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Synopsis

This paper presents the design methodology of a mission-oriented modular control system for marine power
plants. To this end, first power profiles, power plant layouts and control systems of multiple vessels such as
tugboats, offshore support vessels, cargo ships and cruise ships are analyzed. By decomposing the power profile
in two components, the propulsion and auxiliary power demand, the correlation between the power profile of a
vessel and its mission is derived, and an algorithm that computes the power profile using mission and vessel data
is proposed. Furthermore, the correlation between the power profile and the layout of the power plant is also
investigated, with emphasis on how changes in the power profile result in power plant automation modifications.
A modular secondary control level is then designed to cope with the required power plant automation modifi-
cations, by combining the Equivalent Consumption Minimization Strategy (ECMS) with Supervisory Switching
Control (SSC). In this paper we consider battery modifications, following the example of Wirtsild’s ZESPacks.
Simulation results are used to show the performance of the proposed switching control methodology, in relation
to the stability of the components in the power plant after automation modifications occur. The main contribution
of this paper is the novel approach for the secondary level power plant control system, introducing modularity
to the otherwise assumed fixed layout of the power plant. Furthermore, the proposed algorithm can be used to
determine the expected power profile for a new mission, and to identify required modifications of the power plant
equipment.

Keywords: Marine control systems, Modular control architecture, Hybrid power plant, Battery modifications

1 Introduction

Marine vessels are used for shipping cargo, (supporting) offshore operations, transporting passengers, or even
to tow other marine vessels. During their lifetime they execute many missions, and each mission requires power,
either for propulsion or for other tasks (e.g. air conditioning, electric load for on-board systems, boilers). The
power required during a mission is used to construct the power profile, and is generated by the power plant. How
the power plant is designed is partly based on the expected missions the vessel will execute (Hanbidge, |2001)),
resulting in a fixed power plant, and therefore a fixed control system. However, each mission results in a different
power profile, since there are different environmental conditions (such as wind, waves and currents) and operational
conditions (e.g. the frequency of the required actions of the vessel, such as loading or unloading cargo, sail across
open sea or towing another vessel). Therefore, each mission implies a certain required amount of equipment in the
power plant. By using a fixed set of equipment, this could result in situations where the power plant is not sufficient
for generating the power demand dictated by a new mission, which may lead to inefficient use of the power plant
components, risk of overloading the components, or even the inability to execute the mission properly. To handle
this issue, equipment modification such as additions, removals, or replacements would probably be necessary,
along with modifications of the control architecture.

In literature, many different power plants can be found, and they can be classified as mechanical, electric,
or hybrid. In this paper, a hybrid power plant is considered, of which an example is shown in Figure [I] The
control system of the power plant is part of the marine control system, and the latter is deployed in a hierarchical,
distributed architecture. This general control architecture can be divided into three levels (Geertsma et al.,|2017a;
Smogeli et al., [2005; [Smogeli, |2006; |Smogeli et al., 2008}, [Smogeli and Sgrensen, [2009):
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Legend:
(3) (1): Mechanical engine
# (2): Electrical grid
(3): Gearbox
(4): Electric machine
(B): Battery
(G): Generator

(EM): Electric machine
(1+G): Generator set

Figure 1: Example of a hybrid power plant (constructed using the figures of |Geertsma et a1.| (]2017a[))
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Figure 2: Multi-level marine vessel control system (Van Benten, 2021)
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The local optimizer is also known as the guidance and navigation system, and the main task of this system is to
determine the desired path for the ship, and to provide the reference signals for the general secondary level control
that includes a path-following controller (Wang et al.l 2018). The secondary level plant control determines the
distribution of power to the components in the power plant, from now on this will be referred to as the power
split. Based on the defined power split the set-points for the primary level control are generated. The primary
level consists of the controllers of all the components in the power plant (Geertsma et al, 2017a). The control
operation of the hybrid power plant in Figure[I|can be deployed in a multi-level control architecture, as shown in
Figure2] As each vessel is designed with a certain power plant layout, the multi-level control system of Figure
P]is designed to control a specific set of power plant equipment, and often Equivalent Consumption Minimization
Strategy (ECMS) is used in the secondary level plant control. This strategy requires a cost function that expresses




the power of each component in terms of fuel use, and determines the power split by minimizing the cost function at
each instance, while meeting several constraints that limit the power of each component and ensure that the power
demand is met. However, it is seen in literature that vessels often have a fixed power plant, and a fixed control
system (Van Benten, |2021), although their missions lead to different power requirements. This could introduce
inefficient use, or overloading of the power plant equipment, or even the inability to carry out future missions. Let
us consider three examples of diesel-electric tugboats found in (Vu et al.l 2015} [Yuan et al., |2016; Kumar et al.,
2020). Although their operations are alike, the power profile differs, as shown in Figure [3] where the propulsion
power Pp is shown, and it can also be noted that the installed equipment is different.

