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4 Propulsion Control
The increasing demand for fast and economical marine transport of passengers

and freights is giving renewed interest to several innovations anddevelopmentswhich
will set the new standards for the next ship designs.

Major innovations have already focused on the propulsion systems, and they have
been designed to satisfy the mandatory rules for safety and environmental impacts
and to reduce fuel oil consumption. Moreover, the increasing complexity of these new
marine propulsion systems, which often include engines with di�erent power levels
and/or of di�erent engine types (especially in navies) leads necessarily to the devel-
opment of dedicated propulsion control systems that are able to manage such com-
plex system in safe and economic ways for various vessel conditions. In some cases,
the propulsion control systems must also be able to ensure top performance of the
propulsion plant.

Two di�erent techniques are usually available to develop and design a control
system: the open loop and the closed loop.

The open loop control system is composed of the controller (PLCs) and the trans-
mission lines and machinery. By this approach, the variable to be managed is set to a
speci�c value, but since there is no comparison with the �eld value, it is not certain
that the controlled variable assumes the desired value.

In the closed loop control system, the main elements of the system are the con-
troller (PLCs) and the transmission lines,machinery, and sensors. The controlled vari-
able is regulated (set-point) by a continuous comparison with the data coming from
the �eld (feedback). Usually, in marine propulsion control system design, the closed
loop is preferred because it is more accurate. The main reason is the fact that the ship
operates in a hostile environment, the sea, in which the environmental conditions
may vary quickly with a magnitude that cannot be predicted. Using the closed loop
approach, information about performance is measured and used to correct the sys-
tem behaviour.

In order to test performance and reliability of the control logics, new design ap-
proaches for automation development have been recently introduced [4]; one such
example is the “Real Time Hardware in the Loop” (RT-HIL).

According to this design approach, the propulsion control system is �rst designed
and tested in a virtual environment, and then the control logics are implemented into
a PLC linked to a virtual ship model to evaluate the e�ectiveness before onboard in-
stallation. This approach provides the designer realistic feedback [2].
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4.1 Propulsion Control System

The supervisor system of the ship is the link between human action and the machin-
ery onboard. The crew can interact with the ship through operation stations, linked
to each other by a LAN that forms the control network. At the end of the control net-
work, automation servers trough the I/O cards between the control and the �eld bus
networks. These elements are the joints that transform the human action (the press
of a button, the pull of a lever) into a proper signal to the PLCs. In addition, incoming
�eld information is stored in these servers.

The �eld bus network is composed of the PLCs and the sensor needed to manage
the di�erent systems. In this network, all data coming from the machinery are mon-
itored such that the PLCs can then provide appropriate set-points to each element of
machinery.

For safety reasons, the LAN infrastructure is usually a double ring for both control
and �eld bus networks..

The ship supervisor is usually divided into di�erent sub-systems as is shown
in Fig. 4.1. Each sub-system manages and controls di�erent onboard activities: ship
safety, propulsion, electric power management, etc. The focus of this work is the
design of the particular characteristics of the propulsion control system.

Figure 4.1: Ship Supervisor Overview

The propulsion control system can be designed with di�erent hierarchic levels as
shown in Fig. 4.2.

The higher level (indicated in black lines) is the ship supervisor, developed by the
shipyard or by an automation provider; its tasks are to transform human action into
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Figure 4.2: Hierarchical Levels

a set-point signal to the machineries and prevent possible system failure (i.e. due to
exceeding the maximum speed or torque capacities, high pressure, etc.).

Next, the second level (indicated in blue lines) is composed of the local controllers
given by the machinery manufacturers; the local controller receives as input the set-
point coming from the supervisor and returns a signal that con�rms the receipt. The
local controller includes the control logics needed to preserve the machinery safety,
including thresholds of the imposed limits that are higher than those allowed by the
supervisor controller. Finally, the local PLC sends the proper signal, eventually mod-
ulated by the inner logics, to the machinery.

A third level also exists called ‘parallel control logics’ (indicated in red lines);
in this level, the single local controller can interact with the other local controllers
andmachineries without the supervisor control. Usually, due to con�dential reasons,
these logics are not well known to the supervisor designers and some unexpected be-
haviours can occur. These behaviours are obviously dangerous because:

“The controller mustn’t lose control”.

