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Executive Summary

This document describes the simulation program in MATLAB®-Simulink® environment that has been
developed in the framework of the project RETROFIT 55 to describe the transient and steady-state
behaviour of the retrofitted version of the propulsion drive train of the Kastor ship, integrating the
PTO/PTI technology.

As known from the scientific literature, the integration of the PTO/PTI technology enables the
achievement of the following benefits: a more efficient use of the main engine, which often works in
its SFOC (Specific Fuel Oil Consumption) region, a reduced use of the on-board auxiliary generators
with consequent lower maintenance costs, overall reduction of fuel consumption and polluting
emissions, small space requirements, low installation costs, low noise levels and overall high
reliability.

The ship’s propulsion is currently provided by a HYUNDAI-MAN B&W main engine (ME) coupled
with a single fixed pitch propeller. As explained in the deliverables already submitted, a PTO/PTI
drive train is supposed to be integrated into the ME propulsion in a direct drive configuration, allowing
the full decoupling between the ship shaft speed and the output frequency of the shaft generator.
This configuration permits also full controllability of the electrical machine in the 4 quadrants of the
torque-speed plane.

Specifically, a permanent magnet synchronous machine (PMSM) with a rated power of 1 MW has
been designed to enable the ME to work within its minimum SFOC (specific fuel oil consumption)
region across a wide range of operating points.

The simulation program implements a set of dynamic equations for the entire propulsion drive train
of the retrofitted version of the Kastor ship. In particular, the model includes the dynamic equation of
the ME, covering the dynamics of the combustion, the torque-speed mapping and the specific fuel
oil consumption mapping.

It includes also the dynamic model of the PTO/PTI drive train, composed of the dynamic model of
the permanent magnet synchronous machine (PMSM), its control system based on the field-oriented
control (FOC) scheme, the grid connected inverter and its control system, based on the voltage-
oriented control (VOC) scheme.

Both the machine-side and grid-side voltage source inverters have been controlled using a vectorial
control technique in order to guarantee the optimal dynamic performance in the torque control for
the machine-side inverter, and in injected power control as for the grid-side inverter.

Finally, the report includes an overall mechanical model of the drivetrain. This takes into account the
propeller's load torque versus speed curve, as well as the system's overall inertia. This system
comprises the main engine, the permanent magnet synchronous machine, the shaft and the
propeller.
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1 Report technical content

This document represents a point-by-point description of the simulation tool of the propulsion drive
train of the retrofitted Kastor ship, as implemented in MATLAB-Simulink environment. From this point
of view, it has been conceived to support the software, being the Deliverable itself.

The technical content of the report is organized as follows: Section 2 includes a description of the
ship power train model, integrating PTO/PTI systems. In particular, Section 2.1 details the dynamic
model of the propulsion Diesel Main Engine (ME). Section 2.2 presents the dynamic model of
Permanent Magnet Synchronous Machine (PMSM). Section 2.3 describes the Field Oriented Control
(FOC) of the Permanent Magnet Synchronous Machine (PMSM). Section 2.4 covers the Voltage
Oriented Control (VOC) of the grid side Voltage Source Inverter (VSI). Section 2.5 deals with the
mechanical model. Section 2.6 addresses the simulation results in MATLAB®-Simulink®
environment. Finally, Section 3 presents the conclusions.
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2 Integration of PTO/PTI Systems into the Ship Powertrain

One solution for improving overall efficiency and reducing fuel consumption and related polluting
emissions is the shaft generator/motor, also called PTO/PTI (Power Take Off / Power Take In), which
is explained in more details in other deliverables.

PTO/PTI are developed within the framework of the hybrid propulsion paradigm [1], [2], [3], [4], [5].
The main advantages of these retrofitting technologies are a more efficient electric power generation
on-board, due to the higher efficiency of the main engines compared to the auxiliary ones (associated
with their lower specific oil fuel consumption) as well as a reduction of the associated maintenance
costs. Deliverable D6.6 shows the improvements achievable in terms of reduced overall ship fuel
consumption and related polluting emissions thanks to the integration of a PTO/PTI technology in
the Kastor ship, associated with the adoption of a properly designed storage system and a related
energy management system (EMS).

Figure 1 shows the block diagram of the chosen PTO/PTI configuration. It is observed that, to
decouple the main engine mechanical speed from the frequency of the shaft generator, the low
speed/high torque permanent magnet synchronous machine (PMSM) is supplied by a bidirectional
AC/AC power converter.