Tugboat Power Profiles
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Figure 3: Comparison of different tugboats (Vu et al.} 2015; |Yuan et al.,|2016; | Kumar et al., 2020)

By comparing the power profiles and the power plants of the corresponding tugboats, it is noted that for mis-
sions with more power demand, the capacity of the generator sets and the batteries should increase. If for example
tugboat 1 has to carry out the mission of tugboat 2, both a generator set and a battery has to be added or replaced.
Vice versa, tugboat 2 could execute the mission associated with tugboat 1 with less equipment, reducing the weight
of the ship. Thus, the equipment modifications that might be needed in the system architecture can be classified
as:

* Additions of components
* Replacements of components
* Removals of components

The state-of-the-art power plant control systems consist of two levels: a secondary level to compute the power
split and reference signals, and a primary level that controls the equipment in the power plant, using the derived
reference signals. These two levels depend on the current layout of the power plant. Therefore, if equipment is
added or removed, the layout definitely changes, but also for replacements, the characteristics of the equipment
may change. Hence for all equipment modifications the control system needs to be updated. To be able to automate
this process, a control system that can determine the required equipment modifications based on the power profile
is proposed, and described next. It would be beneficial to facilitate automation modifications of the power plant
of the vessel during missions. The current practice though in state-of-the-art automatic control of marine vessels
is that the control system has to be manually tuned to be able to control the new power plant. Furthermore,
from the perspective of the control system, multiple batteries in a power plant are considered as a single battery
(Kalikatzarakis et al.,[2018), which does not contribute to the modularity. To this end, this paper presents a design
of a modular control system for a retrofittable power plant, allowing modular use of the power plant equipment
without the need to manually tune the control system.

In this work, in order to design a control system for a retrofittable power plant, first the correlation between
the mission and the power profile of the vessel is needed, in order to find the impact of varying missions on the
power demand during missions. Then, a decision logic is designed to map the changes in the power profile to the
changes in the power plant. Using this, a modular power plant architecture is proposed to meet these automation
modifications. At last, the designed architecture is verified, with respect to stability and robustness.

This paper is structured as follows. In Section 2 the problem formulation is presented, discussing the design of
the power plant and control system. In Section 3 a model for the correlation between the mission and the power
profile along with the correlation between the power profile and the needed automation modifications in the control
system and power plant are discussed. In Section 4 the design of a modular control architecture is proposed, aiming
to meet the required automation modifications. In Section 5 the performance of the proposed design is verified,
showing the stability and robustness of the modular control architecture. At last, in Section 6 some concluding
remarks are provided.



2 Problem formulation

Let us consider the hybrid power plant shown in Figure[d] For propulsion, a parallel control strategy is deployed
(Geertsma et al.,[2017c). The operation of each component is described as follows:

2.1 Diesel engine

The dynamic operation of the diesel engine is expressed as a first-order differential equation (Haseltalab and
Negenborn, 2019):

~ Ope()
TDE (t )
where Opg is the torque of the diesel engine, kpg is the torque constant, my pg is the fuel index (regulated by a PI

controller), and Tpg is the torque buildup constant which determines the response speed of the diesel engine, as a
function of the shaft speed wpg:

Ope(t) = +kpe -my pe(t) (D

0.9
TpE(t) = wp (f) 2)

2.2 Induction motor

The operation of the induction motor can be described as (Eijkhout and Jovanova, [2021; |Wildi et al., 2002):
_ oms(t) —om(t) Vi)

Om(t)= . 3)

O (t) Reim - kim

where Qy is the generated torque, @y is the rotor speed, @y s is the rotational speed of the magnetic field in the
stator windings, also referred to as the stator speed, Vjyy is the input voltage (in literature often referred to as phase
voltage), R;.jy is the rotor resistance, and kzs is a constant that depends on the motor characteristics. As @y, iS
regulated by a PI controller, the input voltage Vi is proportional to @y s (Vahedpour et al.,2015):

Vim(t) = Cy s - O 5(t) 4
where Cy r is a motor dependent constant.

