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Synopsis

During the last decade, hybrid propulsion is proven as an upcoming method to save fuel onboard of vessels.
Especially parallel drives with a diesel-engine and an electric machine with a DC electric network under power
management system (PMS) control is of interest. Although fuel saving and emission reductions of seagoing vessels
are achieved, the safety of manoeuvring must remain priority. Under all circumstances the master must be certain
that the demanded thrusts are achieved from the selected station-in-control. For hybrid propulsion so far, much
emphasis has been put on PMS from rule-based, via linear programming to grey wolf methods. However, the
impact of the human factors on safety of manoeuvring the vessel has not yet attracted much interest. In most cases
various modes of operation are selectable via touch-screens.

This paper introduces a method for power management and propulsion mode selection by the use of the propulsion
levers with haptic feedback. Instead of touch-screens, the levers, in conjunction with the measured speed-through-
water and other variables, are used to estimate the required propulsion load. An advanced rule-based PMS system
is used to set the required generator loads and to control the charging and discharging of the batteries. The PMS
system uses the lever-based power estimation. Via force feedback and vibration of the lever-in-control, the master
is informed about the machinery state and starting / stopping sequences. The lever-in-control can be at various
stations. All devices, including rudders and other manoeuvring enhancing devices are under a single control
transfer regime.

Furthermore, this paper describes and analyses the safety benefits of intuitive control inputs and machinery state
feedback on base of tactile feedback. For the transit mode it is shown, that more fuel-saving is possible by using
the power / reversing levers for the load prediction, compared to only using PMS with conventional mode selection.
In harbour mode the emphasis is on achieving the required thrusts and yaw moments as fast as possible and in the
most efficient way.
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1. Introduction

For many decades the Power Take-In (PTI) electric motor has been coupled to the propeller-shaft of single screw
vessels, to take over the single diesel-engine for homecoming. The power take-off (PTO) generator in conjunction
with a controllable pitch propeller (CPP) is also well-known for vessels requiring power to drive for example
transverse thrusters. The alternating current (AC) electric network requires the PTO shaft-generator to be driven
at constant speed.

The traditional power reversing lever (PRL) is used together with a combinator to generate the pitch and shaft-
speed demands for various modes of operation (Figure 1). The lever is equipped with simple haptic feedback: one
detent at the zero thrust position.
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Figure 1: Basic propulsion control by propeller pitch & shaft speed combinator

Developments in power electronics [Bossert et al. 2017], on the basis of a direct current (DC) electric network
with frequency converters, allowed to apply shaft-generators with variable propeller-shaft speed. The development
of battery technology made electrical energy storage also feasible for seagoing vessels. The necessity to save fuel,
let to the emergence of battery-hybrid propulsion.

Hybrid propulsion allows for various propulsion modes, generally more complicated than the previous diesel-
mechanical propulsion systems with PTO or PTI. As a consequence, the master has many degrees of freedom to
select a propulsion mode in order to safely manoeuvre and save fuel. Complexity requires automation to limit the
master’s workload and support with awareness of abnormalities including the required mitigations. A task such as
propulsion mode transition by engaging / disengaging driving machines requires many actions. For example speed
synchronization and load shedding. Modes are controlled via touchscreens, during mode transitions the master has
to watch the progress of the mode transition at displays which limits the masters’ attention (see Figure 2). This
paper presents a method to improve safety by embedding bi-directional interaction with the master about the hybrid
propulsion system via haptic devices.
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A certain propeller thrust is required for safe manoeuvring. Based on the observed vessel motions, the experienced
master intuitively knows which amount of thrust is needed. The PMS calculates the required power which
determines the optimum and safe propulsion mode as well as commands the respective machines to engage /
disengage. During this process of transition, the master receives kinaesthetic force and vibro-tactile feedback via

the lever regarding the machinery states.
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Figure 2: Example touch-screen display for mode selection of a hybrid propulsion system

The recent accident with the USN destroyer John McCain [National Transportation Safety Board 2017] gives,
besides other aspects like tiredness, an example on over-automation. Also in the aerospace industry crew awareness
is improved, by the use of active side-sticks [Rauer 2019]. The lever haptics presented in this paper result in more
safety during manoeuvring by simplification and an intuitive user interface.