The challenge is to design the control logics and to set the main ship supervisor
parameters to reach the desired performance in a safe and economicway. Another aim
is to set all the propulsion control system thresholds to avoid, as much as possible,
the intervention of the local controllers and parallel logics. The latter task can be di�-
cult without a full collaboration between the automation provider and the machinery
manufacturers.
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Inmore detail, the crew interact with the propulsion plant from the bridge or from
other command stations onboard. The standardpractice is tomanage the ship through
a control approach based on propeller speed management. For complex propulsion
systems, it is also possible to change the propulsion mode (i.e. navigation, harbor,
etc.). The desired speed can be achieved through operation in two di�erent ways:
– Through step levers in the ‘automatic’ way.
– Setting the rpm and/or the propeller pitch set-points independently and in man-

ual mode.

We would like to analyse and model the �rst case. In designing a propulsion control
systemwe shouldkeep inmind twodi�erent purposes: regulationandprotection. Reg-
ulation allows the system to reach desired performance; protection allows the system
to do this safely.

Figure 4.3: Propulsion Controller layout

In Fig. 4.3, the logics �ow to manage the two propulsion plant degrees of freedom
(the propeller pitch and the shaft line revolution) is shown. The input signal coming
from the bridge lever position is actuated by a human action. The signal is split into
two signals, one for each degree of freedom. The signals are then modulated by auto-
adapting ramps. The modulated signal is converted to a set-point (speed or pitch),
and here ends the ‘regulation’ control loop. This �rst part is very similar to a standard
open loop. Subsequently, the signal is compared with the �eld values and therein be-
gins the ’protection’ part of the control system that ensures the safety of the system.
Here, all protections are implemented (explained in detail below). It is thus possible to
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consider the propulsion control system as a hybrid between an open and closed loop.
When shipbuilders or ship-owners speak of ship control in terms of speed, the indi-
cated numbers are by de�nition not exact because, as external conditions (sea, wind,
current, performance degradation of propeller and hull) change, the desired speed
may not be reached!

4.1.1 Ramps

The ramps are a set of constants de�ned for each value reached by the step lever. The
ramps modulate the signal coming from the lever of the telegraph, which is usually a
step. The ramps are di�erent for pitch and rpm, for acceleration and deceleration, and
also for the various propulsive modes. In Fig. 4.4, the set of rpm ramps in navigation
mode for an accelerating manoeuvre is shown in non-dimensional form.

Figure 4.4: Example of ramps

The value for the ramps is the angular coe�cient, which is assigned to the time
variant signal incoming to the block (the unit of the constant ramps values are 1/s or
Hz). In this way, the signal that arrives to machinery is more gradual and thus avoids
the possibility of receiving signals with large discontinuities, which may create prob-
lems for the PLCs. In Fig. 4.5, the ramps block e�ects in the time domain are shown.

The study of these values has been possible thanks to an intense simulation cam-
paign throughwhich the appropriate values have been selected and tested. Values are
considered appropriate such that during tight manoeuvres, the machineries are able
to avoid heave cuts due to control system protections.
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All these values are implemented into a proper block within the controller struc-
ture.

Figure 4.5: E�ect of ramps vs. time

4.1.2 Combinator Law

The ship speed regulation is performed bymodulating the propeller rpm and/or pitch.
The performance variation rules and hence the possible combinations of rpm/pitch
values (combinatory curves, depending on lever position) have been studied in steady
state conditions and then translated into a software program implemented in themain
propulsion controller according to the setmode of the vessel. The combinatory curves,
an example of which is shown in Fig. 4.6, provides the optimum performance of the
ship in the various propulsion modes. With regard to this important topic, it is ap-
propriate to note that the combinatory curves are studied to minimize fuel consump-
tion [22].

The signal, modulated by the ramps, is converted into a reference value for the
propeller pitch and shaft line revolution regimes by means of two tables in which the
steady state equilibrium points for propeller pitch and shaft line rotation regimes (de-
pending on lever position) are reported.