2.3 Gearbox, shaft, and propeller

The shaft dynamics of the gearbox, shaft and propeller, are expressed as (Woud and Stapersmal 2019 |[Haselta-
lab and Negenborn, 2019} |Geertsma et al., 2017b, [2016; (Geertsmal, 2019):

_ Nr(ipe - Ope(t) + i - Qi (1)) — O (1)
JtOt

(&)

@p(t)

where @), is the propeller speed, Q,, is the propeller torque, J;,, is the total inertia of the gearbox, induction machine
and the diesel engine together, ipg and iy, the gear ratios of the diesel engine and the induction motor, respectively,
and 77 is the transmission efficiency. The propeller torque Q,, is defined as (Izadi-Zamanabadi and Blanke, [1999;
Smogeli, [2006):

0p(t) = Cp-|@p(1)]- @y (1) (6)

where C), is the propeller constant. Since the diesel engine, the induction machine, and the propeller are rigidly
coupled, wpg and @y can be expressed in terms of @):

oy (t) = ipy - @p(t) (7
WOpE (l) =ipE- (Dp(l) (8)

2.4 Diesel generator sets

The engine of the diesel generator set is modeled as follows (Haseltalab and Negenborn| [2019):

_ OpGpe(t)

woo(0) +kpG -mypG(t) 9
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where Opc pE is the torque of the diesel engine connected to the generator, kpg the torque constant, my pe the fuel
index (regulated by a PI controller), and Tp¢ is the torque buildup constant which determines the response speed
of the diesel engine, as a function of the shaft speed wpg:

0.9
pe(t) = ——= (10)
DG( ) wDG(t)
The dynamics of the generator are described with a set of algebraic equations (Cheong et al.,[2010):
ag,1 Ix(t) +ago)-Re(Ipg(t
O (1) = L2010 2') Upot) (10
T
Ix (¢ - Wpg (1
Ioo(t) = 520 D - dGo): ol (12)
27 (RpG,int + j- Lo - WpG(t) + Rpg(t)
t)— t
(1) = Opg.pE(t) — Qpe.6(t) (13)
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where Opg, is the generator torque, Iy the excitation current, ag,1 and ag o are constants, Ipg the generator output
current, Rpg ;s the internal resistance, L the inductance, j the imaginary number, and Jp¢ the generator inertia. In
this work the load resistance Rp¢ is assumed to be purely resistive, and determined with the assigned power Ppg
and the reference-voltage Vpg .7 as follows:

VDZG,re f(t )

Roa(t) = Ppa(t)

(14)
2.5 Batteries and constraint modules

Batteries can be described with a set of algebraic equations (Sun and Shul 2011} |Kularatna and Gunawardanel
2021} |Chang}, 2013}, |[Haseltalab et al., [2020):

Pp(t) =Vp(t) - 1s(1) (15)
V(t) =Voc(t) —Rp - Ip(t) (16)
Voc t)ZLlBl SOC( )—&-aB,o (17
SOC(t) = SOC(ty) — Ci iOIB(t)dt (18)

where Pp and Ip are the battery power and the battery current, respectively (both positive for discharging), Vs the
battery output voltage, Voc the open-circuit voltage, ago and ap | are constants, Cy the capacity, and SOC(to) the
initial SOC. The main goal of the constraint module is to provide a window [Pg" Pp~] for Pp to the secondary
level, such that the SOC and Vj are kept within their predescribed limits. Based on the work of (Kalikatzarakis
et al.,[2018)) this leads to the following constraints:

2
VOC . VB,min - V37m,’n

BV = Rs (19)
. VZ Vo Vem
1’5"%’ _ B,max RZC B,max (20)
SOC —8S0C,;

; SOC — SOC,
Bsoc == CoVoc (22)
P = max (P Bmsrloc, 1’3”,{5') (23)
Pl'gnux = min (PB,SOO gu‘t/x) 24)

where Vi uin, VB.max, SOCpin, and SOC,,,4y are the minimum and maximum terminal voltage Vp and minimum and
maximum SOC of the battery, respectively, provided by the battery manufacturer, and At is a discrete timestep,
which can be tuned to alter the power constraints related to the SOC of the battery.

The objective of this work is to design a modular control architecture that can facilitate the addition, replace-
ment, or removal of batteries, to satisfy a power profile that changes with respect to the mission of the marine
vessel.



Mission based
model of power
profile

Assigned mission

Automation

B4 Bk modifications Power Profile

oo

1 1
| PRI | ' Decision logic: |1
— — ! Determine '
r§, N(“r) N(Af) ' equipment Are equipment ||
‘ ' modifications modifications |
(2) : required 1
1 1
‘ N ‘(4) Auxiliaries +(~ Secondary Primary |
(1) I 1| Level Contral: Level Control: X
__|(4) Legend: ! No '
: Diesel Engine "I Update cost Update local !
1): Diesel Engi ' '
(2): Electrical Grid 1 function controllers of '
3) (3): Gearbox i \and constraints equipment !
(4): Frequency Converter Bt i It T '
BN (5) Battory —
(G): Generator Execute mission
(IM): Induction Motor
(1+G): Diesel Generator Set

Figure 5: Correlation between the mission, power

Figure 4: Modular power plant layout profile and the automation modifications

3 Correlation between the mission, power profile, and the required automation modifications

The correlation between the mission, the power profile, and the required automation modifications is discussed
in this section and is depicted in Figure 5]

3.1 Mission and power profile

There is no consensus of a general definition of mission, hence we propose the following mission definition:

“Transport X from A to B (optionally via C, D, etc.), leaving at ty (time and date), arriving at destination at
tond (time and date).”

