed approach can be used to produce smooth and accurate
estimates of the unknown input torques and torsional response,
which was further verified with physical measurements on the
laboratory testbench. By constraining the unknown initial state,
the torsional response could be reconstructed without the need
to rely on only the impulse response of the torsional vibration
model or prior knowledge of the true initial state. The transition
between measurement batches was carried out by overlapping
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the last and first timesteps of consecutive batches. A larger over-
lap would make the transition between batches smoother [20].
Alternatively, methods utilizing a sliding time-window could be
used. However, these approaches come with increased compu-
tational cost.

Regarding the full-scale experiment, taking into account the
sensor issues and possible inaccuracies in the thruster parame-
ters, the trend filter performed well, producing smooth estimates
of the propeller shaft torque. The full-scale measurements used
in this research did not include transient phenomena, such
as propeller-ice contact, and these kind of measurements are
generally rare. The proposed torque estimation method should
be further verified with full-scale measurements, which in-
clude, e.g., ice excitations. Furthermore, other methods than
{>-regularization could be explored for the purpose of torque
estimation in maritime propulsion systems.

V. CONCLUSION

This article presented the estimation of unknown input torque
and initial state using trend filtering, with subsequent recon-
struction of the full torsional response of a maritime propulsion
system. Torque estimation was performed for both a laboratory-
scale thruster testbench and a full-scale Z-drive thruster, using
measurements from a shaft close to the driving motor. By
applying regularization to the unknown initial state and input
torques, the trend filter produced smooth and accurate estimates
of the propeller shaft torque.

APPENDIX A
PARAMETERS OF THE LABORATORY-SCALE TESTBENCH AND
FULL-SCALE THRUSTER MODELS

Parameters of the drivetrain mechanics of the small-scale
thruster testbench are presented in Table II. Parameters of the
drivetrain mechanics of the full-scale thruster are presented in
Table II1.

APPENDIX B
STATE-SPACE MATRICES FOR TORSIONAL VIBRATION MODEL
OF A THRUSTER

The equations of motion (1) of the torsional vibration model
are assembled to matrix form

MO(t) + DO(t) + K6(t) (B1)

where the vector 6(t) contains rotational angles, the mass matrix
M contains inertia values [I;, the damping matrix D contains
damping values c¢; and d;, and the stiffness matrix K contains
torsional stiffness values k;. For a detailed description of the
assembly of the system matrices, including the modeling of the
gears as single lumped inertias with a gear ratio r;, the reader is
referred to [21] and [23].
The state-space form of (B1) can be formulated as

0 1

0
As = B = B2
~-M'K —MIK] lMI] B2)

where A, and B are conventional state-space matrices for a
torsional vibration model with the state vector x(t) consist-
ing of rotational displacements and rotational speeds x(t) =
[0;(t),...,0i(t),...]". Instead of 6;, the state space model
can be modified to include internal shaft torques in the state
vector z(t) = [1:(t),...,0;(t),...]T, by utilizing the relation

7i = k;(r;0; — 6;4+1) in matrix form, i.e.,
[k —k 0 T
0
X = Pt (B3)
0 1
0
L 0 0 1]
The transformation is carried out as follows:
A=XAX"
B = X B; (B4)

resulting in the state-space system (2), which is compatible
with a state vector consisting of shaft torque and rotational
speed values. The output matrix C' connects the states = to the
measurements y, and its structure is application specific. For the
testbench model used in the experiments in Section II-D

0 - g 0
C=10 S P 0 (B5)
0 c g, 0

where the indexing refers to the measured quantity in the state
vector.

APPENDIX C
KARUSH—KUHN—TUCKER CONDITIONS FOR THE
(>-REGULARIZED LEAST-SQUARES PROBLEM

The convex optimization problem (16) can be written as

minimize v' Wrv + (Ap) " (Ayp)
@,V

(CH
where A = A(Xy, A2). By forming the Lagrangian function

L(p,v,v) =v Wrv + (Ap) (Ap) +v(y — Hp —v)
(C2)

subjectto v =y — Hp

where v € R! is a Lagrange multiplier, the stationarity
conditions can be derived as

OpL(p,v,v) =20TAp—H'v=0

O L(p,v,v) =2Wrv —v =0 (C3)
and the primal feasibility condition is
v=y— Hep. (C4)
The stationarity conditions (C3) yield the normal equation
(H'WrH +ATA) o= H Wry (€5)
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which gives the analytical solution (17) for the weighted ¢5-
regularized least-squares problem.
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