Consumers Auxillary Diesel Generators

B Ak

Coupling

Main Dlesel Engine

Shaft generator /motor
Propeller

Figure 1: Typical PTO schemes: PTO-CFE system with low-speed generator

Such an AC-AC converter is composed of two voltage source inverters (VSI) in a back-to-back
configuration, which guarantee a full bidirectional power flow between the electrical machine and the
on-board microgrid, as well as the possibility to supply the PMSM with a unitary power factor. A
typical configuration of the two VSI in back-to-back configuration is shown in Figure 2.
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Figure 3 shows the block diagram of the retrofitted version of the Kastor ship power train. It can be
observed that both the machine-side and grid-side VSIs are controlled by high performance vectorial
techniques, respectively the so-called field-oriented control (FOC) for the machine-side VSI and the
so-called voltage-oriented control (VOC) for the grid-side VSI.

Figure 2: VSIs in back-to-back configuration

The FOC receives in input from the energy management system (EMS) the power reference of the
PTO/PTI and, known the PMSM speed, computes the torque reference of the PMSM. The grid side
inverter receives the reference reactive power, equal to zero in order to make the drive work at
unitary power factor, and the reference value of the DC link voltage. On this basis, it will be
automatically able to transfer the power generated by the PMSM to the on-board electrical grid.

VSI

Coupling

Main Diesel Engine

\ Shaft generator /motor
Propeller
| ———— isA- isBr iﬂ:
FOC o,

‘ Target

Porer - fucntion

Figure 3: Block diagram of the retrofitted version of the Kastor ship power train

This document provides a description of the simulation tool (software) for the entire propulsion drive
train of the Kastor ship, which constitutes the actual deliverable. The considered drive train includes
both the main diesel engine (ME), primarily exploited for the ship propulsion, as well as the electrical
drive adopted to implement the PTO/PTI technology. As explained in previous deliverables, if used
as PTO the electrical drives behaves as controlled generator and constitutes a further load for the
ME, while if used as PTI, it behaves as controlled motor and constitutes some help for the propulsion
of the ME. The simulation tool has been developed in a MATLAB®-Simulink® environment and
represents the dynamic model of the propulsion drive train, including:

¢ The dynamic model of the ME, including the instantaneous fuel consumption.
o The dynamic model of the PTO/PTI system composed of:
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o the permanent magnet synchronous machine (PMSM)
o the field-oriented control (FOC) for the machine-side inverter
o The mechanical coupling between the ME and the PTO/PTI system
¢ The overall dynamics of the propulsion power train
¢ The dynamic model of the voltage-oriented control (VOC) for the grid side inverter

It is worth noting that the proposed model of the retrofitted drive train proposed the Kastor ship is
based on the “fundamental harmonic”, as typically adopted in the scientific literature. Even the
voltage source inverters (VSI) have been modelled with an average model on PWM (pulse-width
modulation) period, implying that no switching effect has been considered in the simulator. The
reason is that integrating the switching effect would have implied enormous simulation running times,
considering the mechanical time constants involved in the system. Such a choice implies that the
model, in this form, is not suited for analyzing the effect of harmonics injected into the ship power
grid due to the VSis, as well as for the related computation of power quality indexes like THDs (Total
Harmonic Distortion). The PWM modulation and related switching effect can be easily integrated in
the model. It is, however, out of the scope of this deliverable, which only focuses on simulation of
the propulsive drivetrain.

2.1 Dynamic Model of the Diesel Propulsion Main Engine (ME)

A description of the actual propulsive system of the case study ship has been already provided in
the deliverable D6.1. It is briefly recalled here for the reader’s convenience.

The ship’s propulsion system consists of a HYUNDAI-MAN B&W main engine (ME) [6][7] coupled
with a single fixed-pitch propeller, measuring 6.95 m in diameter and featuring five blades. The
technical data of the main engine are summarized in Table 1. The reference ship speed (Vyr),
obtained from the approved speed-power curve, calibrated to EEDI conditions and based on sea
trial results, is equal to 13.86 knots.

Table 1: Technical data of the main engine

Manufacturer HUNDAY-MAN B&W
Type 6S60ME-C8.5
Maximum continuous rating (MCRwmg) 9930 kW x 90 rpm
Limited maximum continuous rating with engine power limitation (MCRwg, iim) 8230 kW
SFC at 75% of MCRwme or 83% of MCRwE, iim 166.81 g/kWh
Number of engines 1
Fuel type MDO

A simplified scheme of propulsion and electric power supply system of the KASTOR ship in the
current ship configuration is provided in Figure 4 (see also Deliverable D6.1). It is evident that in the
current configuration, the propulsion system and the electrical power generation (and use) are

inherently separated.
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Figure 4: Schematic figure of propulsion and electric power supply system of the M/V KASTOR ship

A Diesel engine does not respond instantly to the driver's commands or torque requests from the
engine control unit (ECU). The quantity of fuel injected increases with a delay; the dynamics of the
common-rail pressure are distinct; the development of torque by combustion takes time; and the
crankshaft and rotating group introduce mechanical inertia. The overall behaviour can be accurately
represented by a second-order dynamic system, described by the following equation [8]:

dZ
ez tmpE t 28wyty pp + W = wh tpEref (1)
In Equation (1) tpg ref is the requested torque produced by the ME (pedal input or ECU command),
tm,pe is the real produced torque, ¢ is the damping ratio and w,, is the natural frequency. Starting

from the dynamic equation (1), the transfer function (2) in the Laplace s domain can be written as:

TDE,ref _ w%, (2)
Tm.DE s24+2{wps+tw?