GU,P,E“P) | g(L,P,EEP))  G(L,y,ELY)

-

9 Pio

U L

ml ) - - - - - Om,end

Z zZr ) - Zend y Yy ) - - - - Yend

g, 2, E42) G(2,y,EE)

Legend P - Operational modes Z . Mission parameters

u - Mission information [: - Vessel characteristics y - Power during mission

Figure 6: Mission based model of power profile. The set of mission information is expressed as u, the set of vessel
characteristics as /, the set of mission parameters as z, and the set of power during the mission as y. Also, an index
i €[l,...,end] is used to illustrate time-dependency. The notation G(Z,O,E (Ivo)) denotes the graph between the
sets Z and O with vertices EZ:©) (depicted as arrows), the latter showing the relation between the sets. Finally,
each distinct graph is enclosed by a different color



where X denotes the cargo/passengers/vessel in need of transportation, and A € R> and B € R? are the coordinates
(latitude and longitude) of the locations visited.

Following the approach presented in (Milis et al.,|2017), the correlation between the mission, power profile, and
the different aspects can be seen in Figure[6] Using the mission definition and the notation seen in the graph-model,
the input { is defined as {A, B, ty, t.nq, X }, and with this input three sets with information required to construct
the power profile can be derived. The first set describes the vessel characteristics £ = {X,, a, D, fy, Ko, Kr, Np},
and contains the type of vessel X, and vessel characteristics such as the proportionality between the vessel speed
and required power a, propeller diameter D, fouling f;,, torque coefficient Ky, thrust coefficient K7, and propulsive
efficiency np. The second set contains the required operational mode (Oy,) for each point i € [1,...,end] during
the mission, denoted as P = {Oy, 1, ..., Omena}- At last, the required mission parameters are captured in Z =
{z1, -, Zena}» with z; for i € [1, ..., end] the set of parameters at point i in the mission, such as travelled route Sy, the
environmental conditions O, (waves wy, currents cg, wind w,,, ambient temperature 7, water depth 4, and waterway
width w,,) along the route, the speed of the vessel during each operational mode Vp,,, and also details such as the
displacement V, and the towing force F;,,, during the mode assist, if applicable. These aspects determine the power
required during the mission, hence they determine the output ) = {y1,...,yena } With yi = {Pp i, Puux.i, Bor,i }» Where
Pp is the propulsion power, P, is the auxiliary power, and P,,; = Pp + P, is the total power.

Now, using a mission with two locations (A and B) to be visited, cargo X, starting time #y and total mission
time t,,, = f,,q — fo, an algorithm that determines the required power profile for a given mission can be proposed, as
shown in Algorithm|I] For a more detailed description of this algorithm and e.g. the functions f., fp, fz, and fy
the reader is referred to (Van Benten, [2022).

Algorithm 1: Correlation between mission and power profile

N B W N -

Input: U = {A, B, ty, teng, X}  Derived from mission definition or historical data

L= fcU)={X,, a, D, fy, Ko, K, Np} <+ Vessel characteristics

P=fpU,L)={0m1, -, Omena} < Operational modes

Oei = {Ss,is Cs,is Ws,is iy Taiy Wi} < Operational environment

zi = { Sm,is Frowis Oe,ir Vi, Vo €o,i} + Mission parameters

Z=fz(UP)={z1, -+ Zend} < Parameters

Output: YV = f(L,Z) ={y1, ..., Yena} < Power demands to construct the power profile, where:

yi = {Pp.i, Paux,is Pori} <+ Propulsion power, auxiliary power, and total power at point i

Puuxi = Pauxc(Xy) + APayx i(Omi, Tn i, Xy) < A constant auxiliary power demand based on the type of
vessel, with fluctuations due to the operational modes
and temperature
F(Ss,isWyis Cs,is his Wiy i Vi) - €0,i - Vo,