During normalmanagement, when all controlled variables arewithin the allowed
limits, the set-point both for rpm and pitch is generated by a P.I.D algorithm based on
the error between the desired value and the monitored one:

e (t) = theresold (t) − feedback(t)
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Figure 4.6: Example of combinatory curves

setpoint (t) = KPe(t) + KI
∫
e (t) dt + KD

d
dt e(t)

4.1.3 Protections

Di�erent protection logics can be applied to a propulsion control system as a function
of the propulsion plant. Herein the main logics studied are reported:
• Engine over-torque protection
• Engine over-speed protection
• Shaft line over-torque protection

– Rpm reduction
– Pitch reduction

• Shaft line over-speed protection
• Torque balance

Obviously, other variables are monitored by the ship supervisor and become part of
the protection loop, including the main engine temperatures (inlet air, exhaust gas,
coolant), gearbox oil pressure and temperature, thrust bearing oil pressure and tem-
perature, propeller thrust, etc.).

The required propeller speed is compared with the measured actual shaft speed
to feed a PID algorithm able to assess the main engine throttle demand. This kind of
speed error is adjusted to keep each engine within its torque limit during every condi-
tion to prevent overload and also to take into account the other variables in�uenced
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by the shaft line rpm. The �nal engine throttle is the minimum signal between the
results achieved by three PID algorithms, which act:
– On the shaft speed error;
– On the di�erence between the engine torque limit (for instance, equal to 85% of

the main engine nominal torque) and the engine actual torque;
– On the di�erence between the shaft torque limit (for instance, equal to 85% of the

design shaft torque) and the shaft actual torque.

Once the engine throttle demand is calculated, the corresponding local engine con-
trol system must regulate the fuel �ow to achieve the proper power required by the
propeller.

The pitch set-point is possibly corrected to keep each shaft line within its torque
limit during every condition. A possible correction to the pitch set-point is made
through a P.I.D. algorithm on the basis of a torque limit which is lower than the previ-
ous one (i.e. 75% – 85% of the shaft nominal torque). Possible overload protection is
determined�rst by the pitch reduction and thenby themain engine throttle reduction.

During manouevres for a twin-propelled vessel, the loads on the propellers are
di�erent between the inner and the outer shaft line, so di�erent torques are acting.
In the case of x-crossed gearboxes, this di�erence in acting torques can be dangerous
for gearbox teeth, so a proper control function, referred to astorque balance, was de-
signed. The pitch set-point is corrected for each shaft on the basis of the di�erence of
torques acting on the shafts. The pitch set-point is then reduced for the shaft subjected
to the higher torque.

It is di�cult to formulate a mathematical expression for the complex control
propulsion system under investigation, but it is possible to express such an arrange-
ment as a functionality dependence:

nset(t) = f (V , Tel, Qstbd , Qport , Qeng , nav mode, nmax , nmin , n)

φset(t) = f (V , Tel, Qstbd , Qport , n, nav mode, φmax , φmin)

Where:
V is the ship speed
Tel is the step lever position
Qstbd andQport are the real starboard and port shaft torques, respectively
Qeng is the real engine torque
nav mode is the real operative mode
nmaxandnmin are the maximum and the minimum shaft line revolution regimes,

respectively
φmaxφmin are the maximum and the minimum propeller pitch angles allowed
n is the actual shaft line regime of revolution
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4.2 Emergency Manoeuvres

Undoubtedly, propulsion systems with controllable pitch propellers serve an advan-
tage for emergency manoeuvres. The possibility of varying two degrees of freedom
(propeller pitch and rpm) ensures a much faster ship response. For example, in a
crash-stop manouevre, the time and the space needed to arrest the ship hugely de-
creases if compared to a propulsion plant with a �xed propeller. It is not required to
stop and reverse the shaft line motion; rather, the propeller pitch only needs to be
changed. During rapid acceleration, it is possible to increase both the shaft line speed
and the propeller pitch. These great bene�ts are o�set by complex control logic studies
investigating a system with two degrees of freedom.

In the following discussion, the control logics, developed by the author, are de-
signed to maximise the performance in the two cases outlined above.