The block diagram of the overall dynamic model of the main diesel engine (ME) is shown in Figure
5

Ly
Tm.pE

>

TDE ref

Figure 5: Diagram of the ME dynamic model

The torque reference T rer is not directly fed to the engine delay. However, since the maximum
torque that the ME can produce varies with the rotating speed, the nonlinear torque map, shown in
Figure 6, has been adopted, as derived from the HYUNDAI-MAN B&W manuals [6],[7].
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Figure 6: ME maximum torque vs. speed characteristic (red) and propeller characteristic (blue)

Figure 6 shows also the load characteristic, in terms of torque vs. speed curve, of the propeller. Such
a curve has been obtained by fitting the high-frequency operational data provided by the ship owner
with a quadratic function (see Deliverable D6.1). The torque T, pe produced by the engine and the
rotating speed are then used to compute the specific fuel consumption (SFOC) of the ME, measured
in g/kWh, which provides a measure of the amount of fuel in g which is consumed for each produced
kWh of generated mechanical energy (in Figure 5 the SFOC is called with the acronym masrc
standing for machine brake specific fuel consumption). In the model it is assumed that the natural
frequency wn = 200 & rad/s and damping ratio is {=0,707.

Figure 7 shows the specific fuel oil consumption (SFOC) map of the main engine model MAN B&W
S60ME-C8.5-TIl, as a function of the power and speed of the engine. On the same figure, the
operational data of the engine acquired over a 2-year interval are plotted.

10000 T
» experimental
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9000 Propeller curve
| == Light propeller curve
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Figure 7: Propeller curve, light run propeller curve and operational data
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Figure 8: SFOC of the MAN B&W S60ME-C8.5-Tll, as a function of the power and speed of the engine

Figure 9 and Figure 10 show the block diagrams of the HYUNDAI-MAN B&W dynamic model as
implemented in MATLAB®-Simulink® environment. It is worth noting that, in this model, a sort of
ship cruise control has been implemented. To make the ME work at the desired speed, the ME
reference speed is compared instantaneously with the measured one, the tracking error is processed
by a PI (proportional integral) controller, whose output is the reference torque Tm.rr. A block is also
present, which computes the optimal working point of the ME, corresponding to its minimum SFOC.
Such a value is then exploited by the EMS for the definition of the PTO reference power.

Al 3 +, > P tau_ref tau_ice
.I> spd_ref .9 tau_ref - - tau_ice @

tau_ice
SPEED rpm->rad/s " -
REFERENCE P spd_mis fuel -

oTw DIESEL ENGINE
" /./ -
OPTIMAL
POWER

spd_mis

Figure 9: Block diagram of the ME dynamic model in Simulink environment

x | ‘%
m_ige
-

J->kWh

2 ) P spd_mis
1 num(s
spd_mis tau_max > den ((S))
P tau_ref tau_ice
tau_ref delay
nonlinear
torque map 207w
) % L] o
J& > u2 fuel
rad/s->rpm

Figure 10: Block diagram of the ME dynamic model in Simulink environment
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2.2 Dynamic model of Permanent Magnet Synchronous Machine (PMSM)

The dynamic model of the Permanent Magnet Synchronous Motor (PMSM) has been expressed in
terms of space vectors. The reader can refer to [9] for any detail about the model.

The stator equation of the PMSM expressed in the rotating synchronous reference frame with the
direct axis aligned with the permanent magnet are the following:

, d .
U™ = R+ P+ jo 3)
Where u;”P M is the stator voltage space-vector, i;’b” M is the stator current space-vector, 1[13’" M is the

stator flux space-vector, and R is the stator resistance.
Decomposing each vector in its direct and quadrature axis components, we obtain:

1,UPM — Rsl;/jiPM - d ;/:1PM WLy lll’PM

(4)
1,UPM =R, lIPPM + L, 1l’PM + erdllpP + W Ppy

where the direct and quadrature inductances, L4 and Ly can be written as a function of the leakage
inductance Lg and the mutual inductances on the direct and quadrature axis Lmg, Lmg, @s:

Lg=Lg + Lipg
Ly =Ly +Lmg (5)

and the stator flux 1[1‘/”’“ is written as a function of the permanent magnet flux 1[)""”‘4 and the stator

current fl’PM as wpr 1/;1/”’“ + L, ll””” L, is the stator inductance matrix (mind that the cross-
coupling inductances are neglected in the proposed model).