Nb
27'CKQ

3
VPDK;

Ppi=

3

3
2

+|E0w7i

< This term is only applicable for tugboats and some OSVs

4 Modular control architecture

In this section, a modular control architecture is proposed, and a schematic view of the design is presented in
Figure[7} The architecture is designed for the retrofittable power plant shown in Figure 4} and the control system
consists of a supervisory level, a secondary level, and a primary level, and allows for modular use of the batteries in
the power plant. In essence, the control architecture combines the concept of Supervisory Switching Control (SSC)
(Hespanhal, 2001} Hespanha and Morse, 2002; Nguyen et al., 2007) with Equivalent Consumption Minimization
Strategy (ECMS) (Yuan et al., [2016; Kalikatzarakis et al., 2018). SSC has two characteristics; a supervisor and a
bank of controllers. At any moment, the supervisor can decide to switch between the controllers in the bank, and
in this paper, the supervisor switches based on the power profile for the mission, where each controller in the bank
uses ECMS to determine the power split for the power plant equipment.

4.1 Supervisor

In this paper, we consider that only batteries can be added, replaced, or removed, and the main task of the
supervisor is to determine the amount of batteries required for a given power profile, dictated by the mission. Due
to the charging and discharging of the batteries during the mission, in this paper an upper bound for the required
batteries (Pp ;) Will be defined. Therefore, it is assumed that the diesel generator set 2 is only used for emergencies,



and that the batteries are only discharged when the total electric power demand is higher than the optimal working
point of diesel generator set 1 (Pl(;l()}’.l)' Furthermore, the induction motor is used for propulsion, and only assisted
by the diesel engine for high loads, and there are two available batteries for the power plant: type 1 and type 2,
where the capacity of type 2 is twice the capacity of type 1. At last, each battery is charged to SOC,,,, at the
beginning of the mission, such that:

Py(t) = max{o, Pl) + min{PDﬁeleC(t),P,’”,V?fgrid} — P } (25)
Pp(t
PD,elec (t) - A (26)
Nr - Nim - MFc
P mec
Pmaxr_ — ;mec (27)
IM.grid Nim - NFc

where Py, . and Pp” ., denote the maximum mechanical power output of the induction motor, and the cor-
responding electric input power required from the grid, respectively, Pp .. is the propulsion power in terms of
electric power of the induction motor, and 1g¢ and 1,7 are the efficiency of the frequency converter and the induc-
tion motor, respectively. The required battery capacity (Ep piqn:) can be determined by integrating the found Pg .,

and using the batteries SOC limits and a safety factor SF as follows:

. ttgo PB,ub (t)dt

— = - .SF 28
SOCyar — SOCon (%)

EB,planl =
with SF taking values between 1.1 - 1.2 (here 1.2), as often in literature extra battery capacity is installed. The
configuration with the least amount of batteries that satisfies Ep pjqns is selected, and also the capacity of each
battery Cp,; and Cp» in ampere-seconds (As) is known such that the configuration can be found with Algorithm

Algorithm 2: Determine Required Batteries for Mission

Input: Battery and Power Plant Specifics

1 Ko < Maximum number of batteries in the power plant

2 Eg1 < Energy capacity of battery type 1 (J)

3 Cp1 < Coulomb capacity of battery type 1 (As)

4 Epp < Energy capacity of battery type 2 (J)

5 Cpp < Coulomb capacity of battery type 2 (As)

6 Ep piam < Required battery energy capacity (J)

7 g = w < Express difference in capacity in terms of Ej
0,1

8 Ex = zeros(Kyax, Kinax + 1)
9 fori=1:K,,, do
10 for j=1:i+1do

1 ‘ Ex(i,j)=(j-re+(i—rE))-Eo1 <+ Compute capacity (J) of battery configurations
12 end

13 end

14 [1,J] = find(Ex >= Ep eq) < Find indices of suitable configurations

15 Kpjgn = min(I) < Select configuration with minimum of batteries
16 Jiin = min(J(I1(:) == Kpian)) < Select configuration closest to required capacity
17 Co = ones(1,Kpant) - Co.1 < Fill configuration with battery type 1

18 if J,,;, > 2 then

19 for j=1:J,,—1do

20 ‘ Co(Kptan — j+1) = Co2 + Replace type 1 with type 2 if necessary
21 end

22 end

Output: Battery Configuration
23 Kpjan < Amount of batteries in the power plant
24 Cy < Capacity of each battery
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4.2 Bank of secondary level controllers

The supervisor determines the required batteries for the power plant (K), while the rest of the equipment is
fixed. As there is a certain physical limit of the number of batteries (Kj,4y) in the power plant due to limited space,
and if for example no batteries are required at all, the vessel also needs to be able to operate, thus resulting in
K €{0,1,--+,Kpqy}. This leads to K., + 1 different (possible) layouts for the power plant that can be represented
as shown in Figure[7} where each secondary level controller in the bank uses ECMS to determine the power split
for the installed equipment in the power plant. The next section discusses the required ECMS structure to find the
power split for each layout, and the way this split is converted to reference-signals for the primary level.