1. 1. Hybrid propulsion

Although electric shaft-machines as PTO-generators or PTI-motors exist since many decades, the addition of
batteries for energy storage resulted in various onboard battery-hybrid solutions, such as:

e Emission reduction by power peak shaving for harbour tugs, anchor handling tugs, etc.
e Availability of boost power for high-speed runs of naval crafts and yachts

e Fuel savings on workboats like trailing suction hopper dredgers or fishing vessels

e Emission free manoeuvring of ferries in urban areas

This actual hybrid system configuration strongly depends on the mission profile of the vessel [Bossert et al. 2017,
Grimmelius et al. 2011, Einsiedler 2017]. A trailing suction hopper dredger requires a different configuration as a
harbour tug or ferry. In this paper, a hybrid RoPax ferry propulsion system with many degrees of freedom for
setting thrust levels (as depicted in figure 3), will form the example to illustrate the lever haptics.
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Figure 3: Hybrid propulsion system for a ferry with a controllable pitch propeller
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The classical RoPax ferry is propelled by a port side (PORT) and starboard side (STBD) CPP, each driven by twin
diesel-engines. A PTO-generator, running at a constant speed, is added to each shaft-line to provide sufficient
power during the harbour mode for the transverse thrusters. For the hybrid ferry, instead of two diesel-engines,
one diesel-engine and one shaft machine can be used. Figure 3 depicts a slow-speed direct drive shaft-machine,
which can act as PTI motor and as PTO-generator. For RoPax ferries, batteries are needed for emission free
manoeuvring in harbour areas and while berthing / unberthing under calm wind conditions by using the PTI motor.
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Figure 4: Overview of hybrid propulsion control

In Figure 4, for remote control of these various propulsion modes (even more with the additional energy sources),
normally a touch-screen / display is integrated. This increases the burden of the master and distracts him from
making external observations of obstacles and unsafe situations. Watching the display is not always possible, since
attention is required for external observation.
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2. Lever haptics

2.1, General

Human haptics refers to the human sense of touch and movement. Within the field of haptics, one of the most
important subjects, besides the neuromuscular system and the cognition process, is human perception. A haptic
device is a mechanical device designed to provide (kinaesthetic) force and vibro-tactile feedback, coupled to an
indirect interaction with a real and/or virtual environment [Qin et al. 2015, Barrow and Harwin 2016, Gosselin et
al. 2016]. Kinaesthetic feedback haptics deals with devices that interact with muscles and tendons which gives
humans the sensation of force being applied. Vibro-tactile feedback deals with the devices that interact with the
nerve endings in the skin which indicates heat, pressure and texture. Applications using haptic kinaesthetic and
vibro-tactile interfaces, for example in robotics and computer technology, are well known for years [El Saddik et
al. 2012, Haruhisa 2015, Pacchierotti 2016, VVan der Linde et al. 2002]. Still much more research is required to
define application specific requirements for the mechanisms and controls in terms of magnitudes and bandwidths
that compose human haptic perception [Colgate and Brown 1994, Boff and Kaufman 1986, Rovers et al. 2003].
Sensing bandwidth refers to the frequencies with which kinaesthetic and/or vibro-tactile stimuli are sensed. Control
bandwidth refers to the frequencies at which humans can respond and voluntarily initiate motion of their limbs.
The human input (sensory) bandwidth is much larger than the output bandwidth and the human response to
physical indication is much faster compared to visual observation. Additionally, it is critical to ensure that the level
of haptic feedback is sufficient for task completion while being comfortable for the operator. The capabilities of
the human sensory system are important for successful haptic control design. Literature based and application
related conclusions are summarized below [Kilchenman and Goldfarb 2001, Shimoga 1992].

¢ Kinaesthetic sensing bandwidth of 20 to 30 [Hz]

o Vibro-tactile sensing has a bandwidth of 0 to 400 [Hz]

e Fingers and hands have a force exertion bandwidth of 5 to 10 [Hz], for Limbs 2 — 5 [Hz]. A single finger
can retain a force of up to 7 [N] without experiencing discomfort or fatigue, while hands can retain force
levels of 30 to 50 [N]

e Experiments show that the performance of test-persons did not improve when the haptic control device
was using frequencies with a bandwidth > 40 [Hz] and an endpoint force level > 3 [N]

Remote control (via x-by-wire technology) enables flexible engineering of relationships between control input and
the controlled element. They allow amplification of forces, filtering, system limitations, but remove the bi-
directional haptic kinaesthetic and vibro-tactile interaction. Therefore the haptic bi-directional operator interaction
is getting even more beneficial for complex control structures.