The electromagnetic torque can be written, in a general case, as the sum of the permanent magnet
flux term plus the reluctance torque term, as follows:

3
te=1>p (Ld q)lllJPM [YPM lll)PMll)PM (6)

reluctance

where p is the number of pole pairs of the machine.

The “instantaneous active power”, considering that the non-power invariant form is adopted, is given
by

p(t) = 2Re(s) =2 (ulpmilem + urmidem) @)

According to the space-vectors theory [9], the direct and quadrature components of the stator current
in the stator reference frame can be obtained from the three-phase quantities using the following

equations:
1 1 .
B isD 2 1 _E _E ’IESA 8
ST lisel T3|g B _3||F (8)
2 2 ]bsc
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Instead, the direct and quadrature components of the stator current in the synchronous reference
frame can be obtained by the corresponding expressed in the stator reference frame by the following
equations:

l-llJPM 9 in6.1Ti
(pon = i o [S] _[eoser —sindy i ©
s s i;l:fM sinf, cos0O, |l|iso

Figure 11 shows the block diagram of the PMSM dynamic model as implemented in MATLAB®-

Simulink® environment.

x
1 @ b pwr_pto (D)

pwr

1) 352 le]
V_abc e® g
[cos6 sin@]

e

:
.
| [cosh sind]

Figure 11: block diagram of the PMSM dynamic model as implemented in Matlab®-Simulink® environment

Table 2 shows the electrical parameters of the dynamic model of the adopted 1 MW PMSM in the
PTO/PTI scheme. How the design power of 1 MW has been obtained has been fully explained in
Deliverable 6.3.

Table 2: Electrical parameters of the dynamic model of the adopted PMSM

Parameter (measurement unit) Value
direct axis inductance, L; (mH) 1.5731
quadrature axis inductance, L, (mH) | 1.5731
stator winding resistance, R (mQ) 0.821

pole-pairs number, p 5
permanent magnet flux, Ypy (Wb) | 5.8264
moment of inertia J (kg - m?) 1000

viscosity resistance, F (Nms/rad) 0.005

_AD
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2.3 Field Oriented Control (FOC) of the Permanent Magnet Synchronous
Machine (PMSM)

The effectiveness of the vector control, also known as Field Oriented Control (FOC), lies in the
possibility of controlling a PMSM as a DC machine, with the same dynamic performance. As is
known, the DC motor enables a decoupled control of both flux and torque. Keeping the field current
constant, regulating the torque component of the armature current changes the torque produced by
the machine. In the PMSM, the control can be exploited only through the stator windings; given the

3-phase stator currents, i, isp and iyc, the 2-phase current components i;l:f’” and i;pq”’” , expressed
in the Permanent Magnets (PM) reference frame, can be obtained exploiting Eq. (8) and (9). Figure
12 shows the space-vector scheme of the Field Oriented Control. It can be easily observed that
performing field orientation requires the instantaneous knowledge of the rotor angle 9,, which is
typically measured either by an incremental encoder or by a resolver.

Figure 12: Vector scheme of the Field Oriented Control

By applying the space-vector theory to the PMSM, a DC-equivalent model can be obtained: for a
constant value of the direct axis current component i;’g’”’, the machine flux is constant, and the
guadrature axis current component i;’;”’" control the electromagnetic torque. Hence, it is possible to
control the flux amplitude of the machine by regulating i;l’d” M whereas it is possible to control the

electromagnetic torque by regulating i;’;"M.

Torque -controlled drives, such as the one shown in the schematic of
Figure 3, are provided with two input signals: the torque reference t..., and the direct current

reference. In this case the direct current reference has been set to zero i,..r = 0 (saliency torque

is not exploited) while the torque reference is computed on the basis of the power reference provided
by the EMS as:

Pgre
leref = —ref (10)
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A field-oriented control (FOC) with impressed voltages has been implemented in this case, given the
high rated power of the PTO/PTI generator, which is of 1 MW. Figure 13 shows the block diagram
of the FOC scheme.

Figure 13: Block diagram of the adopted FOC scheme

Using a PWM-fed VSI, current control can be performed in the PM reference frame, where currents

components are DC quantities. Thanks to that, simple Pl controllers can be used for the two

components of the stator current space-vector, to obtain the voltage reference u;”;rﬂgf and u;’;‘;ﬂgf.