4.3 ECMS and reference-signals

The secondary level control used for the modular control system consists of an ECMS with cost function and
constraints, and a conversion of the power split to the reference signals. The cost function expresses the power of
each component in terms of fuel use, while the constraints limit the power of each component to their capabilities,
and ensure that the required power, as specified by the power profile, is met. Considering the modular use of
multiple batteries, the optimization problem for the ECMS is structured as (Yuan et al.| 2016} [Kalikatzarakis et al.,

2018):

minimize{rr k } (29)
where:

; DE 3, DE 2, DE .2 DE DE 2 DE
mrg=ay -Ppg”+ay; -Ppg~+a3 -Opg-Ppg+a; -wpg-Ppg+as -Ppg” - Wpg+ag -Ppe

2 oG (Poci\' | pei (Poci\®, e Poe,
+ Z a o, (’) +Cl2 o <7) +613 PG (30)
j=1 Npa,j NG, NbG,j
K .
+ (SFOCDE nom * TIFC - Tim - T]B,ks’g"(Pka) ‘PB.,k)
k=1
subject to:
Pp
Fpg 2 niT_PIM,mec 31
: < PIM mec
Z PDij Z Paux - Z PB,k + S — (32)
Jj=1 k=1 N - Mrc
0 < Ppg < Ppg* (33)

0 < PIM,mec < I:’In;du,xmec (34)



0 < Ppg,j < PpG,j for j € [1,2] (35)

Wi < Pgy < PR fork € [l,...,K] (36)
Pgr > Ppi1 fork € [2,...,K] (37)
Pgg-Pp1 >0 for K > 2 (38)

Here, rii7 g is the fuel consumption rate for a power plant with K batteries in [kg/sec], Ppg, Piv mec; Ppg,j, and
Pg ;. denote the power split regarding the diesel engine, induction motor, diesel generator set j € [1,2], and battery
k € [1,...K], respectively, with limits PRz, P ... Ppé;, Pay's and Py, Furthermore, aP® for i = [1,2,3,4,5,6],
aiDG’] for i = [1,2,3] are constants to characterize the fuel consumption, SF OCDE nom 1s the nominal diesel engine
fuel consumption, Np is the efficiency of battery &, and 1pg,; the j-th diesel generator sets efficiency.

Remark: Note that the state-of-the-art methods for ECMS (Yuan et al., 2016} |Kalikatzarakis et al., [2018) consider
Equation[29]to[36]for K = 1. However, as this paper considers multiple batteries, constraint[37]which ensures each
next battery produces equal or more power than the previous, and constraint 38 which ensures the batteries are
either all charging or discharging, are included.

Using the above optimization problem for the ECMS, the power for each component is found, at each moment
during the mission. This can be used to derive the following reference signals for the primary level: rotor speed
for the induction motor @y, .¢, torque of the diesel engine Opkg ,.f, voltage and shaft speed of diesel generator set
VG, jrer and @Wpg,j e, respectively for j € [1,2], and the reference power of the K batteries, Pg i re -

P
O ref =im - § C£ (39)
\ C»

P, i
OpE ref = ——r— (40)
WOiM ref IDE
VDG,j,ref = Vgrid (41)
4r
WOpG, jref = fgrid T 42)
PDG,j

where C), is the propeller constant, i;y and ipg the induction motor and diesel engine gear ratios, V,.q and foiq
the required grid voltage and frequency, and ppg,; the number of poles of generator ;.

5 Simulation results

This paper aims to investigate the behaviour of the modular power plant control architecture when used for
a tugboat such as the Smith Elbe (Kalikatzarakis et al., 2018). A typical mission for a tugboat consists of: (i)
Transit to the arrival location of the cargo vessel to be towed, (ii) remain standby at position until the cargo vessel
arrives, (iii) assist-low, (iv) assist-high, in order to guide the cargo vessel into the harbour, and (v) transit back
to a specific location in the harbour when finished. Each operational mode dictates a certain power demand, but
also the operational environment and the time spend in each mode has an impact. To this end, four missions are
composed, where for the baseline, mission 1, the power profile found in (Yuan et al [2016) is considered. As
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Figure 8: Power profiles of different scenarios



mission 2, 3, and 4 are all variations on mission 1, the described correlation between the mission and the power
profile can be used to indicate changes in the power profile, based on the changes in the mission, and this is shown
in Table[I] Note that only the propulsion power is affected, and for the auxiliary power a constant load of 100 kW

is assumed for each mission.