4.2.1 Slam Start

For the proposed control logic, the automation system interprets as a “SlamStart” con-
dition every shipmanoeuvre in which the bridge lever position is suddenly brought to
the maximum step (100%), starting from a step value lower than 70%. In this context,
“Slam Start”manoeuvres can also start when the vessel is moving astern. In this case,
propeller pitch and speed aremanaged according to a proper combinatory law to drive
the CPP until the zero thrust condition. On the contrary, if the initial pitch is greater
than that one corresponding to zero thrust,φ0, shaft speed ismanaged by a PID action
on the basis of the speed error between actual speed and commanded set-point. The
commanded set-point provides the maximum propeller speed modulated by a ramp
over time.

Using simulation techniques, great numbers of ‘virtualmanoeuvres’ can be calcu-
lated to optimize the slope of the ramps in a very short time with respect to traditional
methods.

The propeller pitch set-point is calculated over time by a proper control function
as described in Fig. 4.7.

Figure 4.7: Propeller pitch set-point logics in the “Slam Start” manoeuvre
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The whole control logic is summarised by means of the �ow chart illustrated in
Fig. 4.8.

Figure 4.8: Flow chart for Slam Start control logic

In particular, when the propeller pitch increases the torque required by the pro-
peller very quickly, occasionally the main engine is not able to deliver the necessary
torque; this causes a drop in rpm and a slower manoeuvre. To prevent this, the pro-
posed pitch control function acts on the propeller pitch taking care that the actual pro-
peller rpm follows its increasing set-point with a speed tolerance (∆rpm) in a smooth
and linear way and for as far as possible. In addition, in this case the simulation tech-
nique permits the set, as well as possible, the speed tolerance ((∆rpm) value.

The speed tolerance (∆rpm is useful to activate the “pitch freezing”when the shaft
line rpm is very far from its set-point; otherwise, any increase in the pitch set-point
would result in a further drop of shaft revolutions.

This particular behaviour is shown in Fig. 4.9, where the propeller pitch set-point
(solid line) and the corresponding feedback (dash-dot line) are reported.
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Figure 4.9: Propeller pitch dynamics for “Slam Start” manoeuvre

4.2.2 Crash Stop

For the “Crash Stop” condition, similar to that of the “Slam Start” condition, several
possible criticalmanoeuvres are considered, and this aspect complicates signi�cantly
the control optimization for the automation designer. In fact, every condition inwhich
the bridge lever position is moved from any step higher than 20% to an astern step
at least equal to −100% is considered a “Crash Stop” mode. In order to reduce the
parameter range to be set for any possible case, the following logic has been studied
(Fig. 4.10).

As long as the propeller pitch values φ are greater than pitch corresponding to
zero thrust (φ0), the pitch set-point is calculated by a proper function (based on a PID
action on the error between actual propeller rpm and a rpm threshold set to a constant
value),whereas the shaft speed ismanaged acting on the engine signal responsible for
the engine fuel �ow calculation. During a crash stop manoeuvre, the quick decrease
of the pitch propeller causes an increase in shaft line revolution with the risk of a non-
controllable over-speed due to the windmill e�ect. So, when the actual shaft speed is
greater than the previous speed threshold, the engine signal is immediately brought
to zero; otherwise, it is calculated as the standard procedure illustrated in 4.1.2.

On the contrary, for pitch values lower than φ0 (i.e. pitch values corresponding
to reverse running of the vessel the assessment of pitch and shaft speed set-points is
managed in according to a proper combinatory law studied for the crash stop.

4.3 Real Time Hardware In the Loop (RT-HIL)

Theprocedure developed to design a real propulsion control systemcanbe subdivided
into four main steps. The analysis of customer requirements and technical speci�ca-
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Figure 4.10: Flow chart for the “Crash Stop” control logic

tions leads to a �rst tentative controller design based on previous experience and ex-
pert knowledge of control systems. The second step is a full simulation approach that
enables a complete understanding of both steady state and dynamic behaviours of the
regulated ship propulsion plant. The third step is the systematic analysis and review
of the simulation results, which allows the controller design to be updated and re-
�ned until the desired performance is obtained. The implementation of the controller
scheme (resulting from the simulations) into the controller software gives the real con-
troller. The fourth step is the debugging and �ne tuning of the real controller by a ‘Real
Time’ (RT) ‘Hardware In the Loop’ (HIL) simulation.