These references are then transformed, using the rotation matrix:

VeM [usDref] _ [ cos @, sin6, [usdref] (11)

sref " |—sin6, cos0,]|Usqref

— )b
usref e’ ru usQ‘ref

and then, the reference voltages uguyer, Usprer aNd ugcrep are obtained by Eqn. (12) and fed to the
VSI which will create them by the PWM technique adopted:

y 1 0
SsAref 1 NE) u
usBref] =|"2 2 [uzD:Z;] (12)
Uscref 1 E ¢
2 2

Figure 14 shows the block diagram of the FOC scheme as implemented in MATLAB®-Simulink®
environment.

pwr_ref
From D »spdmis \ /
>V X
spd_mis N ] e \Y/\
° s — e D
& N\ 7 P v v "o tau_pto : 1 -
» P au_plo
PMSG CTRL Ve /}' \/ v AV Vabo L o -
\ — e
e PMSM
|
(2 30¢ | Jabg]
vdc_mis (D, e ol
- spd_misi P ot |pto 1
pGen

Figure 14: FOC scheme implemented in the MATLAB®-Simulink® environment

2.4 Voltage Oriented Control (VOC) of the grid side VSI

Voltage oriented control of grid-side VSl is based on the idea of decoupling instantaneously the direct
and quadrature components of the injected current, working in the grid voltage space-vector
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reference frame. In this synchronous reference frame, the voltage space-vector equations of the
system are:

S+ RIY + jwli (13)

ug =ug +1L
where uy is the space vector of the inverter voltage, uy is the space vector of the grid voltage, iy is
the space vector of the injected current, L is the interconnecting inductance, R is its parasitic
resistance, and w is the grid pulsation.

The decomposition of such equations on the direct (d) and quadrature (q) axis gives:

{ugd = Ugq + RiSd + L dlsd/dt - Cl.)Lisq (14)

Ugg = Usqg + Rigq + Ldisq/dt + wlisy

Equation (14) indicates that the direct and quadrature components of the injected currents are
determined by the corresponding components of the inverter voltages. However, as in the electrical
drive counterpart, there are some coupling terms on both axis equations, which should be
compensated with feed-forward control terms. The same consideration is true for the direct
component of the grid voltage, which should be compensated with a suitable feed-forward term.

Regarding the current control, it can be devised considering that a feed-forward compensation of
some terms should be considered. The direct and quadrature components of the inverter voltages
can be then computed as:

Ugqg = (A)Lisq + ugd + Ausd

usq = —(A)Lisd + Ausq (15 a’b)

where Pl controllers are used for controlling the current error to zero in this way, forcing the current
error on both axis to zero:

Aug = ky(igrep — ia) + k1 [(igrer — ig)dt
Aug = ky(igrer — iq) + ky [(igrer — ig)dt (16 a,b)

The entire control scheme is shown in Figure 15. Current control is performed in the grid voltage
reference frame by means of PI (Proportional Integral) controllers.

Because the objective is to control directly the DC-link voltage, the scheme has been modified by
adding another DC-link control loop; that outputs the direct reference current. The quadrature current
reference is always set to zero, so that the reactive power flow with the grid can be kept to zero.

Figure 15 shows the block diagram of the implemented VOC scheme, whereas Figure 16 shows the
VOC scheme implemented in MATLAB®-Simulink® environment.

The implementation of the VOC required the definition and implementation in MATLAB®-Simulink®
environment also of the dynamic model of the DC link of the AC/AC power converter, as shown in
Figure 17.
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Figure 16: VOC scheme implemented in the MATLAB®-Simulink® environment
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Figure 17 - Dynamic model of the DC link of the AC/AC power converter in the MATLAB®-Simulink®
environment

2.5 Mechanical model
The mechanical model implements the dynamic relationship between ME torque, PMSM torque,
propeller load torque, and inertial torque, as follows:

dw
tmpe T te = Jtot d_tr + torop (17)

where ty,,0p = Kprop w? is the propeller torque, assumed proportional to the square of the ME speed,
as shown in Figure 7, and t, can be calculated as
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3
te =Ep sq

(Lg— Lg)i¥rmilem + is";PszPM] (18)
reluctance

is the PMSM torque, t,, pg is the ME torque output of the curve in Figure 6, w, is the ME speed, J;,;
is the total moment of inertia, sum of four terms, respectively the propeller, the ME, the shaft and
PMSM moment of inertia as follows:

Jtot = Jprop * Jme + Jsnare + Jpmsm (19)

Table 3 presents the moments of inertia used in the Kastor ship propulsion system simulator,
extracted from [5] and [7], for the propeller, main engine (ME), and shaft.

Table 3: Moments of inertia adopted in the simulator of the Kastor ship propulsion system

ltem Inertia
(kg - m?)
Main Diesel Engine 1000
PMSM 1000
Propeller 56065
Main shaft 406

Figure 18 shows the quoted plot of the ME shaft including the propeller of the Kastor ship.
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Figure 18: Quoted plot of the ME shaft including the propeller of the Kastor ship

Figure 19 shows the block diagram of the mechanical system, as implemented in MATLAB®-
Simulink® environment.
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Figure 19: Block diagram of the mechanical system, as implemented in MATLAB®-Simulink® environment.