2.2, Types of lever haptics

The critical component of a haptic device is its mechanism, which defines the motion capabilities of the human
operator when interacting. Sensors track the operators’ lever motion and the actuators deliver the desired forces or
textures to the operator (as shown in Figure 5).
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Y
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SYSTEM

Figure 5: Overview of haptic device integrated into a propulsion control system

The operator (master in control at the bridge), for the design of a haptic device, a model of the operators’ arm
and hand are of high importance. The exact modelling of a human arm remains a complex problem [Grunwald
2008], many approaches are available in literature, mainly for passive responses [Kosuge et al. 1992, Lawrence
1993, Tsuji et al. 1994]. Several dynamic models are available, however most of the parameters are uncertain and
have a large range that also depend on the person itself. The dynamics are even more complicated, when the
human/operator is coupled to the haptic device. Subjects as structural flexibility, grapping conditions and reflex
delays must be considered.
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The haptic device, in this hybrid propulsion use-case called the PRL, is a mechanical interface operated by the
operator mainly for controlling the power and its’ direction of the operated vessel. Figure 6 shows the basic setup
of the PRL, whereas the (approximated) general equation of motion is given in (1). The precise position and
especially velocity measurement is required for high performance haptic applications [Ghaffari and Kdvecses
2013, Chawda et al. 2018]. Adjustable and optimized mechanical friction is required for safety purposes. PRLS
are designed for strength and stability, operated with the palm and fingers. The actuator bandwidth is up to 50 [Hz]
in order to meet the dynamic requirements.
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Figure 6: Schematic overview of haptic device

The (approximated) general equation of motion:
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The haptic control algorithm, must be intuitive as well as robust against disturbances (including the operators’
interaction) and uncertainties (including friction and inertia errors). Several types of haptic patterns are
investigated; friction, spring force, detents, vibration and/or in combination with audio-visual assistance.
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e (Dynamic) friction

Dry-friction is a complex phenomenon, arising as the force that resists the relative motion of (solid) surfaces sliding
against each other. Much research has been performed, but still a lack of dynamic high realistic models remains
[Karnopp 1985, Armstrong-Hélouvry et al. 1994, Bernstein et al. 2005]. Friction can be divided in static (dry)
friction and dynamic (Kinetic) viscous friction. The transition between static and dynamic can be characterized
with the Stribeck friction [Ueberle 2006]. The Stribeck friction is a nonlinear low-velocity friction effect that
dominates stick-slip motion. Dynamic friction is based on velocity, the resolution presents serious algorithms for
high performance haptic devices [Chawda et al. 2018]. Friction is mechanically implemented in the PRL for safety
reasons, additional dynamic friction will be added by the haptic control algorithm according to the following
approximation (8).

(QCoulomb {(P} + QStribeck{(p - (pStribeck} + Qviscous{(i’})
(QCoulomb{(P} + QStribeck{QD - ¢Stribeck} + Qviscous{(p})

o <-Yp ®)

Qalz{ Yo < ¢

Where y is the near to zero velocity band, variations can be created in different friction viscous levels,
characteristics and coarseness effects as shown in Figure 7.
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Figure 7: Examples of (dynamic) friction torque profiles as function of PRL-position

e  Spring force

The kinaesthetic spring force feedback is a haptic pattern where the force is directly related to the position and
movement direction. The force always points to the opposite direction of the motion, so working against the
operators’ movement. The spring effect and resulting return force functionality enables force orientation. The
return force can be limited in order to avoid unwanted lever movements not initiated by the operator. Variations
can be created in spring characteristics, symmetrical characteristics and force levels (see Figure 8). Special
attention is required for the implementation in steering haptic devices. Noting that it can also be used for forbidden
operating areas.
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Figure 8: Examples of spring force torque profiles as function of PRL-position

e  Detents/bumps/clicks

Detents/bumps/clicks are established for decades as fixed position feedback for the PRL, mostly for zero/neutral
reference. This feedback gives no information about the controlled system and is therefore no haptic bi-directional
interaction. Literature shows that surface and texture features can be represented by forces [Minsky 1995].
Different position feedback shapes are known from literature, controlling the force as function of position. The
force shapes vary from hills to complicated holes. The position of the force shape, which is relatively small, forms
an important characteristic. Further variation is found in the relative force-levels to distinguish between different
PRL positions (see Figure 9).

15th International Naval Engineering Conference & Exhibition https://doi.org/10.24868/issn.2515-818X.2020.041



Conference Proceedings of INEC

A A

Actuaror Torque Acruaror Torque

[ ' ' 1 ' 1 ' 1) [ 3 ! i}
I ' ' ' v PRL-position 1 ' ' ' ' [ : PRL-position ! !
[ ' ' A 1 1 1 ] ] x
[ ' 1 1 - " 1 ' [ 1 [ 1 ¥ 1
( ] 1 1 TN 1 1 1 [ ' “ !
Y J 1, U 0 1
)
) '
: 0
'

! '
I ' y '
I ' d '
[ 1 45 ]
I ' ' '