The last step allows the designer to study, in a simulated environment, the perfor-
mance of the real controller. The procedure integrates basic knowledge andmanufac-
turer experience with massive use of numerical simulation in real time.

During the simulation-based preliminary design, it is appropriate for simulations
to run in batch mode to obtain the calculated data more quickly (that means that a
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Figure 4.11: Controller design by simulation

60-second test, for example, is simulated by PC in less than 60 seconds). The calcula-
tion time depends on several factors regarding both hardware limitations (computer
memory, CPU speed) and the developed numerical model (simulation time step, sti�-
ness, kind of solver for the ordinary di�erential equations). In this phase, the control
logic can be designed and several parameters of the regulation loops can be set in an
ideal system, representing the interaction between two software (control system and
ship) as illustrated in Fig. 4.12.

Figure 4.12: Data exchange between control and ship simulator

A typical architecture of the propulsion control system of a ship could be the fol-
lowing:
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Figure 4.13: Architecture of the propulsion controller

Several CPUs are usually used to control di�erent components of the propulsion
system and to limit the loss of functionalities in the case of failure of one of them (even
if each CPU is used in a redundant con�guration).

Unfortunately, the behaviour of the real hardware on board could be quite di�er-
ent from that of the one simulated during the preliminary design phase.

The main di�erences could be due to the cyclic time of the CPUs, a di�erent time
delay in exchanging data between controllers, and the native functions that can be
implemented; further di�erences could be explained by the presence of many func-
tionalities usually not implemented in the ship numerical model (but that still inter-
act with the propulsion control) and the thousands of signals that the automation has
to monitor on the real system.

In the real system, the whole control system has to work in real time and the au-
tomation designer has to be sure that the performance foreseen by simulation will be
maintained in a real environment. To this end, it is necessary to limit, as soon as pos-
sible, most of the di�erences between the two worlds. This could be possible by the
adoption of the RT-HIL method.

Once the control logic performance has been evaluated using batch simulations,
the control subsystem is tested by RT-HIL simulation.

This design technique is employed in test setupwhere the real hardware controller
can exchange datawith the ship propulsionmodels (engine, shaft line, propeller, ship
motions, etc.) that are simulated in real-time (for example, a 60-second test must take
exactly 60 seconds to run on PC).

Generally, the real controller test is performed on board, partially during the de-
livery period and completely during ship full-scale trials. These trials are time con-
suming and very expensive as they require the full ship availability. By using RT-HIL
simulation, the physical availability of the ship is not required; thus, the controller
testing can be done even before the ship is built. In order to increase the simulation
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realism, some functionalities, not implemented in the ship model, are simulated by
codes inside the controllers.

Figure 4.14: Test-bed used for RT HIL trials

Fig. 4.14 shows the block diagram of the experimental setup used for testing the
controller. A real-time application executes the ship model. An OPC client reads the
command parameters on the controllers through OPC servers and returns the results.
OPC servers and the application reside on the samePCand eachOPCServer exchanges
data with one controller through Ethernet LAN.

The “Simulated Functionalities” can interact with an HMI (Human-Machine In-
terface) page, seen in Fig. 4.15, to supply commands from users (i.e. the selection of
the lever position and of a precise propulsion mode) and to simulate the minor sys-
tems not implemented inside themodel. All of the parameters exchanged via OPC can
be logged to a �le, but they are also available to the automation designer by means
of a graphical panel as illustrated in Fig. 4.16. In this way, it is possible to obtain a
comprehensive view of all system working parameters.

Because the real time application (ship model) is completely con�gurable, it is
possible to try the controller with di�erent working scenarios (i.e. di�erent ambient
temperatures, rudder angles, etc.). This is an additional advantage of the RT-HIL ap-
proach, not only because the designer can debug the controller before the on-board
delivery tomaximise the controller performance andminimize costs anddelivery time,
but also because it is possible to test the system in borderline situations that can be
di�cult or risky to test with the real ship.
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Figure 4.15: Snapshot of simulation input panel

Figure 4.16: Snapshot of simulation output panel