Change with respect to Change with respect to power profile 1
mission 1 Transit Standby Assit-low Assist-high
Mission 1 - - - - -
- . . Increase of F; Increase of F;
Mission 2 | Larger cargo ship to assist - - . fow . fow
— Pp increases — Pp increases
. . Increase of F,,, Increase of F,,,
Larger cargo ship to assist - - . fow . fow
Mission 3 — Pp increases — Pp increases
Increase of wave, wind, Increase of s, wy, ¢ Increase of s;,wy, ¢y | Increase of sg, wy, ¢y | Increase of s, wy, ¢
and currents — Pp increases — Pp increases — Pp increases — Pp increases
. . Increase of F; Increase of Fj,,,
Larger cargo ship to assist - - . fow . fow
— Pp increases — Pp increases
Increase of wave, wind, Increase of s;, wy, ¢ Increase of s;,wy, ¢y | Increase of sy, wy, ¢ | Increase of s, wy, ¢y
and currents — Pp increases — Pp increases — Pp increases — Pp increases
Mission 4 . . Longer duration
Cargo ship arrives further & "
K . of mode . . .
from starting point of - Shorter duration Shorter duration Longer duration
. Speed increase halfway
tugboat, but total mission . w of mode of mode of mode
: . during mode*
time remains the same - "
— Pp increases

Table 1: Changes in mission and power profile. *: Only applies for the first use of this mode. For the second use
of this mode, the arriving point of the cargo vessel is not important.

The described variation in the mission and the power profile, as shown in Table[l] are used to construct the four
different power profiles shown in Figure 8] For each mission, at # = 0 the supervisor determines the required bat-
teries for the mission, selects the corresponding secondary level controller from the bank, automatically initializes
the primary level battery constraint modules, and also selects the required battery models in the power plant model,
and in Table 2] the required batteries and their capacity for each mission can be found. During the simulations, the
behavior of the secondary and primary level, and also of the power plant components is monitored. The parameters
used for the simulations are shown in Table[d] and the simulation results are presented in Figure[9] In Figure[Qa] [0d]
Ogl and [0f] the power split for the fixed equipment can be seen, in Figure [Ob] O] [Oh] and [0K] the power split for the
batteries is shown, and in Figure[9c| [Of} [0i] and 0] the batteries SOC levels are presented. Note that the power split
is provided by the secondary level, while the SOC levels are given by the battery constraint modules in the primary
level. From the results it can be seen that the modular control architecture performs well for each mission, as the
power split for all the components is stable, and the SOC of the batteries is kept within its limits. The robustness
of the modular control architecture follows from the stable behavior for both different power profiles and different
power plant layouts. Furthermore, using the generated power split and the SOC of the batteries, it can be noted

Selected Batteries
EB max Capacity
K | Type E @)
Mission1 | 904MJ | 1 | 2 1080 MJ | 24 MAs
Mission 2 | 1294 MJ | 2 | [1,2] [540 1080] MIJ | [1.22.4] MAs
Mission 3 | 1625MJ | 2 | [2,2] [1080 1080] MIJ | [2.42.4] MAs
Mission 4 | 2404 MJ | 3 | [1,2,2] | [540 1080 1080] | MJ | [1.22.42.4] | MAs

Table 2: Supervisor results for different missions

that either the battery power or the SOC behaves proportional to the ratio of the batteries’ capacities. As observed
in Figure [Oe| and [Of, where a battery of type 2 shows similar SOC decrease for a discharging power twice as much
as for a battery of type 1. Even more, for the same charging rate, a battery of type 1 charges much faster than a
battery of type 2, as it has a smaller capacity. At last, it can be noted that although batteries in the power plant have
the same capacity, the secondary level could decide to discharge or charge them with different rates, as can be seen

in Figure [Oh| and [Ok|




In order to give quantitative results, for each mission the measured output of the power plant components is
used to determine the delivered propulsion Pp 4, and auxiliary power Puy pian> as shown in Equation [43]and 4]

PD,plant = Qp - Wp (43)

Oim - Oy
Nim - MFc

2 K
Paux,planr = Z VDG,j : IEG,j + Z VBJ( . IB,k - (44)
=1 k=1

J

where * denotes the complex conjugate. Using this, the RMSE and the scatter index (SI) with respect to the
requested propulsion Pp and auxiliary power P, as stated by the power profile, can be determined using Equation
M5] and the results are presented in Table[3] It can be seen that with respect to the tracking of the propulsion power,
the control system performs quite well (SI < 3%), and also the tracking of the auxiliary power is quite good (SI
< 11%). Furthermore, it can be noted that the more demanding a mission, the smaller the propulsion tracking
errors get, while the auxiliary power tracking seems to increase a little.