Figure 9: Examples of detent/bump/click torque profiles as function of PRL-position

o Vibro-tactile

Vibro-tactile feedback as guidance can be divided in attentional and movement/spatial guidance. The movement
guidance is used to guide human movements in a precise way towards a specific target. In order to interfere with
the operators’ concentration and automatic reaction, the vibro-tactile guiding methods should be intuitive. The
haptic vibro-tactile patterns and their meaning require learning [Weber et al. 2011]. Vibro-tactile feedback in haptic
devices can be described in terms of intensity, rhythm and duration. The intensity can be considered as a parameter
that can be affected in combination with both, rhythm (frequency, amplitude) and duration (time) as shown in
Figure 10 [Asif et al. 2010].
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Figure 10: Examples of vibro-tactile profiles as function of PRL-position
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3.

The master is responsible to safely berth the ferry at the expected time of arrival (ETA). Typically two modes of
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Power management and lever haptics

operation exist:

Figure 11 shows the hybrid propulsion system of figure 3 with the addition of lever haptics. The master selects the
mode of operation (harbour or transit mode) and uses the PRL to set the required propulsion thrust or vessel speed.
The required power is estimated by the haptic control algorithm. The machinery and power management module
ensures that the required power is available by starting and stopping the required machinery. The available power
is determined by the running and engaged motors or diesel-engines and their allowed maximum load level. The
difference between actual required power and available power is used by the haptic control algorithm, that controls

Harbour mode: manoeuvring at low speed close to and in the harbour and berthing at the quay. The
required power for safe manoeuvring is mainly determined by actual wind conditions and tidal currents.

The position of the lever is proportional to the actual propeller (bollard) thrust.

Transit mode: sailing at a constant service speed such that the minimum amount of fuel is consumed. The

power is mainly determined by the ships’ resistances.

the haptic device of the PRL.
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Figure 11: Overview Hybrid propulsion control with lever haptics
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During transit mode, fuel efficiency has second highest priority, safety of manoeuvring remains first. The master
knows how to set the vessel speed for the various legs of the selected voyage. The set PRL demand (vessel speed)
is verified by checking the ships” motions. During transit mode, the PRL is only touched to change the vessels’
speed. For any abnormality, such as slow-downs, the lever position is accordingly adjusted by the haptic device
and the masters’ attention is drawn by visual and acoustic warnings.

The ferry operations for a one way voyage are shown in Table 1. During (un)loading, the vessels’ batteries are
charged using energy from the shore connection and/or the on-board auxiliary generators. For unberthing the
vessels” main clutches are engaged, batteries are near to full and the vessel can be unberthed and manoeuvred in
harbour mode. Using the shaft machines as propulsion motors (reducing the batteries” SOC) assisted by both
diesel engines, if wind conditions require. When the vessel is at open sea, the master selects transit mode. The
charging of the batteries can efficiently be done by using the PTO generators assisted by auxiliary generators,
depending on the requested service speed / power request (sailing part 1). When the batteries are near to full (not
full to allow energy storage during a crash-stop), the propulsion mode is changed to enable fuel-efficient sailing
(sailing part 2). For arrival, harbour mode is used (equal to the departure procedure only in reverse order).

No Vessel Fuel Emission Thrust Charging / Propulsion Propulsion mode
operation saving reduction response | Discharging mode
1 Loading - ++ - Charging Harbour OFF, PTO
2 Unberthing - ++ ++ Discharging Harbour ELECTRIC, DIESEL DIRECT
3 Manoeuvring - ++ ++ Discharging Harbour ELECTRIC, DIESEL DIRECT
4 Sailing (part 1) + - - Charging Transit PTO assisted with genset when necessary
5 Sailing (part 2) ++ - - Discharging Transit ELECTRIC, DIESEL DIRECT, BOOST
6 Manoeuvring - ++ ++ Discharging Harbour ELECTRIC, DIESEL DIRECT
7 Berthing - ++ ++ Discharging Harbour ELECTRIC, DIESEL DIRECT
8 Unloading - ++ - Charging Harbour OFF, PTO

Table 1: Overview on vessel operations and key parameters

3.1. Haptic control algorithm

Figure 12 and Figure 13 show the haptic control algorithm, machinery selection and power management system
of Figure 11 in more detail.
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Figure 12: haptic feedback system for hybrid propulsion control
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The haptic control algorithm exist of three sub modules:

1) Power estimation, to estimate the required propulsion power,

2) Transition state monitoring, monitoring of the status of ongoing propulsion mode transitions and actual
machinery states,

3) Haptic pattern generation, generating kinaesthetic and vibrotactile force as well as acoustic and visual
feedback in the PRL.