2.6 Simulation results

Figure 20 shows the block diagram of the overall simulator of the drive train of the retrofitted Kastor
ship, as implemented in MATLAB®-Simulink® environment. It consist of the sub-models of the
above-described components: the main engine (ME), the PTO/PTI electrical drive with its power
converter and control, the mechanical model including the propeller load profile.

pd_mis tau_ice ICE

MAIN ENGINE

»spd_mis tau_pto PTO SPEED

vde_mis pGen | pGen vdc_mis
PTO/PTI DC LINK MDL

»spd_mis tau_loa PROP

PROPELLER

SHAFT

Figure 20: Block diagram of the overall simulator of the drive train of the retrofitted Kastor ship implemented
in the MATLAB®-Simulink® environment

Figure 21 shows the power increase (PTO) or decrease (PTI) needed to bring the ME at its minimum
SFOC for each value of its speed, including the power limit of £10 MW constant lines, corresponding
to the maximum power that PTO/PTI drive can provide in both generating and motoring mode. With
the adopted design of the PTO/PTI drive, there is a precise speed range within which the ME SFOC
can be optimized, specifically between 65 and 82 rpm. The simulation tests shown in the following
part include four steady state working points, among which two in PTO (68 and 70 rpm), and two in
PTI (78 and 95 rpm). Specifically, the PTI operating point at 78 rpm allows the ME’s SFOC to remain
optimized, whereas at 95 rpm the PTI assists the ME in propelling the ship under conditions where
the required torque exceeds the ME’s maximum capability. This means the propulsion system can
operate at 95 rpm with PTI support, but SFOC optimization is no longer possible.
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Figure 21: Power variation needed to bring the ME to its minimum SFOC at each speed

Figure 22 shows the waveforms of the ME reference and actual speeds, as well as the ME and
PMSM torques during a set of speed step references of the type 68, 78, 70 and 95 rpm. The PTO/PTI
drive is supposed to be activated at 20 s. It can be observed that the ME cruise control leads the ME
speed to 68 rpm, as desired. When the PTO/PTI drive is activated with the goal of minimizing the
ME SFOC, its speed instantaneously decreases because of the increase of the ME load torque. The
cruise control then commands an increase of the ME torque, in order to compensate for the rise in
PMSM load torque (the PMSM torque is assumed positive when in motoring mode, following the
standard convention for electrical machines). It can be observed that at 68 and 70 rpm the PMSM
torque is negative, indicating a behavior as generator (PTO), while at 78 and 95 rpm the PMSM
torque is positive, indicating a behavior as motor (PTI). As speed increases, the torque magnitude
also increases in relation to the load torque of the propeller (see Figure 7).
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55 k . ! , , ]
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|
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o B e ¥ T —PMSM torque
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Figure 22: ME reference and actual speed, ME and PMSM torques

Figure 23 shows the PMSM is, isy currents. The isy is constant, witnessing a constant magnetization
level of the PMSM as required, while isy presents a stepwise waveform, with negative steps when

PTO is activated and positive steps when PTl is activated. The higher the ME speed, the higher the
amplitude of the isy steps.

A

D6.2 — Design and integration of the power train in a simulation tool —

Dissemination level — PU x
Page 23 of 30



.3
=& RETROFIT55 &

Horizon Europe programme, grant agreement No. 101096068

Funded by
the Eurepean Union

reference
——measured

1000

500 -

500 -

isx — current (A)

-1000
0

20 40 60 80 100 120

reference
——measured

2000 !

iy — current (A)

20 40 60 80 100 120
t — time (s)

Figure 23: PMSM isy, isy currents

Figure 24 shows the grid injected igq, igq currents. The igq is constant to zero, indicating that no reactive
power is exchanged between the PTO/PTI drive and the power grid. On the contrary, igs presents a
stepwise waveform, with negative steps when PTO is activated and positive steps when PTlI is
activated (power sign convention is coherent with current sign convention, meaning that generated
power is negative). The higher the ME speed, the higher the amplitude of the iy steps.
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Figure 24: Grid injected igd, igq CUrrents

Figure 25 shows the DC link reference and actual voltages. The reference voltage is set to the
constant value of 1200 V, while the actual voltage is regulated at steady state at its reference value,
as expected, independently from the power transmitted from the PMSM to the power grid, or
absorbed by it. It can be observed that there is a non-null transient voltage tracking error, which is
because the PTO/PTI are supposed to be activated with a linear law in time, to avoid a step loading
of the ME, which could be stressing from the mechanical point of view. During the transient increase
of the load, the Pl devoted to the DC link control presents a non-null transient tracking error, as
expected.