RMSE — \/ mean ((P,- ~Pp, ,,,am)z)
Power error . ' RMSE forie {'D’, aux’} (45)
mean(Pi,plant)
Propulsion Power Error | Auxiliary Power Error
RMSE [kW] | SI[%] | RMSE [kW] | SI[%]
Mission 1 9.12 2.39 10.43 10.55
Mission 2 10.88 2.34 10.02 10.15
Mission 3 10.99 1.90 10.54 10.68
Mission 4 11.27 1.58 10.50 10.64
Table 3: Performance of modular power plant controller
Induction Motor Batteries Diesel Engine Diesel Generator Sets
Model Parameters Model Parameters Model Parameters Model Parameters
kpe 1000 3| S0C(1o) 1 1 | kpg 3000 2| kpg 4000 mz
R» 0.01 Q | apy 111 A JnG 4167 kgm?
as.o 389 \% RDG,int 0.150 Q
Rp 0.0225 Q Lpc 0.0021 H
4
ag,1 3.34 kgsrrf
Controller Gains Constraint Module Parameters | Controller Gains ago 0.57 k‘;ﬁ
KPJM 10 [-] At 1000 S KPA,DE 20 [-]
Kim 10 [-1 SOCB min 0.1 [-1 Kipe 2 [-1 Controller Gains
CV/f 2 ﬁ SOCB,max 1 [‘] KRDG,DE 200 [‘]
VB min 300 ECMS Parameters Kipcpe 30 [-]
ECMS Parameters VB.max 600 Vo[ dPF 548107 o | Kppoe 30 [-]
mm 095 -] a¥t 0206 i | Kipge 12 [-]
Ppax 800-10° W | ECMS Parameters aE 5545.1074 ke
N 0.97 1 | &P -0271 ‘§§7§1 ECMS Parameters
k; _ S _ k;
SFOCpg nom 721 o agi -3.55 107 Mfgh aiz 5.55-10~* Géh
Shaft and Gearbox ag 600 owE |9 -0.580 W
Jrot 12500 kgm? | Electric Grid Prax 1200 -10° W | abc 2.15 -10? kkﬁ
ipE 7.5 [-] Veria 3300 \' Uhle; 0.95 [-]
i 24 [-] Seria 50 % Propeller PR 665 -10° w
nr 0.95 1 | nec 0.99 1 |G 670 kgm? | P2 524 -10° W

Table 4: Parameters of the power plant components




400

300

200

100

Power [kW]

-100

B1

SOC [%]

80

70

60

50

40

30

——S0Cyg,
---80C .,
-—-S80C,_

40 60 80

Time [min]

100 120 140

(a) Mission 1: Fixed equipment power

20 40 60 80

Time [min]

100 120 140

(b) Mission 1: Battery power

60 80
Time [min]

(c) Mission 1: Battery SOC

900 -
Poe
800 |- — =Py ——t -
1
700 Poer : H
P 1 !
=600 bG2 E— i =
5 T 5
500 =
z z
3 400 3
o o
00ff- ==~ !

SOC [%]

80

70

60

50
40

30

——S0Cg,

20 40 60 80

Time [min]

100 120 140

(d) Mission 2: Fixed equipment power

20 40 60 80

Time [min]

100 120 140

(e) Mission 2: Battery power

60 80
Time [min]

(f) Mission 2: Battery SOC

900 -
Poe
800 - = =Py S
700 | Poe1 4 i
P I
S 600 bG2 1 g
= ! =
— 500 f o
5 400 ! I 5
o ' | o
| R
300 '

SOC [%]

80

70

60

50

40

30

20

20 40 60 80

Time [min]

100 120 140

(g) Mission 3: Fixed equipment power

20 40 60 80

Time [min]

100 120 140

(h) Mission 3: Battery power

60 80
Time [min]

(i) Mission 3: Battery SOC

900

@
1<}
3

<
S
3

@
1<}
3

o
=}
3

IS
S
3

50

Power [kW]
Power [kW]

300

200

100

SOC [%]

——S0Cg,

20

40 60 80

Time [min]

100 120 140

(j) Mission 4: Fixed equipment power

6 Conclusions

40 60 80

Time [min]

100 120 140

(k) Mission 4: Battery power

Figure 9: Simulation results
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In this paper, a graph-model for the correlation between the mission and the power profile is presented, and the
correlation between the power profile and the automation modifications of the control system is discussed. Using
this, a modular control architecture for a retrofittable power plant is proposed, which allows modular use of the
batteries. Simulations showed the performance of the modular control architecture, regarding the stability and ro-
bustness. The results indicate a tracking error of the propulsion and auxiliary power requested by the power profile
for four missions with different characteristics to be less than 3% and 11% (as shown in Table 3)), respectively.
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