The most important interfaces are the levers’ position, required and available power (thick lines). In order to cope
with existing regulations, the machinery state is made available for various displays.

POWER ERROR [W]

+ P
REQUIRED PROPULSION POWER [W] A > 42}
- < KINESTHETIC
> FEEDBACK > >
AVAILABLE PROPUL SION POWER [W] > 5]
=~ —» ACTUATOR TORQUE [Nm]
e
PROPULSION MODE CHANGE »|  VIBRO- TACKTILE ! LTI
FEEDBACK g =V CONTROL
ALGORITHM
v B —» ACTUATOR POSITION [°]
MACHINERY HEALTH STATE -} =
MACHINERY RUNNING INDICATION -3» ABNORMALITY ACOUSTIC
MODE OF OPERATION | DETECTION > FEEDBACK >
ACTIVE PROPULSION MODE -3
| ; VISUAL -
THTBAGER ¥»  ILLUMINATION [Ix]

Figure 13 Overview of the hybrid pattern generation module

Figure 13 shows the different types of haptic feedbacks. The kinaesthetic feedback is based on AP, the difference
between the required and available power. When AP becomes low, a kinaesthetic force as function of the AP is
applied to inform the master that no additional power is available. The vibro-tactile, acoustic and visual feedback
is used for abnormalities (warnings) and during propulsion mode selection.

3.2. Required power estimation
The estimation of the required propulsion power is based on the PRL demand set by the master and the mode of
operation § (transit or harbour mode). For harbour mode, u,,;,q4 With respect to the ship, mainly determines the
power. For transit mode, the vessels’ resistance (based on speed through the water wuy;;,) is mainly taken into
account.
3.2.1.  Power estimation in harbour mode of operation
The following equation (9) shows the approximate propeller thrust (T,,) as function of the propeller speed N,, and
propeller pitch «,, (bollard condition), where C; is the thrust coefficient and R the pitch force polynomial:

Tp = C.- N2 - a,f ©)
The thrust force to overcome the wind force is calculated by using [Blendermann, 1994]:

10
Ty wina = E *Pair " Ap " CXyp(€) - uwindz (10)

The required thrust for the low-speed harbour mode can be determined by the maximum of the longitudinal wind
force and the lever thrust-demand, multiplied by a safety factor:

anequired = max(|waind |’ |§0n ) TMAXl) ) Ksafety (1)

The safety factor is a programmable factor based on amongst others:

- Vessels’ location, manoeuvring in small ports or ports with high traffic and increased risk
- Water depth, influencing the thrust output of the propellers.
- Visibility, manoeuvring in dusk, dawn or dense fog increasing the safety factor.
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Ksafety = f1(8, vesseliocqtion, depth, visibility,) (12)
Via the combinator diagram and (9) the required power for harbour mode can be determined:
Qn_requirea = INnl* Nu* (Keppo + Kepp * ") (13)
Py requirea = 2T * Ny * Qn_requirea (14)
During harbour manoeuvring also the transverse thrusters are used. The required thrust for the transverse thrusters

can be determined as the maximum of the sideways wind force T), ;4 [Blendermann, 1994] and the bow thruster
thrust-demand, multiplied by the safety factor:

Tthrusters_required = max (|Ty_wind |' |(pthrusters ) Tthrusters_maxb ) Ksafety (15)
The required power for the bow thrusters is:
Pthrusters = max (Pthrusters_max: Tthrusters_required ’ Kpower) (16)
The final power requirement Pyo.q; requirea 1S SOWN in equation 17:
Ptotal_required = Pl_required + Pz_required + Pthrusters (uwater) + Photel + Paux (17

3.2.2.  Power estimation during transit mode of operation

During transit mode, the PRL gives the vessels’ speed demand and the transverse thrusters are off. For transit
mode, the power requirement depends on the vessels’ resistance as shown in equation 18.

Ptotal_required = f2 (Rtotal' uship ((pPORT' (pSTBD)' Uwind» Waterdepth) (18)

3.3. Available power

The available power (23) is the sum of the maximum diesel-engine power (19) and the electric shaft-machine
power in PTI-mode (21) or in PTO-mode (22).

0, D,, # running

(19)
mm(PDn_MCR: Ppn_scowpown: PLOAD_LIMIT) , D, = running

PDn(nDn) = {

When the shaft machine is used as propulsion motor (PTI) the maximum available power for driving the propulsion
motor Pg, pr; is the minimum of:
1) maximum allowed shaft machine power Pgy, pr; pwr rimit-
2) total available electrical power from the generators Pg, and battery system Pg, power minus the total
hotel load Pyorg;, and maximum transverse thruster power reserve Py x ryr (harbour mode).