A

D6.2 — Design and integration of the power train in a simulation tool —

Dissemination level — PU x
Page 24 of 30



== RETROFITS55

Funded by
the Eurepean Union

Horizon Europe programme, grant agreement No. 101096068

reference
1500 T T T
——measured

20 40 60 80 100 120
t — time (s)

Figure 25: DC link voltage

Figure 26 and Figure 27 show a zoom of the PMSM three-phase voltages and currents as well as
the grid injected three-phase voltages and currents, obtained during a transient of the power train. It
can be observed that the PMSM phase currents have a variable frequency due to the ME’s variable

speed, whereas the grid-injected phase currents maintain the constant on-board grid frequency of
50 Hz.
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Figure 26: PMSM three-phase voltages and currents
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Figure 27: Grid injected three-phase voltages and currents
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Figure 28 and Figure 29 show the PMSM active and reactive instantaneous powers and the active
and reactive instantaneous powers injected into the power grid respectively. Both the PMSM and
the grid injected active powers present a stepwise waveform, with negative steps when PTO is
activated and positive steps when PTl is activated (the power sign convention is consistent with the
current sign convention, meaning that generated power is represented as negative). The higher the
ME speed, the higher the amplitude of the active power steps, the difference between the two being
attributed to the internal power losses of the PMSM due to the Joule effect. On the contrary, while
the PMSM reactive power is non-null, as expected, the reactive power exchanged with the grid is
always null, indicating that the control system is always able to make the PTO/PTI work with a unity
power factor.
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Figure 28: PMSM active and reactive instantaneous powers
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Figure 29: Active and reactive instantaneous powers injected into the power grid

Figure 30 shows the Locus of the ME operating points in the power vs speed plane (black), SFOC
isolines and minimum SFOC trajectory (dashed red). The figure shows also the steady state working
points. It can be clearly observed that both the PTO steady state working points lie on the minimum
SFOC curve, indicating that the PTO/PTI system is able to minimize the specific fuel consumption
of the ME. As for the PTI, the working point at 78 rpm corresponds still to a situation where the
PMSM helps the propulsion of the ME, enabling the minimization of its SFOC. On the contrary, the
working point at 95 rpm corresponds to a situation in which the required propulsion torque exceeds
the maximum allowable torque of the ME. In this situation the PMSM helps the propulsion of the ME
but cannot minimize its SFOC. Figure 30 shows that the proposed PTO/PTI drive train permits the
ME to work at its minimum SFOC in a wide operating range. As for the overall effect in time, in terms
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of overall reduced fuel consumption and related polluting emissions in a two-years period obtained
thanks to PTO/PTI as well as a properly devise energy management system (EMS), the full analysis
has been reported in Deliverable D6.6 and published in [10]. This deliverable is devoted to the
dynamic modelling of the retrofitted propulsion drivetrain, including the PTO/PTI electrical drive and
its control.

Py — power (kW)

4000

3000

2000
30

wye — speed (rpm)

Figure 30: Locus of the ME operating points in the power vs speed plane, SFOC isolines and minimum
SFOC trajectory

A final simulation has shown that the proposed PTO/PTI electrical drive is able not only to generated
active power, working as PTO, or producing propelling mechanical power, working as PTI, at unitary
power factor with respect to the ship power grid, but it is also able to produce inductive reactive
power in order to compensate, if needed, reactive loads attached to the ship power grid. In the
simulation, the DE runs at a constant speed of 68 rpm (see previous test). Att = 20 s, the PTO is
supposed to be activated with zero reactive power exchanged with the power grid Qe =0 kVAR. At
t=25 s, a negative step reference reactive power is obtained, Qs =-300 kVAR (t a negative reactive
power corresponds to generating inductive reactive power or, alternatively, absorbing a capacitive
one.

Figure 31 and Figure 32 show the active and reactive powers exchanged by the PTO/PTI drive with
the power grid and the grid and inverter phase voltages and the injected phase current respectively.
It can be observed that the PTO/PTI system, as conceived, is able to generate inductive reactive
power while generating active power. This is confirmed by the voltage and current waveforms. In
fact, the VSI voltage is anticipating the grid voltage, which is consistent with an active power
generation mode, and its amplitude is higher than the amplitude of the grid voltage, which is
consistent with an inductive power generation mode. The injected current is almost in opposition with
the grid voltage, slightly anticipating it, as expected.
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Figure 31: Active and reactive instantaneous powers injected into the power grid in reactive power
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Figure 32: VSI and grid phase voltage, injected phase current in in reactive power compensation model
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3 Conclusions

This document describes the simulation program in MATLAB®-Simulink® environment which has
been developed in the framework of the project to describe the transient and steady-state behaviors
of the retrofitted version of the propulsion drive train of the Kastor ship, integrating the PTO/PTI
technology.