. Ppri_max
Pen_pri_pwr_Livr = MiN (Qgn_max_roreue: 577 ) (20)
2w - Ng,
0, E, # running A PTI
Pgn_pri(Mgn) { . ) (21)
- min (PEn,PTI,PWR,LIMIT» (Pon + Pgn — PyoreL — Pthrusters)), E, = running A PTI

When the shaft machine is used as generator (PTQO) the maximum available electric power is the minimum of:
1) maximum allowed shaft machine power Pgy, pwr Limir-
2) total required electrical power for the hotel load Pyorg, and maximum transverse thruster power
Pthrusters,max (harbour mode).

0, E, # running A PTO

. . (22)
mln(P En_pro_pwr_LIMIT» (ProTEL + P thrusters_max)) , E, = running A PTO

P pro (ngn) = {
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Pavaitabie = Ppn(Mpy) + (PEn_PTI (Mgn) — Pen_pro (nEn))

(23)

Selection of the optimal propulsion mode is based on the required propulsion power, according to the following

criteria:

Required power estimated by the power estimation,
Availability of the machinery (shutdown),

Health state of machinery (slow down / power limits / state of charge),
Selected mode of operation,
Optimal specific fuel consumption of the diesel engine, electric motor.

When the above-mentioned variables change, the selected propulsion mode needs to be evaluated by the rule based
machinery selection algorithm. Depending on the requested propulsion - and hotel power, available power and
propulsion mode, the algorithm can select the optimal mode of operation according to Table 2.

Table 2 Propulsion mode selection table

TORT STED PORT STED PORT STED NIODE
DIESEL | DIESEL |GENERATOR | GENERATOR | BATTERIES | SHAFTMACHINE | SHAFTMACHINE OF PROPULSION
No. D, D, G G, By E, E. OPERATION MODE COMMENT
1 HOTEL TRANSIT DIESEL DIRECT
2 HOTEL TRANSIT DIESEL DIRECT
3 HOTEL TRANSIT DIESEL DIRECT
4 CHARGE HOTEL HOTEL TRANSIT PTO Normal charge
5 PEAK SHAVE HOTEL HOTEL TRANSIT PTO
6 HOTEL PTL PTL TRANSIT ELECTRIC
7 HOTEL PTL PTL TRANSIT ELECTRIC
8 HOTEL PTL PTL TRANSIT ELECTRIC
9 HOTEL HOTEL PTL PTL TRANSIT ELECTRIC
10 HOTEL CHARGE PTO PTO TRANSIT PTO Normal charge
11 HOTEL CHARGE PTO PTO TRANSIT PTO Fast charge
12 HOTEL HOTEL CHARGE TRANSIT DIESEL DIRECT Fast charge
13 HOTEL CHARGE PTO PTO TRANSIT PTO Ultra fast charge
14 HOTEL HOTEL PTL PTL TRANSIT BOOST
15 HOTEL PTI PTI TRANSIT BOOST
16 HOTEL PTL PTL TRANSIT BOOST Battery boost
17 HOTEL PTI PTI HARBOUR BOOST
18 HOTEL PTL PTL HARBOUR BOOST
19 HOTEL PTI PTL HARBOUR BOOST Battery boost
20 HOTEL HARBOUR DIESEL
21 HOTEL HARBOUR DIESEL
22 HOTEL HARBOUR DIESEL
23 HOTEL PTL PTL HARBOUR ELECTRIC Zero emmision
24 HOTEL PTL PTL HARBOUR ELECTRIC Low emmision
25 HOTEL PTL PTL HARBOUR ELECTRIC Low emmision
26 HOTEL HOTEL PTL PTL HARBOUR ELECTRIC Low emmision
27 HOTEL PTO PTL TRANSIT PTO/ ELECTRIC Crossshaft
28 HOTEL PTI PTO TRANSIT ELECTRIC / PTO Crossshaft
MACHINERY OFF
MACHINERY ACTIVE
HOTEL HOTEL LOAD
CHARGE | = CHARGE BATTERIES

If machinery healthy states change, it could be that the selected propulsion mode cannot be maintained or the
actual power is reduced (AP is far positive in Figure 13). In this case, a kinaesthetic force as function of the lever
position can be applied. The kinaesthetic force will reduce PRL lever position to a point that matches the actual
power given by the propulsion devices. This is supported by a visual and acoustic warning, to signal the master
about the abnormality.
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3.5. Propulsion mode transitions

During mode transition, the machinery is set to different operating states (like started, stopped, synchronized and
ready for torque transfer). Depending on the propulsion mode, thrust is kept steady during the mode transition.
The mode transition can fail due to machinery health problems. In this case, the mode transition is aborted and the
current propulsion mode is maintained.

A mode transition is initiated by the master operating the PRL. The haptic control algorithm informs the master
via haptic patterns (bi-directional interaction). Figure 14 shows on the left side an example of the mode transition
(from A to B). The master increases the power request via the PRL until it reaches a detent. By pushing further, a
(stiff) spring force (kinaesthetic) feedback is added in order to inform the master about the limitations of the current
propulsion mode. By keeping the PRL for predefined time in this area, the mode transition is initiated. During the
mode transition, increased friction and the vibro-tactile effect is executed as a haptic pattern, until the mode
transition is successfully completed. Power operating limits are updated accordingly.

In case the mode transition fails, the amplitude and frequency of the vibro-tactile effect is increased significantly
in order to inform the master about the failed mode transition (Figure 14 right). A mode transition failure is also
indicated by a visual and acoustic warning.

Propuision mode A

Prapulsion mode A Propulsion mode A

time

Detents/clicks/bumps Detentsiclicks/bumps Detents/cficks/bumps

N AN s \ /TN /
N/ AR

v ~ ) - \ /

; -~ 0 7 .- N\ -
-~ 700 00 T S1007 TN -7 00

Figure 14: Haptic pattern during mode transitions
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3.6. Crash-stopping

During crash stopping it is important to generate as much negative thrust as possible to reduce the head reach of
the vessel. For a vessel with CPPs, crash-stopping is achieved by reversing the propeller pitch angle while
maintaining the rotational direction of the propeller. As this can be achieved in a relatively short time the incoming
speed of the water isn't reduced when the propeller pitch is decreased towards zero. When a crash stop is initiated
at high ship speed this could cause wind-milling of the propeller. In this case the propeller gives a negative torque,
i.e. drives the shaft-line, increasing the propeller speed with a potential risk of over-speeding the diesel engine.
Wind-milling is avoided by temporary stopping the reduction of the propeller pitch and / or speed towards zero,
until the incoming water speed at the propeller is reduced.

For a hybrid propulsion system the PTO shaft-generator can be used as a dynamic shaft brake absorbing the
negative torque energy from the propeller. This can result in a lower risk of overspeed and faster pitch reversing,
resulting in a shorter head reach of the vessel when a crash stop is executed.

In machinery control systems wind-milling of the propeller can be detected based on the difference between the
actual and demanded shaft-speed, PRL position, ship-speed and diesel-engine fuel demand. In case of wind-
milling, the pitch rate to astern rate will be reduced automatically. This reduction can be used as input for
kinaesthetic force feedback (dynamic friction) in the PRL as shown in Figure 15. In this way the master is made
aware that the actual pitch angle is lagging on the requested demand. If the negative torque sufficiently reduced,
kinaesthetic force level reduces and the propeller pitch can be reversed by moving the PRL in the astern direction
(through zero).

lever position

ﬁ

s

return force

time

i period i
of negative
shaft torque

Figure 15: Example of kinaesthetic force during crash stop
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4, Conclusion

The step towards automation in recent decades involves optimization and integration of systems. At the same time,
it is known that over-automation has led to increasing complexity and fails to account for human factors. This
complexity and many degrees of freedom to operate the vessel causes negative effects for masters. The excessive
visual overload leads to a loss of situational awareness that in turn harms performance and safety.

With bi-directional PRL lever haptics, the master becomes able to use the neuro sensing system of touch and feel.
This allows the masters' visual sensing system to focus on observing the vessels' motions. The reduction of
workload and addition of human sensing drastically increases the masters’ situational awareness and consequently
increases the safety of manoeuvring. Although the accident onboard of the USN destroyer John McCain was,
besides other aspects like tiredness, a presence of an intuitive steering wheel with haptic force feedback could have
led to avoidance of the accident. The PRL lever haptics, to operate the main propulsion hybrid power ferry, allows
the master to cope with the increased complexity of the addition of electric shaft-machines and batteries. The
master intuitively sets the PRL position to achieve the vessels’ intended motions. By setting the mode of operation
(harbour or transit), the PRL demands the required power. A rule-based PMS, combined with mode selection and
bi-directional interaction via haptic patterns, reduces the complexity for the master. The combination selects the
most fuel-efficient and feasible machinery configuration and transmits start/stop signals to the machinery. The
master receives information on the progress of the transition and is informed by the lever haptics once the requested
power has become available. Besides the transition to different propulsion modes, haptic patterns allow to improve
the situational awareness during crash-stopping.