The simulation program implements the set of dynamic equations of the entire propulsion drive train
of the retrofitted version of the Kastor ship. In particular, the model includes the dynamic equation of
ME, including the dynamics of the combustion, the torque-speed mapping and the specific fuel oil
consumption mapping. It also includes the dynamic model of the PTO/PTI drivetrain, comprising the
permanent magnet synchronous machine, its control system, the grid-connected inverter, and its
associated control system. Finally, it includes the overall mechanical model of the drive train, taking
into consideration the load torque versus the propeller speed curve as well as the overall inertia of
the system (composed of the main engine, the permanent magnet synchronous machine, the shaft
and the propeller).

The results demonstrate that the proposed PTO/PTI system design not only allows the ME to operate
at its minimum SFOC across a wide range of operating points but also illustrate how transients are
influenced by the inherent dynamics of each subsystem and by the multiple control systems acting
on different components, which interact with one another.

As already mentioned, this deliverable consists of both this document and an accompanying
MATLAB/Simulink software package. The package includes the simulation model and control
implementations described herein, enabling detailed analysis and validation of the PTO/PTI system.

A

D6.2 — Design and integration of the power train in a simulation tool —

Dissemination level — PU x
Page 29 of 30



-
S& RETROFITS5 =

Horizon Europe programme, grant agreement No. 101096068

Funded by
the Eurepean Union

References

[11  J.Prousalidis, C. Patsios, F. Kanellos, A. Sarigiannidis, N. Tsekouras, and G. Antonopoulos,
“Exploiting shaft generators to improve ship efficiency,” in 2012 Electrical Systems for Aircraft,
Railway and Ship Propulsion, 2012, pp. 1-6. doi: 10.1109/ESARS.2012.6387443.

[2] J.M. Prousalidis , E. Xanthopoulos and K. Voutzoulidis, “Reactive power sharing in ship
energy systems with shaft generators,” Journal of Marine Engineering & Technology , vol. 8,
no. 1, pp. 21-38, 2009.

[3] A. Sarigiannidis, A. Kladas, E. Chatzinikolaou, and C. Patsios, “High efficiency Shaft
Generator drive system design for Ro-Ro trailer-passenger ship application,” in 2015
International Conference on Electrical Systems for Aircraft, Railway, Ship Propulsion and
Road Vehicles (ESARS), 2015, pp. 1-6. doi: 10.1109/ESARS.2015.7101529.

[4] A. G. Sarigiannidis, E. Chatzinikolaou, C. Patsios, and A. G. Kladas, “Shaft generator system
design and ship operation improvement involving SFOC minimization, electric grid
conditioning, and auxiliary propulsion,” IEEE Transactions on Transportation Electrification,
vol. 2, no. 4, pp. 558-569, Dec. 2016, doi: 10.1109/TTE.2016.2614999.

[5] M. C. Di Piazza, M. Pucci, and A. lafrati, “Status and Future Trends of Electrification-Based
Solutions for Efficiency-Oriented Ship Retrofitting,” in 2024 IEEE International Conference on
Electrical Systems for Aircraft, Railway, Ship Propulsion and Road Vehicles and International
Transportation Electrification Conference, ESARS-ITEC 2024, Institute of Electrical and
Electronics Engineers Inc., 2024. doi: 10.1109/ESARS-ITEC60450.2024.10819870.

[6] MAN, “MAN B&W S60ME-C8.5-Tll, Project Guide, Electronically Controlled Two-stroke
Engines,” Jul. 2018.

[7 MAN Energy Solutions, “Shaft generators for low-speed main engines.”

[8] C. 1. Hill, “Accelerated dynamic modelling and optimization of a distributed generation power
pack,” Ph.D. dissertation, University of Nottingham, Nottingham, U.K., Jan. 2014.

[9] M. Cirrincione, M. Pucci, G. Vitale, Power Converters and AC Electrical Drives with Linear
Neural Networks (Energy, Power Electronics, and Machines), Editor: Ali Emadi, Taylor &
Francis Group, LCC, 1st edition (May 14, 2012), ISBN-10: 1439818142.

[10] A. Accetta, M. C. Di Piazza, M. Pucci, N. Tsoulakos, A. lafrati, “Integrated Management of
PTO/PTI and Storage Systems for the Reduction of Fuel Consumptions and Polluting
Emissions in a Cargo Ship”, 2025 IEEE Energy Conversion Conference Congress and
Exposition (ECCE)

A

D6.2 — Design and integration of the power train in a simulation tool &

Dissemination level — PU x
Page 30 of 30