It is evident that under all circumstances the master must be certain that the demanded thrusts are achieved, at each

propulsion mode. The obvious solution is to apply the PRL lever haptics to reduce complexity and ensure safety
by the addition of carefully selected intuitive haptic patterns.
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5. Nomenclature
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PORT / STBD propeller pitch [-]

Propeller pitch [-]

Propulsion mode [-]

Apparent wind angle [°]

Position measurement transmitter, -sensor, -actuator and -PRL lever [°]
Position of the transverse thruster lever [°]

Position of the PORT / STBD power reversing lever [°] of maximum ship speed
Position of the power reversing lever [°]

Density of air [kg/m?]

Speed over ground [m/s]

Ship speed [m/s]

Speed through water [m/s]

Apparent wind speed [m/s]

Frontal projected area [-]

Thrust coefficient [-]

Wind coefficient in surge direction [-]

Diesel engine number [-]

Angle of attack relatively to the bow of the vessel [°]
Shaft machine number [-]

Inertia transmitter, -sensor, -actuator and - PRL lever []
Propeller torque coefficient as function of pitch angle [-]
Propeller torque coefficient at zero pitch [-]

Power factor [W - N~1]

Safety factor to increase the thrust demand force [-]
Propeller / device number [-]

PORT / STBD propeller speed [n-1]

PORT / STBD diesel engine speed [n-1]

PORT / STBD gearbox output shaft speed [n-1]

Diesel engine speed [n-1]

Propeller speed [sec™!]

Pitch polynomial [-]

PORT / STBD actual propeller power [W]

Available power for machinery [W]

Total auxiliary load of the vessel [W]

PORT / STBD battery power [W]

PORT / STBD diesel engine power [W]

Diesel engine power [W]

Maximum continues rated diesel engine power [W]
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PDn_SLOWDOWN
PE11PE2

PEn

PEn_PTI
PEn_PTI_PWR_LIMIT
PEn_PTO
PEn_PTO_PWR_LIMIT
PGl IPGZ

PGn

Photel
PLOAD_LIMIT
Pn_required

P

PPTI_MAX
PMAX_THR
PPTI_MAX
Pthrusters

P thrusters_max

Ptotal_required

Q1,02
Qn
Qn_required
QDl! QDZ
Q\Dl! Q\DZ
@pn
QEI' QEZ
QEn
QEn_MAX_TORQUE
Q¢1,0Q, Qa1, Qgpre
R
Rtotal
T1, Ty
TMAX
Ty

Nrequired
Tinrusters max
Tthrusters,required
Tx_wind

T

y_wind
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Maximum continues rated diesel engine power during a slowdown situation [W]

PORT / STBD shaft machine power [W]

Shaft machine power [W]

Actual available shaft machine power in PTI mode [W]
Maximum allowed shaft machine power in PTI mode [W]
Actual available shaft machine power in PTO mode [W]
Maximum allowed shaft machine power in PTO mode [W]
PORT / STBD auxiliary generator power [W]

Auxiliary generator power [W]

Total hotel load of the vessel [W]

Load limit set by the chief engineer per a propulsion device [%]
Required power for harbour mode [W]

Actual propeller power [W]

Maximum shaft machine PTI (motoring) power [W]
Maximum shaft machine PTI (motoring) power [W]
Maximum shaft machine PTI (motoring) power [W]
Transverse thruster power for harbour mode [W]
Maximum transverse thruster power [W]

Total vessel power requirement [W]

PORT / STBD propeller torque [Nm]

Propeller torque [Nm]

Required torque for harbour mode [Nm]

PORT / STBD diesel engine torque [Nm]

PORT / STBD gearbox output shaft torque [Nm]

Torque produced by diesel engine [Nm]

PORT / STBD shaft machine torque [Nm]

Shaft machine torque [Nm]

Maximum shaft machine torque [Nm]

Torque transmitter, -sensor, -actuator and PRL lever [Nm]
Pitch force polynomial [-]

Total vessel resistances [N]

PORT / STBD propeller thrust [N]

Maximum thrust of propellers [N]

Propeller thrust [N]

Required thrust force for harbour manoeuvring [N]

Maximum transverse thruster thrust force for harbour manoeuvring [N]

Required transverse thruster thrust force for harbour manoeuvring [N]

Wind force in surge (x) direction [N]

Wind force in sway (y) direction [N]

https://doi.org/10.24868/issn.2515-818X.2020.041



6. Glossary of terms
AC
CPP
DC
ETA
FPP
PORT
PTO
PTI
PMS
PRL
STBD
SOC
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Alternating current
Controllable Pitch Propeller
Direct current

Expected Time of Arrival
Fixed Pitch Propeller

Port side

Power Take Off

Power Take In

Power Management System
Power Reversing Lever
Starboard side

State of charge [%]
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